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The immune system has sophisticated effector 
mechanisms to identify foreign antigens and 
eliminate them from our bodies. Thus, a criti-
cal feature of the immune system is the ability 
to discriminate between self and nonself. When 
there is a failure in the immunological control 
mechanisms that maintain self-tolerance, the 
adaptive immune system can be directed at a self 
antigen. In most cases the autoantigen continues 
to be produced, and thus cannot be eliminated 
by the immune response. In these cases, the 
adaptive immune response becomes chronic, 
resulting in disruption of normal physiological 
functions. Autoimmune diseases vary consider-
ably in the symptoms they cause and in the tis-
sues and organ systems they affect. Autoimmune 
diseases are relatively common (5% of the US 
population) and include well known diseases 
such as Type 1 diabetes, multiple sclerosis, sys-
temic lupus erythematosus, Graves’ disease, 
myasthenia gravis and rheumatoid arthritis.

Autoimmune diseases can be caused by autoan-
tibodies that disturb normal physiological func-
tions or by cytotoxic T cells that cause targeted cell 
death. A defining feature of autoimmune disease 
is the presence of autoantibodies or autoreactive 
T cells specific for autoantigens present on target 
cells. A number of autoimmune diseases result 
from the presence of autoantibodies that bind 
to G protein-coupled receptors (GPCRs) on the 
surface of cells. Some diseases, such as Graves’ dis-
ease (see later) are characterized by the presence 
of autoantibodies that activate the target GPCRs. 
Other diseases (e.g., myasthenia gravis) are char-
acterized by the presence of autoantibodies that 
bind to receptors, but do not activate. In the lat-
ter case, the receptor-bound autoantibodies can 
recruit complement and lead to cellular destruc-
tion. Research reviewed here deals with autoim-
mune diseases in which the disease pathology 
results from the presence of autoantibodies that 
activate cell surface receptors of the GPCR family. 
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The research reviewed in this article provides examples of autoantibody-mediated receptor 
activation that likely contributes to disease. The classic example is Graves’ hyperthyroidism, in 
which autoantibodies activate the thyroid-stimulating hormone receptor resulting in 
overproduction of thyroid hormones. Other compelling examples come from the cardiovascular 
literature and include agonistic autoantibodies targeting the cardiac b

1
-adrenergic receptor, 

which are associated with dilated cardiomyopathy. Autoantibodies capable of activating a
1
-

adrenergic receptors are associated with refractory hypertension and cardiomyopathy. A 
prominent example is preeclampsia, a hypertensive disease of pregnancy, characterized by the 
presence of autoantibodies that activate the major angiotensin receptor, AT

1
. AT

1
 receptor-

activating autoantibodies are also observed in kidney transplant recipients suffering from severe 
vascular rejection and malignant hypertension. AT

1
 receptor-activating autoantibodies and 

antibodies that activate the endothelin-1 receptor, ET
A
, are prevalent in individuals diagnosed 

with systemic sclerosis. Thus, the presence of agonistic autoantibodies directed to G protein-
coupled receptors has been observed in numerous cardiovascular disease states. Rapidly 
emerging evidence indicates that receptor-activating autoantibodies contribute to disease, and 
that efforts to detect and remove these pathogenic autoantibodies or block their actions will 
provide promising therapeutic possibilities.
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In several cases the ability of these autoantibodies to cause disease 
has been demonstrated by adoptive transfer experiments showing 
that the transfer of antibody from an affected individual to other 
humans or laboratory animals is sufficient to cause disease. More 
recent evidence shows that the removal of pathogenic antibodies by 
plasmaphoresis or immunoabsorption provides therapeutic benefit.

Graves’ disease
Background
Graves’ disease is a relatively common autoimmune disease charac-
terized by thyroid diffuse enlargement, palpitation, muscle fatigue, 
tremor and anxiety, collectively termed ‘hyperthyroidism’ [1,2]. 
The condition affects approximately 1 in 50 women and results 
from the presence of autoantibodies that activate the thyroid 
stimulating hormone receptor (TSHR), also called thyrotropin 
receptor [3]. Graves’ disease was the first autoimmune disease that 
was characterized by the presence of receptor-activating autoan-
tibodies. Initial evidence was provided by the pioneering studies 
by Adams and colleagues who described an activity termed ‘long-
acting thyroid stimulator’ (LATS) in the serum immunoglobulin 
fraction of patients with hyperthyroid Graves’ disease. Infusion of 
LATS into healthy human volunteers (in this case the investiga-
tors themselves) resulted in the stimulation of thyroid hormone 
production [4]. Subsequent studies showed that the target of LATS 
was the TSHR. TSHR is normally activated by thyroid stimu-
lating hormone (TSH, also called thyrotropin), a product of the 
pituitary gland, which regulates the production and secretion of 
thyroid hormones from the thyroid gland. TSHRs are not exclu-
sively expressed in thyroid tissue, as originally thought, but are also 
present on a number of extrathyroid tissues including lymphocytes, 
thymus, pituitary, testes, kidney, brain, adipose tissue, fibroblasts 
and bone. Recent evidence indicates that TSH regulates lipolysis, 
osteoclast activity and other areas of mammalian physiology [2].

Evidence for autoimmunity
The seminal studies of Adams and colleagues showed that the 
serum immunoglobulin fraction from individuals with Graves’ 
disease could stimulate radioiodine release from prelabeled guinea 
pig thyroid tissue. In a classic adoptive transfer experiment they 
showed that infusion of the thyroid stimulating fraction into 
healthy human volunteers (themselves) resulted in increased 
thyroid hormone production [4,5]. Thus, the pioneering experi-
ments of Adams and colleagues provided the first clear evidence 
that Graves’ disease is an autoimmune disease. Another form of 
adoptive transfer occurs naturally during pregnancy when the 
mother has Graves’ disease. In this case the transfer of maternal 
TSHR antibodies to the fetus can cause the fetus to have a tran-
sient hyperthyroidism, which goes away following pregnancy as 
maternal antibody in the neonatal circulation decreases [6].

Evidence for TSHR as an autoantigen
It took nearly 20 years before the TSHR was identified as the target 
of the LATS activity initially discovered by Adams. Evidence for 
binding to TSHR was provided by Smith and Hall who showed that 
IgG from patients with Graves’ disease competed for bovine TSH 

binding to porcine thyroid cell membranes [7]. The ability of patient 
IgG to compete for TSH binding to the TSHR formed the basis of 
clinical assays using recombinant human TSHR-coated tubes [8]. 
Improvements in the competition assays came with the availability 
of monoclonal antibodies to the TSHRs. With these highly spe-
cific monoclonal antibody reagents it was possible to detect TSHR 
antibodies based on competition with the monoclonal antibodies. 
The most recent advance in the monoclonal antibody category came 
with the isolation of a human monoclonal antibody from peripheral 
blood lymphocytes of a 19-year-old male with Graves’ disease [9]. 
This monoclonal antibody binds to the TSHR with high affinity 
and is a potent inhibitor of TSH binding to the TSHR. Additionally 
the monoclonal antibody, termed ‘M22’, is a potent stimulator of 
cyclic AMP production in Chinese hamster ovary cells expressing 
the TSHR. The use of M22 as a labeled ligand in competition with 
individual patient TSHR autoantibodies has enabled estimation of 
their serum concentrations and affinities. TSHR autoantibodies in 
Graves’ disease patients range from 5 to 60 ng/ml or 5 to 60 ppm of 
total serum IgG [10,11]. Treatment of Graves’ disease with rituximab, 
a B-cell depleting monoclonal antibody directed to a cell surface 
antigen present on B cells (CD20), specifically reduces the produc-
tion of TSHR antibodies [12].

In addition to binding assays based on competition with TSH 
or monoclonal antibodies, it has also been possible to develop 
bioassays that directly measure the ability of IgG fractions from 
patients with Graves’ disease to activate the TSHR [8]. Bioassays 
originally relied on the detection of cAMP production in cell 
lines that normally express the TSHR or had been genetically 
modified to do so. More recent modifications have involved the 
introduction of luciferase reporter genes equipped with cAMP 
response elements. For these bioassays, only a small amount of 
patient sera is required to detect TSHR autoantibodies based 
on increased luciferase expression. Unlike the binding competi-
tion assays described previously, the bioassays have the ability to 
discriminate between agonistic and antagonist autoantibodies.

Structure of TSHR & TSHR autoantibody complex
The TSHR belongs to a subfamily of GPCRs (including receptors 
for luteinizing hormone and follicle stimulating hormone) that are 
characterized by a large, extracellular, leucine-rich repeat domain 
(LRD) that constitutes the A-subunit of the receptor (Figure 1) [1]. 
The LRD (amino acids 1–315) is derived by proteolytic process-
ing from the initial full-length receptor (764 amino acids) follow-
ing removal of a 50-amino acid extracellular segment from 316 to 
366. As a result of this proteolytic processing, the mature recep-
tor consists of two subunits bound together by disulfide bonds. 
The A-subunit consists of nine leucine-rich repeat domains and 
N- and C-terminal cysteine-rich regions. The B-subunit consists 
of seven transmembrane helices and a short cytoplasmic tail. In an 
effort to understand how Graves’ disease autoantibodies activate 
the TSHR, Sanders and colleagues isolated a human monoclonal 
antibody from lymphocytes of a patient with Graves’ disease and 
studied the interaction of this autoantibody with the receptor [13–15]. 
They found that the autoantibody and its Fab fragment bind to 
the TSHR with high affinity, inhibit labeled thyrotropin binding 
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to the receptor and stimulate cAMP produc-
tion in Chinese hamster ovary cells geneti-
cally engineered with TSHRs. For a more 
detailed analysis of antibody–receptor inter-
action, they prepared a complex consisting 
of the Fab fragment of the autoantibody 
(M22) and the extracellular domain of the 
TSHR (specifically the first 260 amino acids 
of the LRD) [15]. Crystals suitable for x-ray 
diffraction analysis were obtained and the 
structure solved at 2.55 Å resolution. The 
results show that the antibody binds exten-
sively to the concave surface of the LRD in 
a way that is believed to be nearly identi-
cal to that of the natural ligand. Thus, the 
structural analysis of autoantibody binding 
to the external domain of TSHR suggests 
that antibody-mediated receptor activation 
is accomplished in a way similar to that 
of the natural ligand, TSH. However, the 
mechanism by which TSH or autoantibody 
binding to the LRD initiates transmission 
of a signal to the B-subunit (the transmem-
brane domain) followed by heterotrimeric 
G-protein activation is not known.

Animal models
Initial attempts to generate a Graves’ disease 
animal model used recombinant human 
TSHR ectodomain protein produced in 
bacterial or eukaryotic expression systems. 
The resulting TSHR antibodies blocked 
TSH-mediated TSHR activation, resulting 
in mice with hypothyroidism. Successful 
efforts to produce a mouse model of Graves’ 
disease (i.e., hyperthyroidism) involved 
injecting mice with cDNA [16] or adeno-
viruses encoding TSHR [17]. The resulting mice were character-
ized by thyroid hypertrophy and the presence of autoantibodies 
that activated the TSHR. The success of these experiments is 
presumably based on the fact that TSHR peptides need to be 
presented to T cells via MHC class II molecules to elicit produc-
tion of autoreactive T cells. These studies suggested that it was 
necessary to allow cells to produce intact receptors to maintain 
conformational integrity. These studies also showed that if mice 
could be immunized in such a way as to produce TSHR-activating 
autoantibodies the mice would have features of Graves’ disease.

b1-adrenergic receptor agonistic autoantibodies & the 
pathogenesis of dilated cardiomyopathy
Pathogenic potential of b1-adrenergic receptor  
agonistic autoantibodies
Dilated cardiomyopathy (DCM) is a heart muscle condition char-
acterized by a progressive loss of cardiac function associated with 
dilation of the left ventricle. In approximately 60% of cases the 

etiology is unknown and the condition is referred to as idiopathic 
DCM. The condition represents the main cause for severe heart 
failure and disability in young adults. It is also prevalent among 
individuals with Chagas’ disease, an endemic parasitic disease of 
Latin America (see following paragraphs). 

Very early evidence by Sterin-Borda and colleagues showed 
that sera of patients with Chagas’ disease cardiomyopathy con-
tain IgG that binds b

1
-adrenergic receptors of the heart and 

stimulates contractile activity of the myocardium [18]. This 
activity is inhibited by b

1
-adrenergic receptor antagonists but 

not by b
2
-adrenergic receptor antagonists. Subsequent studies 

showed that these b
1
-adrenergic receptor autoantibodies were 

not restricted to Chagas’ cardiomyopathy but were frequently 
present in individuals with idiopathic DCM. The b

1
-adrener-

gic receptor is a member of the superfamily of GPCRs, whose 
main function in the heart is to positively regulate beating rate 
and beating strength [19]. These receptors are also the predomi-
nant adrenoceptor subtype in the heart. b

1
-adrenergic receptor 
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Figure 1. Thyroid-stimulating hormone receptor subunit structure with bound 
ligand. Thyroid-stimulating hormone receptor (TSHR) has an unusually large extracellular 
domain consisting of nine leucine-rich repeats that form a horseshoe-like structure that 
binds thyroid-stimulating hormone. Upon proteolytic cleavage resulting in the loss of 
approximately 50 amino acid residues (~316–366), TSHR forms a two-subunit structure 
(a and b) linked by disulfide bonds.  
Adapted with permission from [105].
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(AR)-agonistic autoantibodies (AAs) activate the b
1
-AR signal-

ing cascade (Figure 2) and are associated with poor left ventricular 
function, a higher prevalence of serious ventricular arrhythmias 
and a higher incidence of sudden death. 

Numerous biological and immunological studies indicated 
that b

1
-AR-AAs are directed to epitopes on the first or second 

extracellular loop of the b
1
-adrenergic receptor [20–27] and together 

accounted for 70–80% of idiopathic DCM. According to evidence 
from two groups [26,27] approximately half of the autoantibodies 
were directed to each extracellular loop. More recently, the use of 

a newly developed biological assay based on the use of a sensitive 
fluorescence resonance energy transfer assay to detect intracellular 
cAMP showed that antibodies directed to the first extracellular 
loop are not as active as those directed to the second extracel-
lular loop [26]. Nevertheless, the enhanced sensitivity of this assay 
allowed both types of antibodies to be reliably detected. According 
to this assay, functionally active (i.e., stimulatory) b

1
-AR-AAs are 

present in less than 1% of a population of healthy individuals [19]. 
By contrast, agonistic autoantibodies to the b

1
-AR were observed 

in approximately 20% of patients with ischemic cardiomyopathy 

GPCR agonistic
autoantibodies

β1-adrenergic
receptor

α1-adrenergic
receptor

Gαs/βγ

Adenylyl cyclase

cAMP

PKA

Dilated cardiomyopathy

Refractory 
hypertension

AT1

receptor
ETA

receptor

Gαq/βγ

Phospholipase C-β1

IP3, diacylglycerol

PKCα, δ, ε

Preeclampsia, malignant
hypertension, kidney rejection, 

systemic sclerosis

Systemic
sclerosis

Cardiovascular disorders

NH2

Ligand

Gαβγ

Effectors

Second
messengers

Kinases

Target 
proteins

Ang II, NE and ET-1

Physiological conditions

Expert Rev. Clin. Immunol. © Future Science Group (2011)

Figure 2. Cardiovascular receptor-agonistic autoantibodies contribute to cardiovascular disease. AT
1
, ET

A
, a

1
- and b

1
-adrenergic 

receptors are important cardiovascular GPCRs that regulate cardiac function and blood pressure via activation by their respective ligands 
(Ang II, ET-1 and norepinephrine, respectively). In recent years, GPCR-AAs have been associated with multiple cardiovascular disorders 
and autoantibody titers correlated with disease severity. Additional evidence reviewed here supports a contributing role for these 
autoantibodies in disease pathogenesis. These findings highlight these pathogenic autoantibodies as potentially important 
presymptomatic biomarkers and therapeutic targets in the medical management of these diseases. 
AA: Activating autoantibody; GPCR: G protein-coupled receptor.
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and approximately 70% of patients with DCM. Overall, available 
data suggest that the cardiomyopathic phenotype results from a 
mild but sustained receptor activation. Additional evidence for 
the pathogenic nature of these autoantibodies comes from animal 
model studies described later.

Chagas’ disease
Chagas’ disease is an endemic parasitic disease of Latin American 
countries and is caused by infection with the flagellate proto-
zoan, Trypanosoma cruzi [28]. Following a long latency period of 
10–30 years, nearly 30% of infected individuals develop life-
threatening cardiomyopathies associated with arrhythmias, heart 
failure and frequently sudden death. Chagas’ heart disease is a 
major cause of morbidity and mortality in Latin America. Recent 
evidence suggests an autoimmune contribution to Chagas’ patho-
physiology, especially Chagas’ heart disease [29]. This view is sup-
ported by evidence that nearly all Chagas’ patients with cardiomy-
opathy have agonistic autoantibodies to cardiac GPCRs, including 
b

1
-AR, b

2
-AR and the M2 muscarinic receptor [30]. These auto-

antibodies are absent from control, uninfected individuals and 
present in approximately 30% of asymptomatic T. cruzi-infected 
individuals. Molecular mimicry between an immunodominant 
highly charged pentapeptide epitope on ribosomal protein P0 of 
T. cruzi and a highly conserved site on the second extracellular 
loop of the b

1
-AR has been proposed as the basis for autoantibody 

production [31]. In this regard, it is interesting to note that the 
b

1
-AR-activating autoantibodies associated with Chargas’ disease 

only recognize the epitope on the second extracellular loop [32]. 
Activating antibodies directed to the first extracellular loop are 
not observed in Chagas’ disease cardiomyopathy, a finding that 
is consistent with the molecular mimicry hypothesis.

Numerous studies suggest that, as with idiopathic DCM, b
1
-AR-

AAs contribute to Chagas’ heart disease. Both patient groups carry 
a high percentage of b

1
-AR-AA and the transfer of b

1
-AR-AA to 

experimental animals resulted in a dilated cardiomyopathy similar 
to that observed in humans [33,34]. At the cellular and subcellular 
levels, changes in the action potential duration and contractility 
of cardiomyocytes have been observed following the addition of 
autoantibodies [35]. Because of these experiments, Chagas’ heart 
disease is increasingly considered an autoimmune disease, where 
agonistic autoantibodies to GPCRs such as the b

1
-ARs, b

2
-ARs and 

M2-muscarinic receptors contribute to disease pathogenesis [28]. It 
has been shown for patients with DCM, and suggested for patients 
with Chagas’ cardiomyopathy, that removal of these pathogenic 
autoantibodies would yield significant clinical benefit. These auto-
antibodies may serve as presymptomatic markers to identify patients 
at risk for subsequent development of Chargas’ cardiomyopathy.

Animal models
Realizing that agonistic autoantibodies to the b

1
-ARs were com-

monly targeted to the second extracellular loop (ECII) of the 
receptor, Jahns and colleagues took an experimental approach 
in rats to demonstrate the pathogenic potential of such autoanti-
bodies [33]. They immunized rats with a fusion protein encoding 
the ECII of the b

1
-AR. They observed that the immunized rats 

developed agonistic autoantibodies to the b
1
-AR and that the 

appearance of these autoantibodies was accompanied with cardiac 
dilatation and dysfunction, finally resulting in a full DCM phe-
notype. Direct evidence for a pathogenic role of b

1
-AR agonistic 

autoantibodies was provided by adoptive transfer experiments 
in which DCM was produced in healthy rats following isogenic 
transfer of autoantibodies from rats immunized with b

1
-AR ECII 

sequences. The introduction of anti-b
1
-AR-ECII agonistic anti-

bodies resulted in a cardiomyopathy phenotype characterized by 
progressive left ventricular dilatation and dysfunction, a relative 
decrease in left ventricular wall thickness and selective downregu-
lation of b

1
-ARs, all features seen in human DCM. These results 

suggest that the induced and transferred DCM phenotype can be 
attributed to the mild but sustained receptor activation resulting 
from stimulatory anti-b

1
-AR-ECII antibodies. A large clinical 

diagnostic study is underway to evaluate the role of b1-AR ago-
nistic autoantibodies in heart disease [36] using a newly developed 
functional assay discussed previously [26].

a1-adrenergic receptor-activating autoantibodies & 
refractory hypertension
Background
a

1
-adrenergic receptors (a

1
-ARs) regulate several important car-

diovascular actions. They are predominantly located postsynapti-
cally on vascular smooth muscle cells (VSMCs), where they are 
targets of circulating norepinephrine and regulate VSMC contrac-
tion (Figure 2). Their presence on cardiomyocytes controls cardiac 
inotropy, hypertrophy and remodeling. Initial evidence that the 
a

1
-AR was the target of agonistic autoantibodies was reported 

many years ago by Fu et al., who showed that a
1
-AR-AA were 

present in seven of 11 patients with secondary hypertension, three 
of 15 patients with malignant hypertension and four of 33 healthy 
controls [37]. A follow-up study examined immunoglobulin frac-
tions in 54 severely hypertensive patients and found that a

1
-AR-

AAs were present in 44% of these patients [38]. However, such 
autoantibodies were also seen in 12% of normotensive control 
subjects. More recently, Wenzel et al. examined a larger cohort of 
patients with refractory hypertension (defined as requiring three 
or more hypertensive medications) and observed a

1
-AR-AAs in 

41 of 81 patients [39]. All of these studies showed that a
1
-AR-AA 

stimulated contraction rates by cultured neonatal cardiomyocytes, 
a property that is blocked by the presence of prazosin, a a

1
-AR 

antagonist. Additionally, Yan et al. showed that these autoanti-
bodies provoked increased contraction of thoracic aortic rings 
in vitro and increased blood pressure when injected into rats [40].

Pathologic potential of a1-AR-AAs
A variety of experimental approaches were used to evaluate the 
pathologic potential of a

1
-AR-AAs [39]. For this purpose, these 

antibodies were purified from hypertensive patients by affinity 
chromatography using a peptide corresponding to the ECII of the 
a

1
-AR. Surface plasmon resonance measurements showed that the 

purified antibody displayed a high binding affinity (Kd~50 nM) 
and was specific for sequences of the ECII. Functional analysis of 
the purified autoantibody showed that it gave a dose-dependent 
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stimulation of the beating rate of neonatal rat cardiomyocytes, 
which was inhibited by the a

1
-AR antagonist prazosin [39]. 

Additional function studies showed that these autoantibodies 
stimulated contraction of mesenteric arteries and stimulated intra-
cellular Ca2+ mobilization in neonatal cardiomyocytes. Analysis of 
key intracellular signaling molecules revealed autoantibody-medi-
ated activation of protein kinase C-a and transient phosphoryla-
tion of ERK1/2. Overall, these data provide strong support for the 
concept that these a

1
-AR-AAs have the potential to contribute to 

hypertension in the patients from whom they were obtained [39]. 
The potential contribution of a

1
-AR-AAs to hypertension was 

tested by the use of immunoadsorption to remove these antibodies 
from five patients with refractory hypertension [39]. Treatments were 
performed daily for 5 days and the cardiomyocyte contraction assay 
was used to evaluate removal of a

1
-AR-AAs. The results showed that 

the pathological autoantibodies were successfully removed from 
treated patients, reaching the normal range by 5 days of immunoad-
sorption. The reduced a

1
-AR-AA activity persisted for the 180-day 

period of the trial. Blood pressure measurements showed a signifi-
cant reduction in mean arterial pressure by 5 days and remained 
low for the 180-day observation period. These results suggest that 
a

1
-AR-AAs are of potential pathophysiological relevance and may 

contribute to the development of refractory hypertension. Thus, 

the results from this small and uncontrolled 
clinical study suggest that the removal of 
a

1
-AR-AAs by immunoadsorption lowers 

blood pressure in a
1
-AR-AA-positive patients 

with intractable hypertension. Overall, these 
results suggest that a

1
-AR AAs represent 

promising therapeutic targets in the medical 
management of refractory hypertension.

Animal models
Very recent studies from the Dechend group 
have used animal models to show that 
a

1
-AR-AAs have the ability to contribute 

to cardiac end organ damage [41]. For these 
studies, Lewis rats were immunized with 
the second loop peptide and monitored for 
changes in blood pressure and cardiovascu-
lar function. The immunized rats developed 
a

1
-AR-AAs that were detected by the cardio-

myocyte contraction assay and by ELISA. 
These antibodies were capable of initiating 
relevant intracellular signaling pathways as 
judged by ERK1/2 phosphorylation. The 
appearance of a

1
-AR-AAs was followed by 

diastolic dysfunction and hypertrophy in 
immunized rats. Genes encoding sarcomeric 
proteins, collagen, extracellular matrix pro-
teins, calcium regulating proteins and pro-
teins of energy metabolism in immunized 
rat hearts were upregulated, compared to 
controls. Furthermore, fibrosis was present 
in the hearts of immunized animals and 

not controls. Additional studies by Karczewski et al. have raised 
a

1
-AR-AAs by immunizing rats with second loop peptides and have 

shown that these antibodies stimulate the mobilization of intra-
cellular calcium stores [42]. These preclinical studies suggest that 
a

1
-AR-AAs may contribute to cardiovascular end-organ damage 

and hypertension.

Angiotensin receptor-activating autoantibodies 
& preeclampsia
Background
Preeclampsia is a life-threatening hypertensive complication 
of pregnancy that is a leading cause of maternal and neonatal 
mortality and morbidity in the USA and the world [43]. It is a 

multisystem disorder generally appearing after the 20th week of 
gestation and characterized by hypertension, proteinuria, inflam-
mation, coagulopathy and is often associated with intrauterine 
growth restriction. The condition affects approximately 7% of 
first pregnancies and accounts for over 80,000 premature births 
each year in the USA (~15% of total premature births), over 
US$4 billion in medical costs [44] and immeasurable human suf-
fering. Available strategies to manage preeclampsia are inadequate 
and reflect a lack of fundamental understanding of the etiology 
and pathogenesis of the disorder.

NH2 NH2 AT1R

AT1-AA

COOH COOH

Abnormal
placenta, IUGR
sFlt-1 and sEng

Proteinuria
endotheliosisHypertension

Expert Rev. Clin. Immunol. © Future Science Group (2011)

Figure 3. Angiotensin receptor agonistic autoantibodies induce multiple 
features of preeclampsia in pregnant mice via AT1 receptor activation. Recent 
evidence indicates that AT

1
-AA injection into pregnant rodents (mice or rats) results in 

multiple feature of preeclampsia, including IUGR. This experimental model of 
autoantibody-induced preeclampsia and IUGR in pregnant rodents provides important 
experimental opportunities to test the ability of various strategies to prevent or reverse 
autoantibody-induced clinical features associated with preeclampsia.
AT

1
-AA: Angiotensin receptor agonistic autoantibody; AT

1
R: Angiotensin II receptor; 

IUGR: Intrauterine growth retardation.
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Pathological potential of angiotensin receptor agonistic 
autoantibodies
Numerous studies over the past 12 years have shown that women 
with preeclampsia possess autoantibodies, which bind to and acti-
vate the major angiotensin II receptor (AT

1
) on many cell types 

(Figure 3) [45–49]. These autoantibodies, termed ‘AT
1
-AAs’, activate 

AT
1
 receptors on cardiac myocytes resulting in increased con-

traction rates [50]. AT
1
-AAs stimulate the synthesis of NADPH 

oxidase in several cell types, including VSMCs and trophoblasts 
cells, resulting in increased production of reactive oxygen species 
(ROS) and oxidative damage [51]. Autoantibody-induced syn-
thesis of tissue factor by vascular smooth muscle cells and mono-
cytes may contribute to hypercoagulation often associated with 
preeclampsia [52]. The activation of AT

1
 receptors on mesangial 

cells and trophoblasts results in increased synthesis and secre-
tion of plasminogen activator inhibitor-1, which is elevated in 
women with preeclampsia and may also contribute to hyperco-
agulation [53,54]. These autoantibodies also stimulate production 
of soluble fms-like tyrosine kinase-1 (sFlt-1; a soluble form of the 
VEGF receptor-1) and soluble endoglin (sEng; a soluble form of 
the TGF-b receptor) by the placenta [55,56]. These anti-angiogenic 
factors are elevated in women with preeclampsia and believed to 
contribute to vascular and renal symptoms of the disease. AT

1
-AAs 

also stimulate vasoconstriction of rat thoracic aorta [57]. Thus, a 
large body of evidence indicates that AT

1
-AAs activate AT

1
 recep-

tors on a variety of cells and provoke biological responses that 
may contribute to the pathophysiology of preeclampsia (Figure 3). 

Because these earlier studies were restricted to the use of 
in vitro cultured cell systems or tissue explants, they did not 
directly address the relevance of AT

1
-AAs to hypertension and 

proteinuria, the defining clinical features of preeclampsia. For 
this reason, an adoptive transfer in vivo experimental approach 
was used to show that the introduction of these autoantibodies 
into pregnant mice resulted in hypertension, proteinuria and 
a variety of other features of preeclampsia including increased 
production of sFlt-1 and sEng [58]. Proteinuria is one of the defin-
ing clinical features of preeclampsia and is accompanied by a 
characteristic renal abnormality termed glomerular endotheliosis 
(glomerular endothelial cell swelling). Both of these features 
appeared in pregnant mice following AT

1
-AA injection and were 

prevented by coinjection with losartan or a 7-amino acid epit-
ope peptide that corresponds to a site on the ECII of the AT

1
R. 

These results indicate that proteinuria and renal pathology result 
from autoantibody-induced AT

1
 receptor activation in pregnant 

mice. Because these autoantibodies produce clinical features of 
preeclampsia in pregnant mice, it is likely that they contribute 
to symptoms of preeclampsia in the women from whom they 
were obtained. This view is supported by data showing that 
AT

1
-AAs are highly prevalent in preeclampsia and that antibody 

titers correlate to the severity of the disease [59]. Thus, in vitro 
and in vivo findings with patients’ sera suggest a pathophysi-
ological role for these autoantibodies in preeclampsia and pro-
vide experimental support for the hypothesis that preeclampsia 
is an autoimmune condition characterized by the presence of 
disease-causing autoantibodies.

The contribution of AT1-AA to intrauterine growth 
restriction associated with preeclampsia
Preeclampsia is often associated with intrauterine growth restric-
tion (IUGR) [60]. Growth-restricted fetuses have a higher inci-
dence of mortality and morbidity than fetuses of normal growth 
and are at increased risk for future development of metabolic dis-
orders such as hypertension, coronary heart disease, dyslipidemia, 
obesity, impaired glucose tolerance, Type 2 diabetes mellitus and 
many other diseases [61–63]. Recently, Irani et al. reported that 
AT

1
-AA are present in the cord blood of women with preeclamp-

sia and retain the ability to activate AT
1
 receptors [64]. Using an 

adoptive transfer model of preeclampsia in pregnant mice, they 
showed that AT

1
-AAs cross the placenta and enter the fetal cir-

culation where they are associated with small fetuses with renal 
and hepatic abnormalities. AT

1
-AAs also induce apoptosis in the 

placentas of pregnant mice, human villous explants and human 
trophoblast cells in culture [64]. Finally, autoantibody-induced 
IUGR and placental apoptosis are diminished by either losartan 
or the autoantibody-neutralizing 7-amino acid epitope peptide. 
These studies highlight AT

1
-AA as a potential contributor to 

preeclampsia-associated IUGR and offer two possible underly-
ing mechanisms: a direct detrimental effect on fetal develop-
ment by crossing the placenta and entering the fetal circula-
tion, and fetal growth restriction secondary to AT

1
-AA-induced 

placental damage. 

Animal models
As discussed previously, preeclampsia in humans is character-
ized by the presence of autoreactive antibodies, AT

1
-AA, that 

are likely to contribute to the pathophysiology of the disease [58]. 
These antibodies have also appeared in experimentally induced 
animal models of preeclampsia initiated by placental ischemia 
or the infusion of inflammatory cytokines. Granger and col-
leagues developed a rat model of preeclampsia based on surgically 
induced placental ischemia resulting from reduced uterine perfu-
sion pressure (RUPP) [65,66]. These surgically manipulated preg-
nant rats develop hypertension, proteinuria and other features of 
preeclampsia, including elevated levels of sFlt-1, sEng, increased 
inflammatory cytokines such as TNF-a and IL-6, increased 
endothelin-1 (ET-1) production and endothelial dysfunc-
tion [67,68]. Remarkably, RUPP rats also develop AT

1
-AA [69–71]. 

RUPP-induced hypertension is inhibited by losartan but not by 
an angiotensin-converting enzyme (ACE) inhibitor, suggesting 
that AT

1
-AAs contribute to hypertension observed in this ani-

mal model of preeclampsia. LaMarca and colleagues [69] found 
that low dose TNF-a infusion into pregnant rats also resulted 
in increased blood pressure and the appearance of AT

1
-AA. 

Neither RUPP manipulation or TNF-a infusion caused hyper-
tension in nonpregnant rats, suggesting a role for pregnancy and 
the placenta in hypertension and the production of AT

1
-AAs. 

Treatment of RUPP animals with rituximab, to prevent the mobi-
lization of B lymphocytes inhibited the production of AT

1
-AA 

and reduced hypertension [71]. A role for CD4+ T helper cells in 
RUPP-induced hypertension and AT

1
-AA production has also 

been demonstrated [72]. 
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AT
1
-AA also appear in a transgenic model of preeclampsia in 

pregnant rats based on overproduction of Ang II during preg-
nancy [73]. AT

1
R-activating antibodies have been raised in rab-

bits based on immunization with the dominant 7-amino acid 
epitope present on the ECII of the receptor. Active immun
ization with AT

1
R second loop peptides has also been used to 

obtain high titers of AT
1
R antibodies in rats and was associ-

ated with endothelial cell disfunction [74]. AT
1
R activating 

antibodies from rats and rabbits, as with those from women 
with preeclampsia, behave as functional mimics of Ang II and 
cause widespread activation of AT

1
Rs when introduced into 

laboratory animals. Adoptive transfer studies in pregnant mice 
and/or rats have demonstrated that autoantibody-mediated 
receptor activation results in increased production of proin-
f lammatory cytokines (TNF-a, IL-6) [75,76], antiangiogenic 
factors (sFlt-1, sEng) [55,77] and a potent vasoconstrictor (ET-1) 
[70,76]. Pharmacologic experiments with receptor antagonists 
or neutralizing antibodies have shown that the antibody-
mediated induction of each of these compounds contributes to 
clinical features of preeclampsia in animal models. Additional 
adoptive transfer studies in pregnant rats indicate that AT

1
-

AAs contribute to placental oxidative stress [78], renal endo-
thelial dysfunction [79] and increased Ang II sesnsitivity [48]. 
Antibody-induced pathophysiology is blocked by the 7-amino 
acid epitope peptide or an AT

1
 receptor antagonist, indicating 

that autoantibody-induced pathophysiology is mediated by 
AT

1
R activation. 

Thus, a large number of publications from multiple groups 
report the results of adoptive transfer and immunization 
experiments showing the pathological potential of AT

1
-AA. 

Excessive AT
1
 receptor activation, resulting from the combined 

action of Ang II and AT
1
-AA, represents a unifying explana-

tion for many of the pathophysiological features of preeclamp-
sia. Preeclampsia is not currently considered an autoimmune 
condition. However, a growing body of research implicates 
AT

1
-AAs in the pathogenesis of preeclampsia and is likely to 

provide new opportunities for screening, diagnosis and treat-
ment [47,80]. Currently, the factors that contribute to the pro-
duction of AT

1
-AAs and the autoimmune recognition of the 

AT
1
 receptor peptide epitope are not well understood and could 

be associated with hypoxia-mediated vascular injury in the 
placenta. Furthermore, the generation of these autoantibodies 
may be secondary to the placental ischemia, vascular damage 
and increased maternal inflammatory response associated with 
preeclampsia. Promising experimental approaches to study the 
relationship between preeclampsia and immunity include the 
experimental induction of uteroplacental ischemia and the 
infusion of inflammatory cytokines [80]. 

The role of AT1-AA in renal allograft vascular rejection
Initial clinical evidence
Despite accurate tissue typing and novel immunosuppressive 
modalities, graft rejection remains a constant threat to allograft 
survival in kidney transplant recipients. A particularly aggressive 
form of graft rejection is due to antibody-mediated rejection, a 

process featuring acute vascular lesions in the allograft includ-
ing thrombosis, fibrinoid necrosis and endarteritis. Donor-
specific anti-HLA alloantibodies initiate complement mediated 
and antibody-dependent cell-mediated cytotoxicity in approxi-
mately half of these cases. The accumulation of the complement 
degradation product, C4d, is regarded as a marker for an anti-
body-mediated alloresponse and is associated with poor graft 
survival. However, nearly half of antibody-mediated allograft 
rejections do not involve anti-HLA antibodies, but instead are 
targeted to other antigens and include self antigens and donor 
alloantigens. The identification of non-HLA antigens that are 
relevant to rejection may provide insight into underlying mecha-
nisms, define risk-related features and facilitate the development 
of specific therapies. Dragun et al. investigated a group of 33 
kidney-transplant recipients who had refractory vascular rejec-
tion [81–83]. A total of 13 of these patients had donor specific 
anti-HLA, whereas 20 did not. Of the latter, 16 were charac-
terized by malignant hypertension, four of whom had seizures. 
Acute vascular rejection and malignant hypertension occurred 
during the first week after transplantation. The combination of 
vascular pathology, hypertension and seizures prompted these 
investigators to consider the presence of AT

1
-AA, a patho-

genic autoantibody they had previously observed in women 
with preeclampsia, a condition also associated with vascular 
lesions, hypertension and seizures. The cardiomyocyte contrac-
tion assay was used to show that AT

1
-AAs were present in all 

16 patients with malignant hypertension and in none of the 
remaining patients. Retrospective analysis of historic sera taken 
from patients prior to transplantation revealed the presence of 
AT

1
-AA in all 16 patients presenting with acute vascular rejec-

tion and malignant hypertension during the week following 
transplantation. Subsequent analysis of 278 kidney transplant 
recipients performed at their center revealed a crude prevalence 
of AT

1
-AA associated vascular rejection episodes of 3.6% (i.e., 

ten patients). Consistent with these findings are the reports of 
others indicating the presence of AT

1
-AA in some patients with 

essential hypertension [84–87].

Antibody characterization
The receptor-activating autoantibodies belonged to the IgG

1
 

and IgG
3
 subclasses and interacted with two different epitopes 

on the ECII of the AT
1
R, one of which was identical to the 

epitope identified in preeclampsia. Tissue factor expression was 
increased in renal-biopsy specimens from patients with AT

1
-AA, 

reminiscent of that seen in placental biopsies of patients with 
preeclampsia. Autoantibody-binding to AT

1
R in vascular cells 

activated downstream signaling pathways including phosphoryl
ation of ERK1/2 kinase, NF-kB and AP-1. Passive antibody 
transfer into a rat kidney transplantation model induced vascu-
lopathy and hypertension. In vitro and in vivo effects of AT

1
-AA 

were prevented by the AT
1
R antagonist, losartan. These results 

suggest that antibody-mediated AT
1
R activation contributes to 

refractory vascular rejection and that affected patients may ben-
efit from removal of the pathogenic autoantibodies or blockade 
of AT

1
Rs, or both. 
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Therapeutic approaches to reduce impact of 
pathogenic autoantibodies
Seven of the 16 patients originally identified with AT

1
-AAs were 

treated with a combination therapy consisting of plasmaphoresis, 
intravenous immunoglobulin infusions and the AT

1
R blocker, 

losartan. This treatment regimen resulted in improved renal func-
tion and graft survival compared to AT

1
-AA-positive patients who 

received standard treatment for humoral rejection. The finding 
that patients with preformed AT

1
-AA develop severe vascular 

rejection that can be treated with specific therapy suggests that 
pretransplant testing for this autoantibody may help to improve 
individual risk assessment and therapeutic options offered to 
potential transplant recipients [88,89]. 

Functional autoantibodies to vascular receptors in 
systemic sclerosis
Background
Systemic sclerosis (SSc) is a chronic systemic autoimmune disease 
(primarily of the skin) characterized by fibrosis, vascular altera-
tions, and autoantibodies. There are two major forms. Limited 
SSc is characterized by cutaneous involvement mainly affecting 
the hands, arms and face. Pulmonary arterial hypertension occurs 
in some patients and is the most serious complication for this form 
of the disease. Diffuse SSc is a rapidly progressing form of the 
disease and affects large areas of the skin and one or more internal 
organs (kidneys, esophagus, heart or lungs). Difusse SSc can be 
quite disabling. The prognosis is generally good for patients with 
limited SSc who escape pulmonary complications. The situation 
is worse for individuals with the diffuse disease, particularly those 
in older age groups, and for males. Death occurs most often from 
pulmonary, cardiac or renal complications, secondary to hyper-
tension. ACE inhibitors, ET-1 receptor blockers and AT

1
R block-

ers reduce hypertension and alleviate some of the cardiac, renal 
and pulmonary manifestations of SSc. The combination of auto-
immunity, vasculopathy and hypertension resembled conditions 
present in preeclampsia and prompted Dragun and colleagues to 
consider the possibility that receptor-activating autoantibodies 
were involved [90]. 

Evidence for receptor-activating autoantibodies
To test their hypothesis, Dragun and colleagues developed a 
cell-based ELISA to detect antibodies to the Ang II receptor, 
AT

1
 and the ET-1 receptor, ET

A
. Solid phase sandwich ELISAs 

were constructed using extracts from Chinese hamster ovary 
cells that overexpress human AT

1
R or ET

A
R and antibody 

binding was conducted under conditions designed to preserve 
sensitive conformational epitopes. Their results indicated that 
most SSc patients possess antibodies to each of these receptors 
[90]. Specific binding of autoantibodies to AT

1
Rs and ET

A
Rs on 

human microvascular endothelial cells (HMECs) was demon-
strated by coimmunoprecipitation. Antibodies to each recep-
tor are biologically active in that they induce receptor-directed 
ERK1/2 phosphorylation and increased TGF-b gene expression 
in HMECs. Ang II and ET-1 induce collagen synthesis via tar-
get receptor stimulation in fibroblasts, features that could be 

attributed to the vascular receptor-activating autoantibodies. 
The biological effects of both autoantibodies were blocked by the 
respective receptor antagonists, providing additional evidence 
for antibody-mediated receptor activation. Higher antibody 
titers were associated with diffuse SSc and for the presence of 
late complications such as pulmonary hypertension, lung fibrosis 
and digital ulcers. Such patients also had a higher chance of 
dying from SSc complications. Thus, according to these authors, 
AT

1
R and ET

A
R agonistic autoantibodies may contribute to 

disease pathogenesis in SSc and link disease features including 
autoimmunity, vascular pathology and hypertension.

ETAR-activating autoantibodies & pulmonary 
arterial hypertension
The presence of ET

A
R-activating autoantibodies has also been 

reported for patients with pulmonary arterial hypertension 
(PAH) [91–93]. According to results presented in these prelimi-
nary reports, the vast majority of patients with idiopathic PAH 
tested positive for agonistic autoantibodies to the ET

A
R and/or 

the a1-adrenergic receptors. Initial efforts to remove these patho-
genic autoantibodies by immunoadsorption showed encouraging 
short-term results.

Discussion
The burden of autoimmune diseases
The immune system is adapted to identify and eliminate for-
eign antigens and the organisms bearing them. This process is 
usually carried out in two overlapping phases representing ini-
tial activation of the innate branch of the immune system fol-
lowed by activation of the adaptive immune system. Activation 
of the innate system is usually accompanied by an inflammatory 
response that persists until the foreign antigen is eliminated and 
the damaged tissue repaired. However, in the case of autoimmu-
nity, the target autoantigen is rarely eliminated and the adaptive 
arm of the immune response continues unabated resulting in 
tissue injury and inflammation. Autoimmune diseases are some-
times categorized as organ specific (e.g., Type I diabetes, Graves’ 
disease, multiple sclerosis) or systemic (e.g., rheumatoid arthritis, 
systemic lupus erythematosus, SSc). Autoimmune diseases can 
also be categorized as humoral or cellular depending on whether 
disease pathology is largely dependent on autoantibodies (e.g., 
Graves’ disease, myasthenia gravis, systemic lupus erythematosus) 
or cytotoxic T cells (Type I diabetes, multiple sclerosis, rheuma-
toid arthritis). It is important to note that most of the diseases 
just referred to were not originally recognized as autoimmune 
diseases and only came to be understood as such following years 
(often decades) of investigation. Of the diseases considered in this 
article, Graves’ disease and SSc are universally considered to be 
autoimmune diseases. The others, including idiopathic dilated 
cardiomyopathy, Chagas’ disease, malignant hypertension (with 
and without renal allograft rejection) and preeclampsia are still 
under investigation as autoimmune diseases [94]. Although SSc 
has long been considered an autoimmune disease, the contribu-
tion of receptor-activating autoantibodies to disease pathology is 
a matter of recent consideration [90].
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Therapeutic approaches to renal allograft rejection & 
refractory hypertension
The research reviewed here provides examples of autoantibody-
mediated receptor activation that likely contribute to disease. 
Examples of therapeutic removal and receptor blockade were pro-
vided for kidney transplant recipients suffering from renal allograft 
rejection and malignant hypertension characterized by the pres-
ence of AT

1
R activating autoantibodies [82,83,88]. Five patients 

selected for this treatment protocol had significantly improved 
graft survival compared to autoantibody-positive patients receiv-
ing standard therapy. A related treatment protocol was carried 
out for five patients with refractory hypertension associated with 
a

1
-AR-activating autoantibodies [39]. In this case, immunoadsorp-

tion was used to remove the pathogenic autoantibodies on each of 
5 consecutive days, a process resulting in normalization of blood 
pressure. In each case, these studies showed that it was possible 
to effectively remove pathogenic autoantibodies with resulting 
therapeutic benefit. These preliminary, noncontrolled clinical 
studies provide promising evidence that therapeutic removal of 
pathogenic receptor-activating autoantibodies may have signifi-
cant clinical benefit. Pharmacologic intervention with specific 
receptor antagonists is also appropriate in these cases. However, 
teratogenic concerns may limit the use of receptor blockers during 
pregnancy. Receptor blockers, in general, may have unwanted side 
effects, whereas antibody removal or neutralization should not. 
Knowledge of the specific epitope, offers possible approaches for 
blocking the autoantibody and preventing antibody-mediated 
receptor activation. 

For maximum therapeutic benefit, it will be preferable to iden-
tify the pathogenic autoantibodies before the onset of clinical 
symptoms. This approach is already underway for renal trans-
plant recipients where 3–4% of candidates for renal transplant 
are positive for AT

1
R autoantibody [89], findings consistent with 

the presence of these autoantibodies in individuals with essential 
hypertension [84–87]. Evidence indicates that these patients will 
benefit from more specialized treatment protocols before and 
immediately following transplantation. 

Presymptomatic screening for preeclampsia
Research reviewed here suggests that preeclampsia may be a 
pregnancy-induced autoimmune condition characterized by the 
presence of pathogenic autoantibodies, AT

1
-AAs. At this time, 

we only have data pertaining to the presence and abundance of 
AT

1
-AAs at the time of diagnosis for women with preeclampsia 

and at the time of delivery for normotensive pregnant women. 
Previously published data of Walther et al. [95] indicate that 
women with abnormal Doppler ultrasound, an early indicator of 
reduced placental perfusion, possess AT

1
-AAs well ahead of the 

appearance of clinical symptoms of preeclampsia. These data are 
limited to a small number of patients, but suggest that production 
of AT

1
-AA tracks with impaired placental perfusion and repre-

sents a risk factor for subsequent development of preeclampsia. 
An important component to the management of preeclampsia 
would be a sensitive and reliable immunological test to identify 
the onset of AT

1
-AA production during pregnancy to determine 

the temporal relationship between the onset AT
1
-AA produc-

tion and the appearance of clinical symptoms of preeclampsia. 
Such studies are likely to identify AT

1
-AA as a significant pre

symptomatic risk factor for preeclampsia and provide a window 
of therapeutic opportunity to block or remove these pathogenic 
autoantibodies before they initiate clinical symptoms.

Most research reports dealing with AT
1
-AA have relied on bio-

logical assays based on increased cardiomyocyte contraction [50] 
or increased expression of a reporter gene [59] to detect AT

1
-AA. 

The use of ELISAs for the detection of AT
1
-AA in patients with 

preeclampsia has been reported [57] but has not yet been used in 
a prospective study to determine usefulness as a presymptom-
atic test. A cell-based ELISA has been developed for detection 
AT

1
-AA in patients with SSc [90] and renal allograft vascular 

rejection [89] and may be useful for detecting AT
1
-AA in patients 

with preeclampsia. A successful effort to develop sensitive and 
reliable high-throughput screening of maternal serum for the 
presence of AT

1
-AA would likely have significant applications in 

obstetrical medicine.

Factors contributing to autoantibody production
It is not a surprise that the autoantibodies discussed in this article 
are directed to extracellular domains of their target receptors. For 
Graves’ disease, the autoantibodies are directed to the unusu-
ally large N-terminal A fragment of the thyrotropin receptor [15]. 
This fragment is derived from the full-length receptor by pro-
teolytic cleavage and remains associated with the receptor fol-
lowing cleavage. Some investigators have speculated that the A 
fragment subunit is a better autoantigen than the full-length 
receptor [96,97]. Other autoantibodies considered in this article 
are directed at the second (or central) extracellular loop of their 
target GPCR [94]. The immunological basis for the predominance 
of the ECII is not understood but may be related to molecular 
mimicry as discussed later.

For autoantibodies to be produced against extracellular 
domains of GPCRs it is necessary to have a loss of self toler-
ance for the humoral (antibody-mediated) and cellular (T-cell 
mediated) arms of the immune system. In order to activate 
T cells, GPCRs must be degraded to small oligopeptides by 
antigen-presenting cells, such as macrophages or dendritic cells, 
and presented to T cells by HLA class II molecules. Such a 
process could occur as a result of macrophage engulfment of 
damaged cells. For autoantibody production to occur, it is nec-
essary that an extracellular domain of a GPCR be recognized 
by B-cell receptors on the surface of a B lymphocyte. With the 
assistance of a cognate helper T-cell, the autoantigen stimulated 
B cells could proliferate and produce autoantibody. Factors 
accounting for the breakdown of self tolerance in this scenario 
are not understood, but may involve molecular mimicry with a 
previously encountered pathogen. Evidence for molecular mim-
icry has been provided for the generation of b

1
-AR-AAs, where 

involvement of T. cruzi infection is associated with Chagas’ 
cardiomyopathy [31]. In this case, a pentapeptide sequence on 
the ECII of the b

1
-AR matches an immunological epitope on 

a T. cruzi ribosomal protein. Molecular mimicry may also be 
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involved in the generation of AT
1
-AAs associated with pre-

eclampsia [49,98], although the issue is unresolved [99]. In this 
case, the 7-amino acid epitope present on the ECII of the 
receptor is also present as a conserved highly immunogenetic 
sequence present in the viral coat proteins, VP-1 and VP-2, of 
Parvovirus B19, a common human pathogen [98]. Monoclonal 
antibodies from a Parvovirus B19-infected individual that are 
directed to the highly immunogenetic epitope on the viral coat 
proteins will also activate the receptor because of their inter-
action with the homologous region on the second loop of the 
AT

1
R [49]. It is also possible that placental ischemia and the 

resulting tissue damage and inflammation may create a favor-
able setting for autoimmunity [69]. The fact that the placenta 
has the highest tissue level of AT

1
R may also contribute to 

enhanced immunogenicity in a setting of placental ischemia. 
It is well known that a chronic inflammatory response activates 
the adaptive arm of the immune system and may create an 
environment that is permissive for autoimmunity.

Mechanism of autoantibody-mediated GPCR activation
GPCRs were long considered to function as monomers. 
However, a large body of biochemical evidence published in 
recent years clearly indicates that GPCRs form homodimers, 
heterodimers, and possibly higher order oligomeric struc-
tures  [100–102]. Agonist-induced dimerization has been shown 
for a number of GPCRs. Because receptor-activating antibod-
ies are bivalent, it is possible that they exert their agonistic 
effect by cross-linking and thereby stabilizing receptor homodi-
mers (Figure 3). Receptor-activating autoantibodies may serve 
as valuable investigative tools to understand the mechanism 
of agonist-induced receptor activation. A detailed analysis of 
antibody-receptor interaction has been carried out by Sanders 
and colleagues [15] who prepared a complex consisting of the 
Fab fragment of the Graves’ monoclonal autoantibody (M22) 
and the extracellular domain of the TSHR (specifically, the 
first 260 amino acids of the LRD). X-ray diffraction analysis 
revealed that the antibody binds extensively to the concave sur-
face of the LRD in a way that is believed to be nearly identical 
to that of the natural ligand. Thus, the structural analysis of 
autoantibody binding to the external domain of TSHR suggests 
that antibody-mediated receptor activation is accomplished in 
a very similar way to the natural ligand, TSH. However, the 
mechanism by which TSH or autoantibody binding to the 
LRD initiates transmission of a signal to the B-subunit (the 
transmembrane domain) followed by heterotrimeric G-protein 
activation is not known.

One of the most well-studied GPCRs is the angiotensin recep-
tor AT

1
. Abdalla et al. have shown that the AT

1
 receptor forms 

heterodimers with the bradykinin B
2
 receptor and that heterodi-

mer formation is associated with enhanced Ang II responsive-
ness [103,104]. A thorough knowledge of the mechanism of anti-
body-induced receptor activation may provide further useful 
insights for the development of therapeutic strategies to block 
the action of the antibodies, thereby reducing the detrimental 
effects of excessive receptor activation.

Expert commentary & five-year view
Cardiomyopathy and hypertensive disorders are life-threatening 
diseases with the highest morbidity and mortality, affecting 
billions worldwide. In most cases, the fundamental basis for 
the disease is unknown. Also lacking are generally useful pre
symptomatic screening tests to identify individuals at risk prior 
to the development of symptoms. As reviewed here, autoanti-
bodies capable of activating the AT

1
, ET

A
 and the norepineph-

rine receptors (a
1
 and b

1
) may be important contributors to 

cardiovascular disease (Figure 2). A growing body of evidence 
indicates that autoantibodies capable of activating these recep-
tors exist in the circulation of patients with cardiovascular 
disease, that these autoantibodies contribute to disease patho-
physiology and that antibody titers correlate to the severity of 
the disease. The production of these pathogenic autoantibodies 
most likely precedes the onset of clinical symptoms, a possibility 
that highlights the autoantibodies as valuable presymptomatic 
markers. In view of the considerable evidence that these auto-
antibodies contribute to disease, they are likely to be important 
therapeutic targets in the management of cardiovascular disease. 
In the coming years we can expect to see continued develop-
ment of improved immunological and functional tests to detect 
and quantify these pathogenic autoantibodies, and continued 
development of therapeutic strategies to remove these patho-
genic autoantibodies or inhibit their ability to activate their 
target receptors. It is encouraging to see initial promising results 
from these approaches for patients with antibody-mediated 
graft rejection/malignant hypertension  [82] and patients with 
refractory hypertension [39].

Based on compelling evidence for the pathogenic contributions 
of receptor-activating autoantibodies and the promising clinical 
trials showing the potential benefits of therapeutic removal, we 
can expect to see well-controlled clinical studies in the future to 
evaluate these therapeutic approaches for the treatment of these 
newly recognized autoimmune conditions. The studies reviewed 
here support the rapidly emerging concept that certain cardio-
vascular diseases contain a significant autoimmune component 
associated with pathological actions of harmful GPCR-activating 
autoantibodies. Insight provided by the recent findings reviewed 
here immediately suggests novel antibody-based presymptom-
atic testing and therapeutic approaches based on antibody neu-
tralization or removal. If cardiovascular diseases have a major 
autoimmune component this would represent a significant and 
relatively prominent addition to the growing list of recognized 
autoimmune conditions.
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