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Abstract

A peptide corresponding to the sequence 169-193 of the second
extracellular loop of the human muscarinic acetylcholine re-
ceptor-2 was used as an antigen to screen sera from patients
with idiopathic dilated cardiomyopathy (DCM, n = 36) and
healthy blood donors (HBD, n = 40). The sera from 14 pa-
tients with DCM (38.8%) and 3 HBD (7.5%) recognized the
muscarinic receptor peptide at dilutions varying from 1:20 to
1:160 in ELISA. A highly significant correlation (P = 0.006)
was found between the presence of antimuscarinic receptor-2
autoantibodies and anti-3-adrenoceptor-1 autoantibodies in the
patients’ sera. Affinity-purified autoantibodies from positive
sera of patients with DCM recognized on the electrotransferred
protein of rat ventricular membrane a major band of about 80
kD. Incubation of autoantibodies with membrane resulted not
only in a decrease in the maximal binding sites (B,,,,) but also in
an increase in K of radioligand binding in a concentration-de-
pendent manner. This suggests a mixed-type of inhibition.
Moreover, preincubation with atropine abolished the inhibitory
effect of autoantibodies on the receptor binding whereas carba-
chol appeared to have no effect on the activity of the autoanti-
bodies.

These data define a subgroup of patients with idiopathic
DCM who have in their sera functionally active autoantibodies
against muscarinic receptor-2. (J. Clin. Invest. 1993. 91:1964-
1968.) Key words: muscarinic receptor  autoimmunity ¢ epitope
mapping « dilated cardiomyopathy

Introduction

There is increasing evidence for the participation of cellular
and humoral autoimmunity in the pathogenesis of human
idiopathic dilated cardiomyopathy (DCM)' (1-4). Autoim-
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1. Abbreviations used in this paper: ABTS, 2,2'-azino-di-( ethyl-benzthi-
azoline) sulfonic acid; B,,,, maximal binding sites; Gpp(NH)p, 5'-
guanylylimidodiphosphate, a nonhydrolyzable GTP analogue; GTP,
guanosine triphosphate; HBD healthy blood donors; DCM, dilated car-
diomyopathy; QNB, quinuclidinyl benzilate; G-protein, guanine nu-
cleotide binding regulatory protein; Gi, inhibitory G-protein; Go, G-
protein with unknown function; PrBCM, propylbenzylcholine mus-
tard; PMT, PBS, pH 7.4, supplemented with 3% skimmed milk powder
and 0.1% Tween-20.
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munity is now being regarded as one of the important etiologi-
cal mechanisms (5-7). Recently, autoantibodies against car-
diac B-adrenoceptors have been characterized in patients with
DCM in our laboratory (8) and have been found in 36% of the
patients. Other myocardial cell surface receptors and ion chan-
nels might also be involved in autoimmune recognition leading
to cardiac dysfunction. Therefore, our attention was focused
on the muscarinic cholinergic receptor, another seven-trans-
membrane region and G-protein-regulated receptor which, to-
gether with the 8-adrenoceptor, coordinately modulates the ac-
tivity of myocardial adenylyl cyclase and ion channels, and
thus regulates cardiac function.

The primary sequence of the human muscarinic receptor-2
was derived from the corresponding DNA sequence (9, 10).
The second extracellular loop of the 8-adrenoceptors was pro-
posed as a possible target for autoimmune attack in view of its
immunological and functional properties (8). Since all recep-
tors of the rhodopsin family share structural features, a peptide
was synthesized corresponding to the sequence of this loop in
the cardiac muscarinic cholinergic receptor. This peptide was
used both to detect autoantibodies by an enzyme immunoas-
say and to purify them by affinity-chromatography for further
characterization.

Methods

Patient recruitment and evaluation. Patients with idiopathic DCM (n
= 36) were selected from those admitted to the Division of Cardiology,
Sahlgren’s Hospital, Géteborg (Sweden). All patients had echocardio-
graphic findings consistent with dilated cardiomyopathy and left ven-
tricular dysfunction with an ejection fraction below 45% in M mode
tracing. The clinical characteristics are summarized in Table I. Patients
with hypertrophic cardiomyopathy, ischemic heart disease, hyperten-
sion, valvular heart disease, diabetes, and other infections were ex-
cluded from this study. The patients with DCM in this study are en-
tirely different from those previously studied (8).

Sera from healthy blood donors (HBD) (n = 40) were obtained
from the blood bank of the hospital and served as the control group.

Peptides. A peptide corresponding to the sequence (residues 169-
193) of the second extracellular loop of the human muscarinic recep-
tor-2 with a cystein as carboxy terminus: V-R-T-V-E-D-G-E- C-Y-I-Q-
F-F-S-N-A-A-V-T-F-G-T-A-I-C, was synthesized by the solid phase
method of Merrifield (11) using an automated peptide synthesizer
(430A; Applied Biosystems, Foster City, CA). The peptide was judged
to be pure on the basis of HPLC analysis on a Vydac C-18 column and
by amino acid analysis on an automated aminoacid analyzer (Beck-
man Instruments, Inc., Palo Alto, CA). The peptide corresponding to
the sequence (residues 197-222) of the second extracellular loop of the
human B-adrenoceptor-1 (8) was also used to screen sera from the
same subjects to study the possible correlation between autoantibodies
against both muscarinic- and $-adrenergic receptors.

Antibody purification. The synthetic peptide was used as an antigen
to immunize two rabbits. 1 mg of free peptide was emulsified in com-
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Table I. Characteristics of Patients with Dilated Cardiomyopathy
(n = 36) and Healthy Blood Donors (n = 40) (means=SD)

DCM HBD
Age (years) 54+16 3714
Sex F/M (n) 14/22 16/24
Ejection fraction (%) 27+11 Normal
Functional class (NYHA)* 3.0+1 1+0

* NYHA, New York Heart Association.

plete Freund’s adjuvant and injected subcutaneously at multiple
points. 4 wk later a booster injection (1 mg in incomplete Freund’s
adjuvant) was given, and the rabbits were bled 1 wk after this injection.
The immunoglobin fractions were prepared from sera of DCM and
HBD as well as from sera of rabbits by precipitation in 50%
(NH,),S0,, dialyzed extensively against phosphate buffered saline
(PBS: 10 mM phosphate, 140 mM NaCl, pH 7.4) and then loaded on a
Sepharose 4B CNBr-activated gel (Pharmacia Fine Chemicals, Upp-
sala, Sweden) to which the muscarinic receptor-2 peptide was cova-
lently linked. After washing of the immunosorbent with PBS, the spe-
cific antimuscarinic receptor peptide antibodies were eluted with 3 M
potassium thiocyanate (pH 7.4) followed by immediate extensive dialy-
sis against PBS.

ELISA immunoassay. 50 ul of peptide (50 pug/ml) in 100 mM
Na,CO, solution (pH 11.0) were coated for 1 h on microtiter plates
(NUNC, Kastrup, Denmark ). The wells were then saturated with PBS
supplemented with 3% (wt/vol) of skimmed milk, 0.1% (vol/vol) of
Tween-20 (E. Merck, Darmstadt, FRG), and 0.01% (wt/vol) of Thi-
merosal (Sigma Immunochemicals, St. Louis, MO) (PMT). 50 ul of
sera dilutions from 1:20 to 1:160 were added to the saturated microtiter
plates overnight at 4°C. After washing the wells three times with PMT,
an affinity-purified biotinylated rabbit anti-human IgG antibody
(1:1,000 dilution in PMT) was allowed to react for 1 h. After three
more washings, the bound biotinylated antibody was detected by incu-
bation of the plates for 1 h with streptavidin-peroxidase (1 ug/ml)
(Sigma Immunochemicals) solution in PMT. This was followed by
three washings in PBS and addition of substrate 2.5 mM H,0,-2 mM
ABTS (Sigma Immunochemicals). Optical densities were read after 30
min at 405 nm in a microplate reader (Molecular Devices Corp, Menlo
Park, CA).

Immunoblotting assay. Rat cardiac membrane was used as the
source of muscarinic receptor-2 for immunoblotting and radioligand
binding since heterologous systems have been previously used to dem-
onstrate antireceptor antibodies in human disease (7, 12-14). More-
over, the peptide we used corresponds to a sequence totally conserved
in both humans and rats (15). Membrane proteins (75 pg), prepared
from normal rat ventricles as described (16 ), were subjected to electro-
phoresis on a 10% polyacrylamide gel in SDS and thereafter subjected
to electrotransfer to nitrocellulose that was saturated with PMT buffer
for 2 h at room temperature. The affinity-purified antibodies from
patients and rabbits, and the mouse monoclonal antibody (mAb-35)
(17) against calf brain muscarinic receptor used as a positive control,
were incubated at 4°C overnight with the nitrocellulose strips. After the
strips were washed in PMT, they were incubated with a 1:500 dilution
of affinity-purified biotinylated rabbit anti-human IgG (for human
autoantibody), donkey anti-rabbit IgG (for rabbit antibody), and rab-
bit anti-mouse IgG (H + L) (for monoclonal antibody), for 1 h at
room temperature followed by incubation with 1:500 streptavidin per-
oxidase solution in the same buffer. Strips were washed in PMT and in
PBS containing 0.1% Triton X-100 before adding the chromogenic
substrate H,0,-4-chloro-1-naphthol. As soon as the protein bands were
revealed, strips were washed extensively in water and stored at —20°C.
Profiles of immunoblots were then compared with both rabbit polyclo-
nal and mouse monoclonal antibodies. The specificity was checked by
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a blocking effect of the corresponding peptide after preincubation with
autoantibody overnight at 4°C.

Binding characteristics of muscarinic receptors. Muscarinic recep-
tors were determined by use of [°H]QNB (New England Nuclear, Bos-
ton, MA). Binding assays were carried out in a buffer (pH 7.4): 50 mM
sodium/ potassium phosphate buffer containing 10 mM MgCl,, except
where otherwise stated. Saturation-binding isotherms were obtained by
incubating membranes for 1 h with varying concentrations of quinucli-
dinyl benzilate (QNB) (0.125 nM-4 nM) at 26°C. Specific binding
was defined as that displaced by 2 uM (—) atropine. The reaction was
terminated by dilution with 5 ml ice-cold buffer. The samples were
then poured over GF/B 2.5 cm glass microfiber filters (Whatman Inter-
national Ltd., Maidstone, England) under reduced pressure followed
by a wash with 10 ml of buffer. Filters were counted in a liquid scintilla-
tion counter (LKB Instruments, Inc., Bromma, Sweden). The density
of muscarinic receptor (B,,,,) and the dissociation constant (K) were
determined by nonlinear least-squared fitting (18).

The activity of autoantibody was observed after preincubation of
autoantibody with membrane for 30 min at 37°C with shaking, before
binding studies were performed. To study the protective effects of mus-
carinic ligands on the autoantibody activity, membranes were preincu-
bated with 100 nM atropine or 10 uM carbachol for 2 h at 4°C. Autoan-
tibodies were then added to a final concentration of 200 nM and incu-
bated 30 min at 37°C. The membranes were then diluted four times in
order to minimize the effects of the agonist and the antagonist on QNB
binding characteristics. .

Statistics. Statistics were calculated using the Statview SE+Graph-
ics™ vs. 1.03 software on a Macintosh personal computer. P < 0.05
was considered to be statistically significant.

Results

Detection of autoantibodies by ELISA. Positivity was defined
as 2.5 times the background optical density. 14 sera from pa-
tients with DCM (38.8%) and 3 sera from HBD (7.5%) recog-
nized the muscarinic receptor-2 peptide at dilutions varying
from 1:20 to 1:160 (Fig. 1). No difference in titers was ob-
served between the positive sera of the healthy controls and
that of the patients. The difference between the control group
and patients with DCM was significant at the 95% level as
determined by an ANOVA analysis (Statview ). Consistent re-
sults were obtained by three repetitions of the ELISA assays.
No correlation was found between the antireceptor titers and

B Positive HBD
Negative HBD
B Positive DCM
A Negative DCM

0.D. 405 nm

1:80 1:160
Serum Dilutions

Figure 1. ELISA on the muscarinic receptor-2 peptide with sera from
HBD and from patients with DCM. The mean and SD of the optical
density at 405 nm are given for four serum dilutions. Sera from HBD
(n = 40) were divided into positive sera (3:40) and negative sera
(37:40). Sera from patients with DCM (n = 36) were divided into
positive sera ( 14:36) and negative sera (22:36). The difference be-
tween negative and positive sera was significant (P < 0.01) for all the
dilutions.
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the New York Heart Association (NYHA) functional class of

the studied patients.

The possible correlation between autoantibodies of musca-
rinic receptor-2 and autoantibodies of 5-1 adrenoceptor was
also studied in the above sera (Table II). Sera from 13 patients
with DCM (36.1%) and 6 sera from HBD (15%) recognized
the -1 adrenoceptor peptide, confirming our previous study
(8), as the population of patients with DCM in the present
study is entirely different from those previously studied. A
highly significant correlation (P = 0.006) was found between
the presence of antimuscarinic receptor-2 autoantibodies and
anti-8-1 adrenoceptor autoantibodies.

Monospecificity of autoantibodies by immunoblotting. In
order to ascertain that the affinity-purified autoantibodies were
able to recognize the receptor protein, immunoblots were per-
formed on membranes prepared from normal rat ventricles.
Autoantibodies recognized, on the electrotransferred protein of
rat cardiac membrane, a major protein band with a molecular
weight of about 80 kD, showing the same mobility as the [*H]-
PrBCM-labeled band ( 10). This band was monospecific for the
muscarinic receptor-2 since its staining was blocked after
preincubation with the muscarinic receptor-2 peptide and it
coincided well with the band revealed by both rabbit antipep-
tide polyclonal antibodies and the main band revealed by the
monoclonal antimuscarinic receptor antibody (Fig. 2). These
results confirmed that the autoantibody could recognize the
muscarinic receptor-2 protein in a specific manner.

Functional effect of autoantibodies on ligand binding to the
muscarinic receptors. The affinity-purified autoantibodies in-
duced a decrease in B,,,, and an increase in K, of QNB binding
on rat myocardial membranes. Antibodies affinity purified
from HBD were devoid of these effects (Fig. 3). Moreover,
preincubation of the autoantibodies with the corresponding
peptide totally abolished the effect described.

The effect of autoantibodies was dose dependent, reaching
a maximal decrease in B, of approximately 50% and a maxi-
mal increase in K, of approximately five times the control
value (Table III).

Effect of the coupled state of the muscarinic receptor on the
activity of autoantibody. By using Gpp(NH)p, it is possible to
completely uncouple the receptor from the G-protein, e.g., Gi
or Go. Membranes incubated in the presence or absence of
Gpp(NH)p (100 uM) showed a similar change in B,,,, and K,
upon incubation with the autoantibodies (Table IV).

Effect of muscarinic agonist and antagonist on the activity
of the autoantibodies. Preincubations with the muscarinic re-
ceptor non-subtype-specific antagonist, atropine, and the non-

Table II. Autoantibodies against Muscarinic Receptors-2 and
B-Adrenoceptor-1 as Detected by ELISA*

M-2 p-1 Both M-2 and §-1
DCM (n = 36)
Positive 6 5 8
HBD (n = 40)
Positive 1 4 2

M-2, muscarinic receptor-2; 8-1, 8-adrenoceptor-1.
* Figures in the table denote number of patients.
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Figure 2. Immunoblot on the rat myocardial membrane. Lane a:
proteins revealed with monoclonal antibody against the calf brain
muscarinic receptor; lane b: proteins revealed with affinity-purified
autoantibody from patients with DCM; lane c: affinity-purified anti-
bodies preincubated with the peptide before incubation with the blot-
ted proteins; lane d: protein revealed by affinity-purified rabbit anti-
peptide antibody.

subtype-specific agonist, carbachol, were performed on the
muscarinic receptors of the rat ventricular membrane to assess
their effects on the activity of autoantibodies. Atropine blocked
the effect of the autoantibodies on QNB binding to the musca-
rinic receptor, whereas carbachol appeared to have no effect
(Fig. 4). The B,,,, of membranes with or without autoantibod-
ies was found to increase after preincubation with atropine for
2 h. This may be due to the fact that atropine protects mem-
brane muscarinic cholinergic receptor binding sites from degra-
dation during incubation.

Discussion

There is a lack of information about the possible presence of
antimuscarinic receptor antibodies in cardiac disease, the nota-
ble exception ‘being experimental myocarditis. Leiros et al.
(19) have shown that the IgG fraction from animals with exper-
imental myocarditis simulated the biological effects of cholin-
ergic agonists and inhibited muscarinic receptor binding on
mouse cardiac membranes. However, the method for detection
of autoantibodies based upon the inhibition of muscarinic re-
ceptor radioligand binding by use of the IgG fraction has lim-

0,2
& 0.1} A Positive DCM
o O Positive HBD
A Control
\A A0
0,0 .
0 2 4
QNB fmol bound

Figure 3. Scatchard plots of [°H]QNB binding to membranes of nor-
mal rat ventricles preincubated for 30 min at 37°C in the presence
of affinity-purified autoantibodies from HBD and from patients with
DCM.
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Table I11. Effect of Autoantibody on FHJQNB Binding
of Rat Myocardial Membrane

Bunax K,
fmol/mg nM
Control 11.2+0.8 0.06+0.01
100 nM 6.4+0.5* 0.07+0.01
200 nM 5.9+0.4* 0.13+0.01*
300 nM 4.5+0.3* 0.30+0.02*
200 nM + peptide 11.0+0.8 0.05+0.01

* P <0.01 vs. control.

ited value since the identification of the specific functional au-
toantibody population is not possible.

The findings reported in this study represent, to our knowl-
edge, the first demonstration of the presence of antimuscarinic
receptor-2 autoantibodies in DCM. Based on the putative
structure of the human muscarinic receptor-2, we predicted a
sequence that might be involved in an autoimmune recogni-
tion of this receptor. Three criteria were used to select this
sequence. First, the sequence located at the second extracellu-
lar loop of the receptor should be accessible for autoimmune
attack. Second, the length of this sequence should be compati-
ble with the presence of T- and B-cell epitopes and could thus
be immunogenic as well as antigenic. Third, it has been shown
by site-directed mutagenesis that, as in the 8-adrenoceptors, the
cysteine residue located in this loop of the muscarinic-1 recep-
tor is essential for ligand binding (20). The effective immuno-
genicity of the selected sequence was confirmed by raising anti-
bodies against the corresponding free peptide in rabbits
(Fig. 2).

An overlap between the presence of autoantibodies directed
against the second extracellular loop of the muscarinic recep-
tor-2 and autoantibodies against the second extracellular -1
adrenoceptor was found. 57% of the patients with autoantibod-
ies against muscarinic receptor-2 also had autoantibodies
against 8,-adrenergic receptors. The highly significant correla-
tion between the presence of antimuscarinic receptor-2 and
anti-B-1 adrenoceptor autoantibodies suggests the multiplicity
of the autoimmune response in DCM. This is in accordance
with the different autoantigens that have already been de-
scribed in patients with dilated cardiomyopathy (4) and in
mice susceptible to Coxsackievirus B3-induced myocarditis
(21, 22). These observations make it unlikely that molecular

Table 1V. Effect of Gpp(NH)p on the Activity of Autoantibody in
Maximal PHJQNB Binding to Rat Myocardial Membrane

Autoantibody Gpp(NH)p Brax
Jfmol/mg
_ — 12.7+0.6
200 nM — 6.0+0.5*
— 100 M 13.1£0.8
200 nM 100 uM 6.4+0.7*

* P < 0.01 vs. absence of autoantibody.
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B With M-Ab
B Without M-Ab

Bmax (tmol/mg)

0
No Drug

Atropine  Carbachol

Figure 4. Effect of muscarinic receptor agonist and antagonist on the
activities of autoantibodies. M-Ab: muscarinic autoantibodies, 200
nM; atropine 100 nM; carbachol: 10 uM. P < 0.01 indicated by dou-
ble stars.

mimicry (23) is the etiological trigger of the autoimmune re-
sponse. It is more likely that cell injury as occurs with viral
infection leads to release of autoantigens which, in the context
of atopical expression of HLA II antigen, could initiate an au-
toimmune process (24). Alternatively, a first autoimmune
triggering by autoantibodies cross-reacting between a pathogen
and one of the heart receptors could lead to cell damage and a
polymorphic autoimmune response.

The purified antimuscarinic receptor antibody of the pa-
tients recognized the muscarinic receptor-2 protein. This was
demonstrated by comparative immunoblots using as controls a
mouse monoclonal antibody against the calf brain muscarinic
receptor (mAb-35) (17) and rabbit antipeptide polyclonal anti-
bodies. These results suggested that peptide recognition as
tested in the enzyme immunoassay reflects recognition of the
muscarinic receptor-2 protein.

Ligand binding studies of the affinity-purified autoantibod-
ies of the patients showed the ability in vitro not only to de-
crease the maximal binding sites but also to decrease antagonist
affinity. This implies a mixed type of inhibition (25) in which
the antibody does not bind at the same site of the radioligand
but, by binding, decreases the affinity for the radioligand bind-
ing site. Affinity-purified autoantibodies from a healthy con-
trol group had no effect, suggesting that these autoantibodies
from control sera are directed against nonfunctional epitopes
on the peptide.

Using the experimental approach in which coupling to the
effector molecules is believed to be blocked in the presence of
GppNHp, no significant change in the antibody activity was
found. Thus, the recognition of autoantibody by muscarinic
receptors is not influenced by its coupling state. This result is
compatible with that found in the autoimmune response
against the 8-1 adrenoceptor (26).

The effects of the muscarinic receptor agonist, carbachol,
and the antagonist, atropine, upon the inhibition of muscarinic
radioligand binding by the autoantibodies were of particular
interest. The agonist carbachol did not inhibit the effect on the
maximal binding sites of the autoantibodies, whereas the antag-
onist atropine was able to protect the receptor from this effect.
These findings are in marked contrast with the effects of §-
adrenergic ligands on the activity of antireceptor antibodies
studied before (26). Indeed, the antagonist metoprolol did not
protect the 3-1 adrenergic receptor from deactivation by antire-
ceptor antibodies, while the agonist isoproterenol deactivated
the receptor in the same way as the antibodies (26).
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The efficiency of atropine and the inefficiency of carbachol
to protect the receptor from the pharmacological effects of the
autoantibodies could be explained by the fact that in the antago-
nist-receptor complex the functional epitope is “cryptic” while
it is accessible on the free receptor or on the agonist-receptor
complex. Recent studies using rabbit anti-peptide antibodies
sharing the pharmacological properties of the human autoanti-
bodies showed that the former could inhibit isoproterenol-stim-
ulated adenylyl cyclase activity (Fu, L-X., G. Wallukat, A.
Hjalmarson, and J. Hoebeke, manuscript submitted for publi-
cation). This suggests that the autoantibodies could have an
“agonist-like” effect on the muscarinic receptor. The concen-
tration of autoantibodies in serum calculated from the amount
purified was estimated at 200 nM. The in vivo concentration
could thus have a pharmacological effect on the receptor in
patients who only have anti-muscarinic receptor autoantibod-
ies. Since the concentration needed to pharmacologically affect
the 8-1 adrenoceptor is 10 times lower (8) than that needed to
affect the muscarinic receptor, it is very difficult to deduce the
overall effect on heart function of the simultaneous presence of
both antireceptor autoantibodies. More studies are needed to
resolve how such receptor antibodies could interfere with the
delicate balance between sympathetic and vagal stimulation of
the heart function and thus contribute to the overall symptom-
atology of DCM.

In conclusion, by using a synthetic peptide we have been
able to identify a subgroup of patients with idiopathic DCM
who had in their sera functionally active antimuscarinic recep-
tor-2 autoantibodies. These autoantibodies were directed
against the putative second extracellular loop of the receptor.
We have previously shown that the corresponding loop of the
B-adrenergic receptor is the target of an autoimmune response
against the 8-1 adrenergic receptor in patients with DCM (8)
and against the 8-2 adrenergic receptor in patients with myas-
thenia gravis (27) and in patients with Chagas’ disease (unpub-
lished observations). These results strongly suggest that the sec-
ond extracellular loop of G-protein-coupled receptors could
contain a region similar to the MIR (main immunogenic re-
gion) as was shown for the nicotinic acetylcholine recep-
tor (28).
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