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Summary

In different bioassays, functional antibodies reacting with the human
muscarinic acetylcholine receptor M3(mAchR3) have been detected in sera
from patients with Sjögren’s syndrome (SS), and there is strong evidence that
those antibodies may have pathogenetic relevance. However, depending on
the method of detection, their prevalence varied. Furthermore, those
bioassays are difficult to standardize. We report on the development and
optimization of a novel test system based on a luminometric method to
determine downstream signalling of mAchR3 which produces specific and
reproducible results. Chinese hamster ovarian (CHO) cells were transfected
with plasmids encoding mAchR3 and a green fluorescence protein (GFP)/
aequorin fusion protein. Incubation of cells with carbachol resulted in an
increase in intracellular [Ca2+], which was detected by measuring light emis-
sion with a luminometer, and the effect of incubation with patients’ immu-
noglobulins (Ig) was evaluated. Optimal cell density, Ig preparation and time
of incubation with patients’ sera were determined. Sera from patients with
primary Sjögren’s syndrome (pSS; n = 40), systemic sclerosis (SSc; n = 47),
myasthenia gravis (MG; n = 133) and 50 blood donors were analysed.
Optimal assay conditions were obtained with a cell density of 100 000 cells/
ml, isolation of Ig by ammonium sulphate precipitation and short-term
incubation. Based on this highly reliable assay, 50% of the pSS patients had
antibodies which inhibited carbachol-induced activation of mAchR3; none
of the SSc patients, 6% of the patients with MG and 12% of the blood donors
had antibodies which reacted with the mAchR3. This method facilitates the
determination of functional anti-mAchR3 antibodies in patients’ sera, con-
firmed their high prevalence in pSS patients and may, therefore, help to
analyse their pathogenetic and clinical relevance in more detail.
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Introduction

The existence of functional autoantibodies reacting with
cell surface receptors and thereby inducing clinical symp-
toms is well known, and has been described especially in
organ-specific autoimmune disorders such as Graves’
disease, myasthenia gravis or idiopathic cardiomyopathy
[1–3]. However, in recent years it has emerged that in sys-
temic autoimmune disorders functional antibodies also
occur, which may help to explain at least some of their
clinical symptoms. For instance, in patients with systemic

sclerosis (SSc), antibodies to the platelet-derived growth
factor-receptor on human fibroblasts or in patients with
primary Sjögren’s syndrome (pSS) autoantibodies to the
muscarinic acetylcholine receptors, especially of the
M3-type (mAchR3), have been described [4–6]. Muscarinic
receptors are expressed on the surface of salivary acinar
glands [6,7], and there is now convincing evidence that
perturbation of the muscarinic receptor function by the
presence of those antibodies accounts in large part for the
glandular hypofunction, but also for some of the reported
extraglandular features of pSS [4,8–15].
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The mAchR group consists of five subtypes (m1–5),
which are encoded by different genes. Subtypes 1, 3 and 5
are coupled to G-proteins of the Gq/G11 family leading after
activation to phospholipase Cβ and inositol-1,4,5-
trisphosphate-mediated increases in intracellular free Ca2+

[16–20].
Antibodies to mAchR3 have been demonstrated by dif-

ferent methods. The ‘gold standard’ for their detection have
been bioassays using the inhibition of smooth muscle from
bladder or colon as a detection system [8,15,21–24].
Binding studies with radioactively labelled ligands have also
been performed to determine the potency and efficacy of
autoantibodies with regard to their ability to inhibit binding
of ligands to mAchR3 [4,25,26]. Other authors used phar-
macological systems such as microfluorimetric assays meas-
uring agonist-evoked changes in [Ca2+] influx in human
salivary gland cells or Chinese hamster ovary (CHO) cells
transfected with human mAchR3 cDNA [10,11,27–30]. The
existence of anti-mAchR3 antibodies in patients with
primary or secondary SS was confirmed with all these
methods, but the reported prevalences varied from 40 to
100% of patients, and the number of patients analysed was
low.

For examining the role of functional autoantibodies
towards the mAchR3 with respect to pathogenesis and
prognosis of a disease, reproducible ‘high-throughput’
assays would be essential, but several factors limit the appli-
cation of bioassays to large populations. These include their
time-consuming nature, the presence of other inhibitory
substances (for instance drugs) in patients’ sera, and low
sensitivity, reproducibility and validity as well as their sus-
ceptibility to interference [31].

Therefore, in further approaches, immunodominant
epitopes within the mAchR3 have been identified and
applied in enzyme-linked immunosorbent assays (ELISA)
[25,26,28,29,32–40]. However, it soon became evident that
the functional antibodies are directed against conforma-
tional epitopes, so that no correlation was observed with
assays using linear epitopes or recombinant antigens
[21,29,40].

In this study we present a novel test system for the dem-
onstration of functional anti-mAchR3 antibodies resem-
bling a microfluorometric assay while addressing several of
the above-mentioned shortcomings. Thus, we used CHO
cells transfected with the mAchR3 gene and a calcium-
sensitive bioluminescent fusion protein consisting of
aequorin and green fluorescence protein (GFP) [41,42].
This mimics a phenomenon in nature, where aequorin
occurs in the luminiferous organs of the jellyfish Aequora
Victoria in association with GFP [43,44]. The intermolecu-
lar distances of these two proteins allow radiationless
energy transfer to GFP in a process known as biolumines-
cence resonance energy transfer (BRET) [44,45]. Ca2+

released by mAchR3 activation in CHO cells forms a
complex with aequorin, leading to the emission of blue

light; this stimulates GFP to emit green light (509 nm)
which can then be measured luminometrically.

With this test system we wanted to confirm the presence
of functional anti-mAchR3 antibodies in pSS, and we
wanted to determine whether they may occur also in sera
from patients with other disorders known to be associated
with antibodies affecting membrane receptors.

Material and methods

Patients

Sera from 40 patients with primary Sjögren’s syndrome
(pSS; 38 females, two males: mean age 56 years, range 31–77
years) were analysed. Diagnosis was based on the typical
clinical manifestations of sicca syndrome, a positive
Schirmer’s test, elevation of erythrocyte sedimentation rates
and immunoglobulin G (IgG), the presence of rheumatoid
factor and of anti-SSA and/or anti-SSB antibodies, accord-
ing to the criteria of the American College of Rheumatology
[46]. Twenty of the patients were still untreated at time of
analysis; the remaining 20 were under low-dose steroids. As
disease controls, sera from 47 patients with untreated sys-
temic sclerosis (SSc; 42 females, five males; mean age 52
years, range 18–88 years) who all fulfilled the 2013 classifi-
cation criteria for systemic sclerosis were included [47]. All
patients with pSS and SSc had been seen by one of the
authors (J. H. or R. K.). Sera were obtained for diagnostic
purposes. The study was approved by the local ethics com-
mittee and was performed in accordance with the Helsinki
declaration.

Furthermore, sera from 50 patients with early-onset
myasthenia gravis (EOMG), 33 patients with late-onset
myasthenia gravis (LOMG) and 50 patients with thymoma
were analysed. The characteristics of these patients have
been published in previous studies [48,49].

Sera from 50 healthy blood donors (40 females, 10 males;
mean age 51 years, range 37–62 years) were kindly provided
by Dr D. Wernet (Department of Transfusion Medicine,
University of Tuebingen). All sera had been stored at −20°C.

Plasmid DNA purification

The high-copy plasmid pcDNA 3·1(+) (Invitrogen,
Carlsbad, CA, USA) harbouring the complete cDNA of the
human mAchR3 was obtained from the Guthrie cDNA
Resource Center (Rolla, MI, USA). It was propagated in
OneShot Top 10 Escherichia coli (Invitrogen) and plasmid
DNA purification was performed according to the manu-
facturer’s protocol using a commercially available kit
(Qiagen, Hilden, Germany).

Cell culture

CHO-K1 (Chinese hamster ovary) cells were stably
transfected with a calcium-sensitive bioluminescent fusion
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protein consisting of aequorin and green fluorescence
protein (GFP) [41]. The cells were maintained in Ham’s
F-12 (Gibco, Gaithersburg, MD, USA), supplemented with
10% (v/v) fetal calf serum (FCS; Gibco), 100 units/ml peni-
cillin, 100 μg/ml streptomycin (Invitrogen) and 300 μg/ml
G418 sulphate (Biochrom, Berlin, Germany).

Transfection of CHO-K1 cells

The GFP/aequorin-transfected cells were transfected tran-
siently with 0·5 μg/ml mAchR M3 plasmid DNA (Fig. 1)
using FuGENE 6 reagent (Promega, Madison, WI, USA)
with a FuGENE 6 : DNA ratio of 3:1. The optimal FuGENE
6 : DNA ratio had been determined in previous experi-
ments (data not shown). To determine the optimal cell
density, 3000–400 000 transfected cells/ml were seeded onto
96-well plates (Thermo Fisher Scientific, Rockford, IL,
USA) and incubated at 37°C. Non-transfected cells served
to assess the efficiency of transfection.

Purification of immunoglobulin from patients’ serum

Immunoglobulins were isolated from patients’ sera by two
different methods, namely the Melon Gel IgG purification
method and by ammonium sulphate precipitation.

Isolation of immunoglobulins by Melon Gel IgG
spin purification.

The Melon Gel IgG spin purification kit was obtained from
Thermo Fisher Scientific; 50 μl serum were diluted 1:10 in
Melon Gel purification buffer and the purification was per-

formed according to the manufacturer’s protocol. As indi-
cated by the manufacturer, the gel support of the kit can be
regenerated up to three times. To assess whether using
regenerated gel supports had an influence on the functional
assay, we tested immunoglobulins isolated from fresh gel
support or from gel support which had been regenerated
three times prior to use. All the immunoglobulin prepara-
tions were stored at −20°C.

Ammonium sulphate precipitation of patients’ sera.

To 300 μl serum an equal amount of a saturated ammo-
nium sulphate solution (76·7 g/100 ml H2O) was added
slowly [31,50]. After precipitation overnight at 4°C the
sample was centrifuged at 5000 g for 30 min. The superna-
tant was discarded and the precipitate was washed twice
with a 60% ammonium sulphate solution and finally dis-
solved in 300 μl Hanks’s balanced salt solution (HBSS). To
assess the influence of residual ammonium sulphate in the
sample the functional assay was performed with dialysed
and non-dialysed samples. Dialysis was performed with
HBSS using Amicon Ultra-0·5 centrifugal filter devices
(Millipore, Cork, Ireland). All samples were stored at −20°C.

Assay for the determination of mAchR3 functionality

Forty-eight h after transfection, cells were loaded with 5 μM
coelenterazine h (Biotium, Hayward, CA, USA) in calcium-
free HBSS containing 10 mM HEPES, pH 7·4, for 1 h at
37°C (Fig. 1); 1 h before experiments, the buffer was
replaced with HBSS containing 2 mM CaCl2. The mAchR
agonist carbachol (10 μM; Sigma-Aldrich, Steinheim,
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Fig. 1. Scheme of the functional assay for the

demonstration of functional antibodies to the

muscarinic acetycholine receptor type 3

(mAchR3). Chinese hamster ovary cells (CHO)

stably transfected with a green fluorescence

protein (GFP)/aequorin plasmid were
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Germany) was added to the cells (final concentration of
carbachol: 2 μM). This concentration had been determined
by dilution studies prior to the study to give optimal results,
as also reported by other research groups using CHO cells
[15,19]. The change in intracellular [Ca2+] during 20 s was
then determined by measuring the emitted light with a 2460
MicroBeta2 LumiJET luminometer (Perkin Elmer, Downers
Grove, IL, USA). Measurements were performed in quadru-
plicate. Results were given as absolute relative light units
(RLUs) or – when applying serum immunoglobulins – as a
percentage of RLUs without added protein. As a positive
control for the validity of the assay, the mAchR antagonist
atropine (1% injection solution; Dr F. Köhler Chemie,
Bensheim, Germany) was added to the cells 24 h after
transfection in final concentrations ranging from 10 ng/ml
to 1 mg/ml.

Analysis of the effect of patients’ immunoglobulins on
the mAchR3 reactivity

Twenty-four h after transfection of the cells or 1 h before
injection of carbachol, immunoglobulins isolated from
patients’ sera either by Melon Gel IgG spin purification or
ammonium sulphate precipitation were added to the cells
(Fig. 1) to give a final dilution of 1:100 (corresponding to
about 0·16 mg/ml). The optimal dilution of the proteins
had been determined previously (data not shown).

In order to determine whether the purification buffer
itself (according to the manufacturer, 45–65% of the buffer:
phosphoric acid, monosodium salt monohydrate, physi-
ological pH) may influence the mAchR3 activity, purifica-
tion buffer of the Melon Gel IgG spin purification kit was
added to the cells to give final dilutions of 1:100, 1:500 or
1:1000.

Western blotting

The purity of the immunoglobulins isolated by the Melon
Gel IgG spin purification kit or ammonium sulphate pre-
cipitation was analysed by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) using a
4·5% stacking and a 10% running gel [51]. Twenty μg of the
immunoglobulin preparations were applied to each lane.
After electrophoresis, the gels were either stained with
Coomassie Blue or the proteins were transferred to nitrocel-
lulose membranes (Amersham Biosciences, Freiburg,
Germany) [52]. The membranes were incubated with
peroxidase-conjugated anti-human IgG, IgA or IgM
antibodies (Dakopatts A/S, Copenhagen, Denmark) at a
dilution of 1:1000.

Statistics

The results obtained with patients’ immunoglobulins were
given as the ratio of RLU obtained with carbachol-activated

mAchR3-expressing cells incubated with immunoglobulins
divided by RLU obtained with these cells without immuno-
globulins (multiplied by 100 in order to estimate the
percentage).

Normal values for the functional assay were calculated by
receiver operating curves (ROC) comparing the reactivity
obtained with immunoglobulins from 40 pSS patients with
that of the 280 disease and healthy controls, aiming at a
specificity of 95%.

The unpaired Mann–Whitney U-test was used for com-
parison of antibody reactivities between patient groups, and
Wilcoxon’s test was used for the paired data. Prevalences
were compared using Fisher’s exact test. P-values < 0·05
were considered statistically significant.

All statistical analyses were performed with spss
version 21.

Results

Optimization of cell density

To optimize the assay conditions, transfected CHO-K1 cells
were plated out at densities ranging from 625 to 20 000
cells/well and the activity of the mAchR3 after carbachol
stimulation was measured. A good discrimination between
non-transfected and transfected cells was obtained using
10 000 cells/well (Fig. 2), and this density was therefore
used in subsequent experiments.

Inhibition of the muscarinic AchR with the antagonist
atropine

In a next step we wanted to prove that the reaction observed
after incubation of the transfected cells with carbachol was,
indeed, related to the enhanced expression of the mAchR3;
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Fig. 2. Carbachol-induced changes in [Ca2+]i evoked in Chinese

hamster ovary (CHO)-K1 cells expressing human muscarinic

acetycholine receptor type 3 (mAchR3). Range of cell density is

625–20 000 cells/well. RLU = relative light units. Shown are mean

values (bars) ± standard deviation (s.d.) of four independently
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therefore, the mAchR3 antagonist atropine was added in
different concentrations. There was a dose-dependent inhi-
bition of the carbachol-induced [Ca2+] signal with a reduc-
tion to 4% of the signal obtained without atropine (Fig. 3).

Influence of different kinds of immunoglobulin
preparations on mAchR3 reactivity

Immunoglobulins prepared by the Melon Gel IgG spin
purification kit.

Effect of the immunoglobulin purification buffer. In order
to determine whether the purification buffer used for isola-
tion of immunoglobulins from patients’ sera by the Melon
Gel IgG spin purification kit influences the mAchR3 reac-
tivity, it was added in different concentrations to the
transfected CHO cells. There was a significant decrease in
the receptor reactivity (Supporting information, Fig. S1)
and therefore, for subsequent experiments, buffer exchange
towards HBSS was performed prior to use.

Comparison of the effect of immunoglobulins isolated with
fresh or regenerated gel support. Immunoglobulins isolated
with the Pierce Melon Gel IgG spin purification kit and dia-
lysed against HBSS were then used to analyse whether
application of fresh or regenerated gel support from the kit
had an impact on the functional assay (immunoglobulins
added 24 h after transfection). It became evident that
immunoglobulins isolated with regenerated gel support led
to generally lower RLUs in the functional assay compared to
using fresh gel support (Supporting information, Fig. S2),
independent of whether they were derived from patients
with Sjögren’s syndrome or healthy blood donors. Further-
more, reproducibility of results obtained with regenerated
gel support was much worse than with fresh gel support
(data not shown).

Immunoglobulins prepared by ammonium sulphate
precipitation.

Analysis of the purity and immunoglobulin content of frac-
tions obtained by ammonium sulphate precipitation. In
order to avoid the high costs and effort associated with the
purification of immunoglobulins using the Melon Gel IgG
spin purification kit, we investigated whether immuno-
globulins prepared by ammonium sulphate (AS) precipita-
tion could be a suitable alternative.

First, the purity of the immunoglobulin fraction
obtained by ammonium sulphate precipitation of serum
from a healthy donor was analysed by SDS-gel electropho-
resis and Western blotting and was compared with immu-
noglobulins isolated with the Melon Gel IgG spin
purification kit (Supporting information Fig. S3). All
protein bands in the two fractions visualized by Coomassie
staining in the gels (Supporting information Fig. S3a) could
be attributed to IgG, IgM or IgA (Supporting information
Fig. S3b–d), and no further proteins were detected with this
method. Both preparations contained IgG and IgM, while
IgA was observed only in the fraction obtained by AS
precipitation.

Analysis of the effect of residual ammonium sulphate
present in the immunoglobulin fractions on the mAchR3 reac-
tivity. In order to determine whether the residual ammo-
nium sulphate present in the immunoglobulin preparation
after precipitation might influence the functional assay, the
precipitated proteins from patients’ sera were dialysed
against HBSS and compared with the results obtained with
non-dialysed probes (proteins added 24 h after
transfection). There was only a marginal effect, and there-
fore we used non-dialysed immunoglobulin fractions in
further studies (Supporting information Fig. S4).

Comparison of the effect of immunoglobulins isolated by
Melon Gel IgG spin purification kit and AS precipitation in
the functional mAchR3 assay. Comparing the effect of
immunoglobulins prepared by the Melon Gel IgG spin
purification kit or AS precipitation from the same probands
in the functional mAchR3 assay in five independently per-
formed experiments, it became evident that the median was
identical but that the AS precipitation method resulted in
much lower variation (Supporting information Fig. S5).

In order to exclude that the inhibitory effect observed
with AS-precipitated fractions may be due to other proteins
than immunoglobulins which might still be present in the
fractions, the same experiments were performed with the
supernatants obtained after precipitation of the immuno-
globulins. However, these supernatants had no effect on the
mAchR3 activity (data not shown).

Considering that (i) the purity of immunoglobulins iso-
lated by Melon Gel IgG spin purification and AS precipita-
tion was similar, (ii) the ammonium sulphate precipitation
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is much less expensive and time-consuming and (iii) immu-
noglobulins isolated by both methods produced nearly
identical results, but data obtained with AS precipitation
were more reproducible, we decided to use the AS precipita-
tion for isolation of immunoglobulins in our further
investigations.

Analysis of the effect of immunoglobulins from patients with
pSS on functional activity of the mAchR3. This standardized
assay, now showing good reproducibility and validity, was
applied to determine whether it was able to confirm the
presence of anti-mAchR3 antibodies in sera from patients
with pSS. Immunoglobulins isolated by ammonium sul-
phate precipitation from sera of 40 patients with pSS and 20
healthy donors were added to the cells either 1 or 24 h
before starting the functional assay. After incubation for 1 h,
immunoglobulins from 20 (50%) of the pSS patients inhib-
ited the mAchR3 function; when they were incubated with
the cells for 24 h this effect was observed in only three
instances (Fig. 4). Differences were statistically highly sig-
nificant. Of the healthy donors, only one had inhibitory
immunoglobulins, and there was no difference whether the
immunoglobulins were incubated for 1 or 24 h.

For these experiments, results obtained with probands’
immunoglobulins were given as the percentage of RLU
obtained with transfected carbachol-stimulated cells
without immunoglobulins (see Methods) in order to com-
pensate for the probable differences in transfection efficacy
in different experiments. As determined by ROC analysis
(Supporting information Fig. S6) comparing the 40 pSS
patients and the 230 disease and healthy controls,

values ≤ 70% were defined as inhibitory effect on the
mAchR3, revealing a test specificity of 95%. Values ≥ 130%
were defined as stimulatory.

Comparison of the effect of immunoglobulins from pSS
patients and controls on the functional activity of
mAchR3. Comparing the inhibitory activity of immuno-
globulins from the 40 pSS patients with that from patients
with other disorders known to be accompanied by different
functional autoantibodies, such as systemic sclerosis or
myasthenia gravis, it became evident that it was significantly
stronger in the pSS immunoglobulins than in the other dis-
orders or in healthy controls (Fig. 5).

Based on the normal range of 70–130% (see above), 50%
of the pSS patients but only up to 12% of patients with
other disorders or healthy controls showed inhibitory anti-
bodies (P < 0·0001, Table 1).

Analysis of the effect of therapy on anti-mAchR3 activity in
sera from pSS patients. Twenty of the pSS patients were
under low-dose steroid therapy; 20 patients did not receive
any therapy at time of analysis. Comparing the anti-
mAchR3 reactivity in these two groups, there was no signifi-
cant difference (Fig. 6).

Discussion

The ability to perform reliable in-vitro inhibition or stimu-
lation assays is a prerequisite for the evaluation of patients
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with autoimmune disorders for functional antibodies; for
instance, those directed against membrane receptors. In this
study we have developed and validated a sensitive high-
throughput assay for the demonstration of antibodies react-
ing with the mAchR3. Using this bioassay, inhibitory
antibodies were found in 50% of patients with pSS, resem-
bling the prevalence reported by other groups
[8,21,23,28,30]; there was no difference, whether or not
patients were treated. The inhibitory activity and prevalence
of these antibodies were significantly higher with the
immunoglobulins from pSS patients than with immuno-
globulins from patients with other disorders known to be
associated with anti-receptor antibodies, such as myasthenia
gravis or systemic sclerosis. Inhibitory reactivity values
below 70% were determined based on the analysis of all
controls by ROC resulting in a specificity of 95%.

The test system presented is based on a pharmacological
assay used to evaluate the effect of different substances on
mAchR3 [19,53,54], and further development of the
microfluorometric assays which have been described for the
detection of anti-mAchR3 antibodies [10,11,27–30]. CHO
cells stably transfected with aequorin/GFP were additionally
(transiently) transfected with an mAchR3-encoding plas-
mid which resulted in heterologous expression of the recep-
tor. Although it is not necessarily an advantage to use
transiently transfected cells, stable transfection of cells with
G-protein-coupled receptors can result in the long-term
desensitization of signalling pathways downstream of the
receptor or loss of receptor expression. Thus, regular tests
for receptor expression and functionality of downstream
signalling pathways are required. We therefore decided to
perform transient transfections of CHO cells, which are
technically easy and result in reliable receptor expression.
The effect of mAchR3 agonists or antagonists – and in the
present study of patients’ immunoglobulins – leading to an
alteration of intracellular Ca2+ concentrations with the con-

sequence of a conformational change of aequorin, the emis-
sion of blue light and stimulation of GFP to emit green light
can be measured luminometrically. The development of
bioassays for the demonstration of functional antibodies for
routine diagnostic purposes is often hampered by the fact
that they are somewhat susceptible to problems and diffi-
cult to standardize. Thus, the application of smooth
muscles from bladder or colon as a detection system, as
described in recent studies, depends upon the quality,
amount of excitation and number of muscle cells in those
muscle stripes and may vary from one animal to another
[8,15,21–24]. The application of mAchR3-transfected CHO
cells as shown in the present study allows better standardi-
zation by using defined and approved transfection proto-
cols, defined cell numbers and uniform environmental
conditions. CHO cells were among the first cell lines estab-
lished for in-vitro cultivation, and their popularity as a host
for the production and manufacturing of biological prod-
ucts is still undiminished and undisputed [55]. The advan-
tage of aequorin/GFP fusion protein over Fura-1/AM (and
other fluorescent calcium indicators) as used in other
microfluorometric assays is its huge sensitivity, the absence
of background and assay stability [41]. Moreover, these
fluorescent indicators must be cleaved by the intracellular
esterases in order to be active. Some cells have higher levels
of esterases than others. Furthermore, the fluorescent dye
tends to leak out of cells and thus the assay must be per-
formed within 2–3 h.

The concept that antibodies in sera from pSS patients
may have been responsible for the inhibition of receptor
activity was proved by using immunoglobulins purified
from serum. In a first step the immunoglobins were isolated
from the sera using the Melon Gel IgG spin purification kit
based on the adsorption of immunoglobulins to coated
gel resins. However, in applying these fractions to the

Table 1. Prevalence of inhibitory and stimulatory anti-human

muscarinic acetycholine receptor type 3 (mAchR3) antibodies in

patients with different disorders known to be associated with func-

tional autoantibodies.

Diseases

No. patients

tested

Stimulatory

antibodies

(≥ 130%)

Inhibitory

antibodies

(≤ 70%)

Number (%) positive

primary Sjögren’s

syndrome

40 0 20 (50)

Systemic sclerosis 47 0 0

EOMG 50 0 6 (12)

LOMG 33 0 0

Thymoma 50 0 2 (4)

Blood donors 50 1 (2) 6 (12)

EOMG = early-onset myasthenia gravis; LOMG = late-onset myas-

thenia gravis.
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Fig. 6. Carbachol-induced [Ca2+]i signal in the functional assay

comparing ammonium sulphate (AS)-precipitated immunoglobulins

from sera from patients with untreated (n = 20) and treated (n = 20)

primary Sjögren’s syndrome (pSS). = no effect on receptor

activity. Median values are given. Comparison was performed using

the Mann–Whitney U-test.
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functional assay, the results showed great variations, and the
buffer necessary for their isolation strongly influenced the
CHO cells. These disadvantages could be diminished using
only freshly prepared gels for each serum sample and not
regenerated gel supports, as suggested by the manufacturer,
and dialysing the immunoglobulins prior to further appli-
cation. However, this rendered this method somewhat
costly and time-consuming. We therefore decided to test
whether the ‘ancient’ method for separation of serum pro-
teins, namely ammonium sulphate precipitation [56], could
be a more suitable and cheaper alternative for the chroma-
tographic method. Indeed, comparing immunoglobulins
prepared by both methods and analysing their effects on the
mAchR3 reactivity on CHO cells, similar results were
obtained with respect to their inhibitory or stimulatory
potency, with the advantage of lower variations with the
AS-precipitated immunoglobulins. A further advantage
over the Melon Gel IgG spin purification kit was that the
AS-precipitated immunoglobulin fractions contained all
three immunoglobulin classes, while after gel chromato-
graphical purification IgGs were predominantly present
and, to a lower extent, IgMs, while IgA was lacking. This
may be an important point, as it is well known that
autoantibodies are not only of the IgG type but may also
belong to the IgA and IgM class [57–62]. Of course, it could
be argued that the fraction obtained by AS precipitation
may contain other proteins besides the immunoglobulins,
which could affect receptor function. Although Coomassie
blue staining after gel electrophoresis did not reveal further
proteins in this fraction, this method may not be sensitive
enough to detect small amounts of residual proteins.
However, results obtained with the AS-precipitated immu-
noglobulins were similar to those obtained with the pre-
sumably purer fractions obtained by gel chromatography,
which is in accordance with observations by other authors
analysing patients’ sera for functional antibodies [31,50].
Furthermore, using the supernatants from these
AS-precipitated fractions, which were depleted from immu-
noglobulins, we did not observe any effect on mAchR3
activity.

Inhibitory or stimulatory effects of immunoglobulins on
the mAchR3 may also depend upon the time of their incu-
bation with the M3-expressing cells. Data in this respect are
somewhat conflicting in the literature, which may be due to
different test systems used in these experiments [23,27]. We
therefore also performed short-term incubation (1 h) and
incubation for 24 h, but found an inhibitory effect of the
immunglobulins of pSS patients preferentially when they
were added 1 h before starting the functional assay.

Antibodies to the mAchR3 may play an important role in
the pathogenesis of different symptoms in pSS, and their
determination is therefore of high clinical relevance [4–6,8–
15]. However, as those functional autoantibodies react with
conformational epitopes they cannot be measured simply
by ELISA or Western blot using recombinant proteins, or

even peptides representing presumably immunodominant
epitopes [63–65]. Although the bioassay described in this
paper may also not be generally available, and restricted to
research or specialized laboratories, it represents a reliable
and reproducible method which may facilitate the analysis
of larger series of patients’ sera for inhibitory or stimulatory
anti-mAchR3 autoantibodies. Thus, it has been shown that
anti-mAchR3 antibodies can also be detected in patients
with systemic lupus erythematosus, rheumatoid arthritis
and primary biliary cirrhosis [34,36,37,66], all being
accompanied by sicca syndromes, the typical clinical
manifestation of pSS. However, these analyses had been per-
formed predominantly by ELISA methods using presum-
ably immunodominant epitopes, but not with bioassays,
although from preliminary data we have strong evidence
that functional – preferentially inhibitory – anti-mAchR3
antibodies can also be observed in patients with autoim-
mune liver disorders [67].

In conclusion, we have developed a reliable high-
throughput assay with good sensitivity for measuring
functional autoantibodies to mAchR3 in patients’ sera.
Application of this assay in a larger series of patients and
perhaps clinical trials should facilitate studies with respect
to their pathogenetic and probably prognostic relevance,
and can also be applied in patients with other disorders/
symptoms related to disturbances of the parasympathic
nerve system. This may allow the definition of subgroups
of patients in whom autoimmune mechanisms may play a
role and inaugurate the introduction of new therapeutic
regimens.
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Additional Supporting information may be found in the
online version of this article at the publisher’s web-site:

Fig. S1. Inhibitory effect of the purification buffer (pb)
from the Melon Gel immunoglobulin (Ig)G purification kit
on the carbachol induced [Ca2+]i signal evoked in Chinese
hamster ovary (CHO)-K1 cells expressing human
muscarinic acetycholine receptor type 3 (mAchR3)
(transfected cells – tc). Final dilution of the pb 1:100, 1:500,
1:1000, respectively. RLU = relative light units. Shown are
mean values (bars) ± standard error of the mean (s.e.m.) of
four independently performed experiments and compari-
sons using the Mann–Whitney U-test. *P ≤ 0·05 versus
transfected cells without purification buffer.
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Fig. S2. Effect of immunoglobulins from blood donors (bd;
n = 3) and patients with Sjögren’s syndrome (SS; n = 3) iso-
lated with fresh or regenerated gel support from the Melon
Gel immunoglobulin (Ig)G spin purification kit on
carbachol-induced [Ca2+]i signal evoked in Chinese hamster
ovary (CHO)-K1 cells expressing human muscarinic
acetycholine receptor type 3 (mAchR3). Shown are relative
light units (RLU) [mean values (bars) + standard deviation
(s.d.) of four independently performed experiments per
patient].
Fig. S3. Sodium dodecyl sulphate (SDS)-gel electrophoresis
and Western blotting for the demonstration of immuno-
globulin (Ig)G, IgM and IgA immunoglobulins in the
immunoglobulin fractions isolated by Melon Gel IgG spin
purification kit and ammonium sulphate (AS) precipitation
from a serum of a healthy donor. (a) Coomassie staining,
(b–d) Western blotting with anti-human horseradish
peroxidase (HRP)-conjugated antibodies: (b), anti-human
IgG, (c) anti-human IgM and (d) anti-human IgA antibod-
ies; M: molecular weight marker, lane 1: Ig purified from
serum using Melon Gel IgG purification kit, lane 2: AS pre-
cipitated proteins.

Fig. S4. Effect of dialysed and non-dialysed ammonium
sulphate-precipitated immunoglobulins from blood donors
(bd; n = 3) and patients with Sjögren’s syndrome (SS; n = 3)
on carbachol-induced [Ca2+]i signal evoked in Chinese
hamster ovary (CHO)-K1 cells expressing human
muscarinic acetycholine receptor type 3 (mAchR3). Shown
are mean values (bars) ± standard deviation (s.d.) of four
independently performed experiments per patient.
Fig. S5. Comparison of the effect of immunoglobulins from
a healthy donor isolated by Melon Gel IgG spin purification
kit (a; fresh gel support) and AS precipitation (b; not
dialyzed) on carbachol-induced [Ca2+]i signal evoked in
muscarinic acetycholine receptor type 3 (mAchR3) express-
ing Chinese hamster ovary (CHO)-K1. RLU = relative light
units. Each data point represents the mean of four indepen-
dently performed experiments. Bar indicates median value.
Fig. S6. Receiver operating curve (ROC) comparing the
reactivity of immunoglobulins from 40 pSS patients with
that from 230 disease and healthy controls. Area under the
curve: 0·083; P < 0·001.
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