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Abstract

G-protein-coupled receptors (GPCRs) represent the largest superfamily of membrane-
bound receptors in the human organism and are involved in the regulation of numerous 
physiological processes in almost all organ systems. Characterized by seven transmem-
brane domains and coupling to heterotrimeric G-proteins, they mediate signal transduction 
between extracellular stimuli and intracellular responses. Through these mechanisms they 
regulate critical processes such as cardiovascular function, neurotransmission, immune 
function, endocrine secretion, and metabolic homeostasis. Growing evidence suggests 
that functional autoantibodies directed against GPCRs (GPCR-fAAbs) may contribute to 
the pathophysiology of various diseases. By binding to extracellularly accessible regions 
of their target receptors, these antibodies can directly modulate receptor function and in-
tracellular signaling. Depending on the receptor, epitope, and functional properties of 
the autoantibody, GPCR-fAAbs can act as agonists and activate receptor function or as 
antagonists and inhibit receptor function or alter the receptor signaling. Importantly, the 
presence of GPCR-directed autoantibodies does not necessarily indicate functional activity 
or pathogenicity, and their biological effects may depend on both autoantibody-specific 
and cellular factors. The potential role of GPCR-fAAbs has been described in a growing 
number of autoimmune and non-autoimmune diseases affecting various organ systems. 
This review article aims to provide a comprehensive overview of the current knowledge 
on GPCRs and GPCR-fAAbs focusing on their molecular mechanisms, functional charac-
teristics, and potential pathophysiological roles in various diseases. Furthermore, current 
detection methods, clinical findings and established and emerging therapeutic strategies, 
including immunoadsorption (IA), aptamer-based neutralization, receptor blocking, and 
targeted B cell modulation, are critically discussed. Although all these approaches present 
certain challenges in their application, specific prospects for clinical implementation can be 
highlighted. Overall, GPCR-fAAbs represent an increasingly recognized pathophysiologi-
cal factor with potential clinical implications, while their targeted therapeutic modulation 
remains an evolving area of translational research.

Keywords: GPCRs; functional GPCR-targeting autoantibodies; agonistic and antagonistic 
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1. Introduction
With approximately 800 G-protein-coupled receptor (GPCR)-encoding genes, GPCRs 

are highly conserved and constitute the largest receptor family in the human genome [1]. 
They act as key mediators of signal transduction between extracellular stimuli and in-
tracellular responses. GPCRs are classified into major families, including rhodopsin-like 
receptors (family A), the secretin receptor family (family B), and the metabotropic glutamate 
receptor family (family C) [1]. Beyond these classical subfamilies, the structural and func-
tional diversity of the superfamily is further expanded by two distinct classes: the Frizzled
(Class F) and the adhesion GPCR family (Class B2) [2,3]. The Frizzled receptor family 
comprises 10 members and the related smoothened receptor [2]. These receptors primarily 
bind Wnt glycoproteins through a highly conserved, extracellular N-terminal cysteine-rich 
domain [4]. The 33 human adhesion G-protein-coupled receptors (AGPCRs) link cell–
matrix or cell–cell interactions with G-protein signaling [5]. AGPCRs are characterized by 
an exceptionally long extracellular N-terminus containing diverse adhesion modules and a 
GPCR autoproteolysis-inducing (GAIN) domain [6].

A common structural feature of all GPCRs is the presence of seven transmembrane 
domains connected by intracellular and extracellular loops (ECLs) [7,8]. While the physio-
logical role of GPCRs is well established, it has become increasingly clear that dysregulated 
interactions with the immune system, particularly via autoantibodies directed against these 
receptors, may have pathophysiological or clinical relevance [9–12]. Functional autoanti-
bodies directed against GPCRs (GPCR-fAAbs) can bind to extracellularly accessible regions 
of the receptor and directly modulate receptor function and signaling. ECLs have been 
identified as target structures for several GPCR-fAAbs, and the second extracellular loop 
(ECL II) contains important epitopes for some well-characterized autoantibodies [9,10]. 
Such antibody-mediated modulation of receptor function may therefore have a role in the 
pathophysiology of several diseases. Individual GPCRs show distinct tissue- and organ-
specific expression patterns.

The regulation of the cardiovascular system involves adrenergic and muscarinic acetyl-
choline receptors, as well as GPCRs of the renin-angiotensin system. In the immune system, 
chemokine receptors play an important role in the migration and activation of leukocytes. 
Numerous GPCRs mediate the effects of neurotransmitters and neuromodulators in the cen-
tral nervous system, while GPCRs in the lung, kidneys, and gastrointestinal tract regulate, 
among other functions, bronchial tone, fluid balance, and intestinal motility [13–15]. The 
diverse expression patterns and high functional diversity of GPCRs explain why alterations 
in GPCR signal transduction, for example through the binding of GPCR-fAAbs, can be 
associated with a variety of pathological conditions [16]. Figure 1 shows an exemplary 
illustration of a wide variety of receptors, assigned to human organs (see Figure 1).

Figure 1. Distribution and physiological roles of major G-protein-coupled receptors (GPCRs) in 
human organs and tissues. Cardiovascular system: β1-AR (Beta 1-adrenergic receptor), β2-AR (Beta
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2-adrenergic receptor), AT1R (Angiotensin II type 1 receptor), AT2R (Angiotensin II type 2 re-
ceptor), ETAR (Endothelin A receptor), MasR (Mas receptor) regulate cardiac function, vascular 
tone, and blood pressure. Central and autonomic nervous system: M1–M5 (Muscarinic acetyl-
choline receptor subtypes 1–5), D1–D5 (Dopamine receptor subtypes 1–5), 5-HT1, 5-HT2, 5-HT4–7 
(Serotonin receptor subtypes 1, 2 and 4–7), α1-AR (Alpha 1-adrenergic receptor), β-AR (Beta-
adrenergic receptor), and H1–H4 (Histamine receptor subtypes 1–4) contribute to cognition, mood, 
arousal, and autonomic control. Respiratory system: β2-AR, M3R (Muscarinic acetylcholine M3 
receptor), EP2, EP4 (Prostaglandin E receptor subtypes 2 and 4), and H1R (Histamine receptor 
1) regulate airway smooth muscle tone, secretion, and inflammatory responses. Immune system: 
CCR5 (C-C chemokine receptor 5), CCR7 (C-C chemokine receptor 7), CXCR1 (C-X-C chemokine
receptor 1), CXCR4 (C-X-C chemokine receptor 4), FPR1, FPR2 (Formyl peptide receptor 1 and 2), 
C5aR1 (Complement component 5a receptor 1), S1P1–5 (Sphingosine-1-phosphate receptor subtypes 
1–5) regulate leukocyte migration, activation, and inflammatory and immune responses. Kidney and 
fluid balance: AT1R and AT2R, V1aR (Vasopressin V1a receptor), V2R (Vasopressin V2 receptor), 
A1R (Adenosine A1 receptor), A2AR (Adenosine A2A receptor), A2BR (Adenosine A2B receptor), 
and A3R (Adenosine A3 receptor) contribute to renal function, fluid balance, and blood pressure 
regulation. Gastrointestinal tract: M3R, 5-HT4, CCR9 (C-C chemokine receptor 9), CXCR4, and 
GHS-R1a (Ghrelin receptor 1a) regulate intestinal motility, secretion, appetite, and mucosal immune 
surveillance. Other tissues: EP1–4 (Prostaglandin E receptor subtypes 1–4), β3-AR (Beta 3-adrenergic 
receptor), MC1R (Melanocortin 1 receptor), PTH1R (Parathyroid hormone 1 receptor), and LPA1–6 
(Lysophosphatidic acid receptor subtypes 1–6) contribute to inflammation, metabolism, pigmentation, 
bone remodeling, and tissue homeostasis.

2. GPCRs
2.1. Structural Characteristics of GPCRs

GPCRs are characterized by seven transmembrane domains, which form a character-
istic helical structure within the lipid bilayer of the cell membrane [7]. The N-terminus 
is located extracellularly, while the C-terminus is located intracellularly. The length and 
structural characteristics of both vary depending on the receptor type [1]. Extracellularly 
accessible regions of the receptor provide potential binding sites for functional autoantibod-
ies (fAAbs), while the intracellular domains are involved in signal transduction. The ECLs 
are particularly important in this context, especially ECL II, which represents an important 
autoantibody-binding region for several well-characterized GPCR-fAAbs [9,10]. However, 
other extracellular receptor regions, such as the N-terminal extracellular domain, may also 
serve as epitopes for GPCR-directed autoantibodies [17].

2.2. GPCR Signaling Pathways
Ligand binding induces a conformational change in the receptor, leading to activation 

of heterotrimeric guanosine triphosphate (GTP)-binding proteins (G-proteins). These 
proteins are composed of α-, β-, and γ-subunits. Upon activation, guanosine diphosphate 
(GDP) bound to the Gα subunit is exchanged for GTP, activating G-protein-mediated intra-
cellular signaling pathways. A variety of downstream effectors are modulated by Gα and 
Gβγ, including adenylyl cyclase (AC), which regulates the production of cyclic adenosine 
monophosphate (cAMP). Further effectors include phospholipase C (PLC), which gener-
ates the second messengers inositol 1,4,5-trisphosphate (IP3 ) and diacylglycerol (DAG), as 
well as various ion channels [1,8]. Different intracellular signaling pathways are activated 
depending on the receptor subtype and associated G-protein family. Gi proteins inhibit 
AC, thereby reducing cAMP production, whereas Gs proteins stimulate AC, leading to 
increased intracellular cAMP levels and activation of protein kinase A (PKA). In contrast, 
Gq proteins activate phospholipase C beta (PLCβ), which produces DAG and IP3 . DAG 
subsequently activates protein kinase C (PKC), which controls various cellular processes, 
such as gene transcription, cellular contraction, secretion, and proliferation, whereas IP3 
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induces the release of calcium from intracellular stores. GPCRs regulate a wide range of 
physiological activities in a highly cell-type-specific manner via the coordinated activation 
of multiple signaling cascades [1,8] (see Figure 2). Under physiological conditions, signal 
transduction is tightly regulated to prevent excessive activation and prolonged stimulation 
of the receptor. G-protein-coupled receptor kinase (GRK) phosphorylates the active recep-
tor after prolonged agonist stimulation, thereby promoting the recruitment of β-arrestin. In 
addition to promoting receptor internalization and desensitization, β-arrestin can also acti-
vate G-protein-independent signaling pathways involved in receptor-specific physiological 
responses [7,18].

 

Figure 2. Overview of major GPCR-dependent signaling pathways. GPCR activation initiates G-
protein-dependent signaling through Gs, Gi/o, or Gq/11 proteins and can additionally involve 
GRK-mediated receptor phosphorylation and β-arrestin recruitment. These pathways regulate in-
tracellular second messengers, protein kinases, ion channels, receptor desensitization and internal-
ization, and downstream cellular responses. Green boxes indicate activation and red boxes indicate 
inactivation. Abbreviations: AKT = Protein kinase B, cAMP = Cyclic adenosine monophosphate,
CREB = cAMP response element-binding protein, DAG = Diacylglycerol, ER = Endoplasmic reticu-
lum, ERK1/2 = Extracellular signal-regulated kinase 1/2, Gαi/o = G-protein alpha subunit i/o, 
Gαq/11 = G-protein alpha subunit q/11, Gαs = G-protein alpha subunit s, Gβγ = G-protein 
beta-gamma subunit complex, GIRK = G-protein-gated inwardly rectifying potassium channel,
GRK = G-protein-coupled receptor kinase, IP3  = Inositol 1,4,5-trisphosphate, JNK = c-Jun N-
terminal kinase, MAPK = Mitogen-activated protein kinase, MLCK = Myosin light-chain kinase,
NFAT = Nuclear factor of activated T cells, PIP2  = Phosphatidylinositol 4,5-bisphosphate.

3. Functional Autoantibodies Against GPCRs
3.1. Structure, Subclass Classification, and Molecular Characterization

Many characterized autoantibodies directed against GPCRs belong to the immunoglob-
ulin G (IgG) class and therefore share the characteristic IgG structure consisting of two 
identical heavy and two identical light chains. Each IgG molecule contains two fragment 
antigen-binding (Fab) regions and one fragment crystallizable (Fc) region. In general, the 
variable regions of the Fab domains mediate interactions with antigen recognition and 
binding, while the Fc region mediates interactions with Fc receptors, components of the 
complement system, and other elements of the immune system [19]. Human IgGs are 
classified into four subclasses: IgG1, IgG2, IgG3, and IgG4, which differ primarily in their 
constant regions, particularly in the structure of the hinge region and the second constant 
domain of the heavy chain (CH2) [20].
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The IgG subclass characterization of GPCR-fAAbs has been reported for only a lim-
ited number of receptors [21]. For beta 1-adrenergic receptor (β1-AR) autoantibodies, 
Nagatomo et al. identified both IgG3 and non-IgG3 autoantibody populations, which 
were associated with different clinical outcomes in patients with cardiomyopathy [22]. 
In primary open-angle glaucoma, ocular hypertension and pseudoexfoliation-associated 
glaucoma, functionally active beta 2-adrenergic receptor (β2-AR) autoantibodies belonging 
to the IgG3 subclass have been identified [23,24]. In another well-characterized exam-
ple, activating angiotensin II type 1 receptor (AT1R) autoantibodies identified in patients 
with renal-allograft rejection included the IgG1 and IgG3 subclasses [25]. These find-
ings suggest that the subclass distribution of GPCR-directed autoantibodies may vary 
between receptor targets and disease conditions. Regarding their mechanisms of action, 
the functional effects of characterized GPCR-fAAbs have predominantly been attributed to 
binding of their antigen-binding regions to the target receptor. The subsequent modula-
tion of receptor activity has been demonstrated experimentally for several GPCR-fAAbs, 
including autoantibodies against the thyroid-stimulating hormone receptor (TSHR) and 
β1- and β2-AR [17,26]. However, the different Fc-mediated effector properties of IgG 
subclasses should also be considered as additional mechanisms contributing to the bio-
logical effects of GPCR-fAAbs. Moreover, experimental studies in dilated cardiomyopathy 
(DCM) have demonstrated Fcγ receptor-dependent effects of autoantibodies, while clinical 
studies have further suggested that Fcγ receptor polymorphisms and IgG subclass may 
influence their biological or clinical effects [22,27]. In this context, IgG3 is characterized by 
strong Fcγ receptor interactions and complement-activating capacity, suggesting that these 
properties may also contribute to the biological effect of autoantibodies belonging to this 
subclass. The combined effects of receptor-specific modulation mediated by GPCR-fAAb 
binding and Fc-dependent immune effector mechanisms may contribute to the systemic 
biological consequences of GPCR-fAAbs beyond their direct modulation of the respective
target receptor.

In-depth mechanistic studies and detailed structure-function analyses are required 
to determine the mechanisms by which antibodies activate GPCRs. The majority of work 
characterizing GPCR-fAAb function to date relies on polyclonal patient samples, which 
provide important evidence for receptor-specific activity but do not allow the contribution of 
individual autoantibody species to be distinguished [28]. Monoclonal antibodies generated 
by the immunization of different animal species have provided an important proof-of-
principle that individual GPCR-directed antibodies can be linked to defined epitopes and 
receptor responses. For example, immunization with a stabilized β1-AR yielded monoclonal 
antibodies that bound diverse receptor epitopes and showed different antibody-receptor 
interactions reflecting those epitopes [29]. Furthermore, Wölfel et al. used monoclonal anti-
bodies and epitope mapping to provide detailed information on critical amino acids within 
the ECL II region and its conformational requirements. In particular, the NDPK211–214  motif 
and the disulfide bond between Cys209  and Cys215  were identified as key structural features 
of the conformational autoepitope involved in autoantibody binding and β1 -adrenoceptor 
activation [30].

The isolation of patient-derived monoclonal antibodies represents an important fur-
ther step. In contrast to experimentally generated monoclonal antibodies, patient-derived 
monoclonal antibodies directly represent naturally occurring autoreactive B cell clones that 
have undergone antigen-driven selection and affinity maturation in affected individuals. 
They therefore provide a unique opportunity to link an individual antibody specificity to its 
epitope, receptor conformation, and functional activity. This principle has been successfully 
demonstrated for selected GPCR autoantibodies. For example, patient-derived human 
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monoclonal antibodies targeting TSHR have enabled detailed functional and structural 
characterization of stimulatory and blocking antibody-receptor interactions [17,31,32].

3.2. Insights into Agonistic and Antagonistic Mechanisms
GPCR-fAAbs can modulate the activity of their target receptors in different ways. 

Several well-characterized GPCR-fAAbs are described in the literature as agonists, meaning 
that their binding to the receptor can lead to conformational changes and induce receptor 
activation and initiate intracellular signaling pathways. Experimental studies indicate that 
the effects of GPCR-fAAbs on their target receptors do not necessarily mirror those induced 
by the physiological receptor ligand. Depending on the target receptor and autoantibody, 
they may have partial agonistic activity, pathway-selective or biased signaling, and may 
also modulate receptor response to physiological or pharmacological agonists [33–35]. 
Furthermore, the functional outcome of autoantibody binding may depend on the epitope 
recognized by the GPCR-fAAb, the resulting changes in receptor conformation and signaling, 
as well as alteration in receptor desensitization and internalization [36,37].

Studies on some agonistic GPCR-fAAbs have shown that their binding to ECL II has 
been associated with their functional activity; however, this cannot be regarded as a univer-
sal rule. Indeed, autoantibodies directed against different ECLs of the same receptor may 
be present simultaneously without necessarily exerting equivalent modulatory effects on 
the receptor function [36,38] (see Figure 3). The extracellular epitope recognized by GPCR-
fAAbs appears to depend on both the target receptor and the individual autoantibody. In 
class A GPCRs, the ECLs are located near the extracellular entrance of the ligand-binding 
pocket, with ECL II frequently contributing to ligand recognition and receptor activation. 
Autoantibody binding to these regions may therefore influence receptor conformation and 
signaling [39]. Structural studies using conformation-selective nanobodies and antibody 
fragments have demonstrated that antibody binding can stabilize distinct active or inactive 
GPCR conformations [40]. However, direct structural evidence for such conformational 
stabilization by naturally occurring GPCR-fAAbs remains limited. Moreover, functionally 
relevant epitopes are not restricted to the ECLs. For example, stimulating TSHR autoanti-
bodies recognize the large N-terminal extracellular domain of the receptor [17].

Antagonistic GPCR-fAAbs have been less extensively studied than agonistic autoan-
tibodies against GPCRs, although several examples have been reported. Such inhibitory 
effects have been described for autoantibodies against the muscarinic receptor in Sjögren’s 
syndrome. These autoantibodies reduced the functional response to the muscarinic acetyl-
choline M3 receptor (M3R) agonist carbachol in human salivary gland cells in vitro [41]. 
In another study, sera from five of nine patients with primary Sjögren’s syndrome and all 
of the six patients with secondary Sjögren’s syndrome inhibited carbachol-induced bladder 
contraction by approximately 50%. Sera from these patients also inhibited the effects of 
neuronally released acetylcholine at M3R [42].

As discussed above, the functional effects of GPCR-fAAbs cannot simply be divided into 
agonistic and antagonistic categories. For example, agonistic effects have been described 
for β2-AR-fAAbs and inhibitory effects for M3R-fAAbs, while β1-AR-fAAbs have been 
reported to exhibit partial agonistic as well as pathway-selective signaling effects [33,35]. 
In addition, enhanced effects of pharmacological agonists in the presence of β2-AR-fAAbs 
have been reported in a study [16]. Therefore, characterization of their functional properties 
may require multiple experimental models and complementary readouts to capture the 
complexity of GPCR-fAAb-mediated receptor modulation [36,37].
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Figure 3. Summary of the functional effects of agonistic and antagonistic GPCR-targeting autoan-
tibodies. Agonistic GPCR-fAAbs can activate GPCR signaling, whereas antagonistic GPCR-fAAbs 
can inhibit physiological ligand-induced receptor activation, resulting in measurable changes in 
intracellular signaling and cellular responses. Representative functional readouts include cAMP 
levels, intracellular Ca2+ , protein phosphorylation, receptor internalization, and cellular functional 
responses. The direction of these responses may vary depending on the receptor, its G-protein cou-
pling, and the measured readout. The arrows facing upwards or downwards indicate an increase or 
decrease in the values of the various functional parameters. The red cross indicates that the phys-
iological ligand is unable to interact with the receptor. Abbreviations: cAMP = Cyclic adenosine 
monophosphate, CREB = cAMP response element-binding protein, ECL I-III = First, second, and third 
extracellular loop, ELISA = Enzyme-linked immunosorbent assay, fAAb = Functional autoantibody,
GPCR = G-protein-coupled receptor.

3.3. Aspects of Origin, Functional Activity and Pathogenic Relevance
The presence of autoantibodies does not necessarily indicate a pathological condition. 

Autoreactive antibodies are part of the normal immune repertoire and can contribute 
to different immunoregulatory processes [43]. Autoantibodies against GPCRs have also 
been detected in healthy individuals in several studies, although their functional activity 
was not consistently confirmed by in vitro experiments. Cabral-Marques et al. described 
interconnected networks of GPCR-directed autoantibodies and demonstrated functional 
activity for selected autoantibodies, including effects on cell migration [37,44].

The mechanisms underlying the development of GPCR-directed autoantibodies are not 
fully understood and several possible mechanisms have been proposed [12,45]. Following 
infection, several mechanisms may contribute to the development of autoreactive immune 
responses. These include molecular mimicry, bystander activation, epitope spreading, and 
the enhanced exposure of self-antigens during tissue damage. Although these processes are 
well recognized in post-infectious immune responses, there is currently no direct evidence 
as to which of them are responsible for the development of GPCR autoantibodies [46,47].

Also, tissue damage resulting from inflammation can expose normally inaccessible 
epitopes to the immune system. This damage can occur through several mechanisms and 
includes epitopes present on GPCR-containing membrane fragments. Additionally, the 
increased levels of inflammatory mediators that accompany tissue damage can lead to by-
stander activation. Through this mechanism, a small pre-existing population of autoreactive 
B cells that recognize an epitope on a GPCR can become activated and multiply, resulting in 
increased production of the corresponding autoantibodies. Epitope spreading has likewise 
been proposed as a mechanism that may contribute to the development of GPCR-directed 
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autoantibodies. These processes may act individually or in combination, which could be 
particularly relevant in the context of persistent infection and chronic inflammation [48,49].

Chagas disease is a parasitic infection caused by Trypanosoma cruzi that can lead to 
cardiomyopathy. In a well-documented example of molecular mimicry, Ferrari et al. showed 
that an epitope of the parasite’s P0 ribosomal protein shares a short homologous sequence 
with ECL II of the β1-AR. These cross-reactive antibodies were found to increase the beating 
rate of primary cardiomyocytes in a bioassay, an effect that could be inhibited by a specific β1-
AR blocker. This demonstrates how molecular mimicry can contribute to the development 
of functional GPCR autoimmunity [50].

Nevertheless, functional activity alone does not necessarily imply pathogenicity. 
Whether a GPCR-fAAb contributes to disease development may depend not only on its con-
centration in vivo, but also on the local tissue microenvironment, including inflammatory, 
metabolic, and hypoxic conditions [51–54]. However, it could be shown that functional 
activity of GPCR-fAAb is significantly enhanced in inflammatory or ischemic regions (as 
shown for AT1R-fAAb) [55].

Jahns and colleagues immunized rats with the ECL II of the β1-AR, which induced 
the generation of agonistic functional autoantibodies against beta 1 (β1-fAAbs). After 
approximately nine months, the animals developed progressive left ventricular dilatation 
and deterioration of cardiac function. Particularly important evidence for pathogenicity 
came from the repeated transfer of serum from autoantibody-positive animals to syngeneic 
healthy rats, which induced a similar cardiomyopathic phenotype. These findings provided 
experimental evidence that receptor-stimulating β1-fAAbs can themselves contribute to the 
progressive deterioration of cardiac function [38].

In humans, evidence for a pathogenic role of GPCR-fAAbs has been particularly well 
documented for agonistic autoantibodies against AT1R in preeclampsia. In 1999, Wallukat 
et al. first demonstrated that IgG from patients with preeclampsia could activate the AT1R 
in a cardiomyocyte bioassay and identified the ECL II of the receptor as a relevant epi-
tope [56]. Subsequently, Thway et al. provided further evidence for the functional activity 
of these autoantibodies by demonstrating increased intracellular Ca2+  mobilization through 
AT1R activation [57]. Importantly, Zhu et al. later demonstrated that administration of IgG 
from women with preeclampsia or affinity-purified AT1R autoantibodies to pregnant mice 
induced key features of preeclampsia, including hypertension and proteinuria. This pro-
vided direct in vivo evidence for their pathogenic potential [58]. Further clinical evidence 
also showed a high prevalence of AT1R agonistic autoantibodies in preeclampsia and an 
association between autoantibody levels and disease severity, including blood pressure and 
proteinuria [59].

4. Detection and Functional Characterization
The detection of autoantibodies against GPCRs involves two different aspects. On 

the one hand, their binding to their target receptor can be assessed; on the other hand, 
characterizing their functional effects can be a major challenge. For this reason, various 
detection methods are combined to assess autoantibody binding, functional activity, and 
other important characteristics. However, methodological standardization remains a chal-
lenge in the field. Differences in assay design, experimental conditions, and criteria used 
to define autoantibody positivity or functional activity can limit comparability between 
studies. Furthermore, sample characteristics may vary between laboratories because sam-
ple preparation is not standardized, and autoantibody levels can be influenced by several 
factors, including age, sex, and comorbidities. As previously mentioned in the context of 
investigating molecular mechanisms, the use of widely available monoclonal antibodies 
could also facilitate the standardization of detection methods. These antibodies could serve 
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as standardized reference materials for comparing different approaches across laborato-
ries and identifying suitable methods for subsequent standardization. However, it should 
be acknowledged that monoclonal antibodies may not fully reflect the characteristics of 
antibodies present in patient samples.

In addition, functional GPCR-fAAb assays have been established and applied by a 
relatively limited number of laboratories, emphasizing the need for independent replication, 
interlaboratory validation, and standardized reference materials before these assays can 
be broadly implemented in clinical diagnostics. The main methodological approaches 
currently used for the detection and functional characterization of GPCR-directed autoan-
tibodies, together with their respective advantages and limitations, are discussed in the
following sections.

4.1. Cardiomyocyte Bioassay
Since GPCR-fAAbs are characterized by their ability to modulate receptor function, 

functional bioassays are required to assess their receptor-mediated effects [11].
Among these specific bioassays, one of the longest-established and most widely pub-

lished methods is the cardiomyocyte bioassay developed by Wallukat and Wollenberger [60]. 
In this assay, primary cardiomyocytes forming spontaneously and synchronously beating 
clusters are used. They are isolated from the hearts of neonatal rats and serve as bio-
logical sensors for GPCR-fAAb-mediated functional effects. These primary cells express 
several functional receptors, including adrenergic, muscarinic, and endothelin receptors. 
They respond sensitively to receptor-specific stimuli, including agonists, antagonists, and 
autoantibodies targeting these receptors [54,61].

In this procedure, IgG fractions are purified from patient sera using different methods 
and are added to the cultured cardiomyocytes. The whole purification process aims, among 
other purposes, to remove low-molecular-weight, potentially biologically active serum 
components, thereby reducing possible non-IgG-mediated effects. In the protocol used by 
Wallukat et al., for example, the IgG fraction was isolated by ammonium sulfate precipitation, 
followed by dialysis to remove low-molecular-weight components [54].

Following the addition of the IgG fraction to the cell culture, changes in the sponta-
neous beating rate can be monitored over time and quantified manually or digitally relative 
to the baseline frequency. Depending on the physiological function of the target receptor, 
GPCR-fAAbs can induce either positive or negative chronotropic responses. For example, 
agonistic autoantibodies against β1-AR or β2-AR increase the beating rate of spontaneously 
contracting rat cardiomyocytes, resulting in a positive chronotropic effect. In contrast, ag-
onistic autoantibodies against the muscarinic acetylcholine M2 receptor (M2R) decrease 
the beating rate and therefore exert a negative chronotropic effect [38,60]. Since neonatal 
cardiomyocytes express several different GPCRs, the receptor specificity of the observed 
functional response must be determined experimentally. By using receptor-specific antag-
onists, the effect mediated through the respective receptor can be blocked. Therefore, a 
reduction or complete neutralization of the GPCR-fAAb-induced change in beating rate 
allows the functional activity to be assigned to the respective GPCR [25,62]. This approach 
has been demonstrated using specific antagonists for several receptors, including β2-AR, 
alpha1-adrenergic receptor (α1-AR), AT1R, endothelin A receptor (ETAR), Mas receptor 
(MasR), and M2R [54].

The limitations of the cardiomyocyte bioassay include the considerable technical effort 
required, the need for repeated preparation of primary neonatal rat cardiomyocytes, the 
associated biological variability, and low throughput. Despite these limitations, alterna-
tive methods have not yet clearly replaced the classical cardiomyocyte bioassay for the 
investigation of GPCR-fAAbs [12].
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4.2. Binding-Based Assays
Enzyme-linked immunosorbent assay (ELISA) is a widely used method for the de-

tection of autoantibodies against GPCRs. For detection, synthetic linear or cyclic peptides 
representing extracellular regions of different GPCRs, as well as recombinant receptors or 
receptor-containing membrane preparations in some assays, are used as antigens [10,63].

Using an appropriate standard or calibration curve, ELISA allows quantitative or semi-
quantitative determination of antibody reactivity. The method is relatively simple and 
rapid to perform and can be performed directly using serum without prior purification of 
the IgG fraction. Consequently, ELISA-based approaches have been widely used for the 
detection of GPCR-directed autoantibodies in recent studies, particularly in the context 
of Long-COVID [16,64,65]. However, an important limitation of ELISA is that it detects 
antibody binding to the respective antigen but does not provide direct information about 
the functional activity of the antibodies. Thus, ELISA positivity indicates the presence 
of antibodies binding to the applied receptor antigen. However, it does not necessarily 
demonstrate that these autoantibodies can activate or inhibit the native receptor [66].

A further limitation of this method is that synthetic peptides do not necessarily re-
produce the native three-dimensional conformation of the extracellular receptor regions. 
Consequently, autoantibodies recognizing conformation-dependent epitopes may not be de-
tected by peptide-based assays. Furthermore, binding to a linear peptide does not necessarily 
indicate recognition of the native receptor or the ability to modulate its function [28,30]. For 
β1-AR autoantibodies, for example, it has been shown that only a subset of autoantibodies 
reacting with receptor-derived peptides recognized the native human receptor expressed 
in the cell membrane. This subset also showed receptor-activating functional activity, as 
assessed by cAMP production [66].

4.3. Alternative Cell-Based Assays
As receptor binding alone does not establish biological activity, characterization 

of functional GPCR-fAAbs requires assays that measure changes in receptor signal-
ing or receptor-dependent cellular responses like alterations in intracellular second
messengers [28,67,68]. Different functional readouts can be used depending on the receptor 
and its signaling pathway. These include cAMP, intracellular Ca2+ , β-arrestin recruitment, 
and receptor internalization, among other downstream processes. Such approaches can 
distinguish the stimulatory, inhibitory, and pathway-selective effects of GPCR-fAAbs. Single 
reports using alternative cell-based assays are available in the literature, yet no specific 
method has been established as the gold-standard to date.

One molecular approach is based on a cAMP-based assay. For instance, the activity 
of α1-, β1- and β2-ARs in patient-derived IgGs has been tested in cells expressing the 
receptors using immunoassays or fluorescence resonance energy transfer (FRET)-based 
approaches. They serve to quantify changes in intracellular cAMP or the conformational 
change of β-lactamase induced by cAMP. Furthermore, reporter-based systems, including 
cAMP-responsive luciferase assays and genetically encoded cAMP biosensors, enable the 
detection of receptor-mediated responses more rapidly and homogeneously. These methods 
have also been used to study GPCR autoantibodies, including TSHR autoantibodies [69].

Ca2+ -related assays provide an additional approach. For example, AT1R autoantibodies 
were functionally characterized in AT1R-expressing Huh7 cells by quantifying changes in 
intracellular Ca2+  using an aequorin-based sensor. The response was inhibited by the AT1R 
antagonist losartan, supporting receptor-specific activity [70,71].

Following the discovery of G-protein-independent β-arrestin signaling, functional 
assays have been developed to detect β-arrestin recruitment to GPCRs or β-arrestin-induced 
GPCR internalization [72]. In addition to the classic chemiluminescence-based assay sys-
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tems [35,73], multiple functional assays using resonance energy transfer (RET) have been 
developed in recent years to directly monitor conformational changes in GPCRs, G-proteins 
and β-arrestin. These sensors have been used to investigate GPCR signaling profiles and 
the GPCR activation process at multiple scales [72,74]. For instance, sera from Postural 
Orthostatic Tachycardia Syndrome (POTS) patients were analyzed using a FRET-based 
reporter system involving a β2-arrestin transcription factor that drives the transcription of a 
β-lactamase gene [75].

Combining different functional readouts can provide additional mechanistic infor-
mation. In β1-AR autoimmunity, for example, Mohan et al. showed that IgG3-positive 
β1-AR autoantibodies reduced agonist-induced AC activity and cAMP generation, but in-
creased β-arrestin recruitment and ERK activation through phosphorylation. This suggests 
pathway-selective or biased signaling [35]. Similarly, Bornholz and colleagues combined 
measurements of β1-AR conformation, cAMP production, and receptor internalization. 
They found that autoantibody-induced receptor conformational changes did not always 
correlate with cAMP stimulation, while some antibodies also attenuated receptor internal-
ization. These findings demonstrate that antibody-induced receptor conformational changes 
do not necessarily result in uniform receptor activation, suggesting that the functional effects 
of GPCR-fAAbs cannot be fully captured by a single downstream readout [36].

Overall, cell-based functional assays demonstrate receptor-mediated activity beyond 
antibody binding. However, their results may depend on the cellular system, receptor 
expression level, assay conditions, and the selected downstream readout, which can limit 
comparability across studies. Furthermore, investigating the long-term effects of GPCR-
fAAb, such as receptor desensitization, internalization and adaptive changes in downstream 
signaling, require additional approaches.

5. Functional GPCR Autoantibodies in Human Diseases
GPCR expression patterns and the occurrence of associated autoantibodies have been 

investigated in a broad range of clinical conditions. Although fAAbs currently do not 
appear to be disease-specific, certain autoantibodies are more frequently associated with 
particular clinical manifestations [76]. Furthermore, sex- and age-related differences in 
GPCR autoantibody profiles have been reported in healthy individuals, while sex-specific 
associations have also been observed in a large clinic-based cohort [44,77]. However, it 
remains unclear whether diseases with pronounced sex- or age-related distributions are 
accompanied by corresponding differences in GPCR-fAAb positivity or functional activity. 
Most available studies were not specifically designed to systematically address this question.

GPCR-fAAbs are associated with a variety of autoimmune and non-autoimmune 
diseases affecting different organ systems. Associations between the presence of specific 
GPCR-fAAbs and particular clinical manifestations have been reported across various 
diseases, as summarized in Table 1.
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Table 1. Functional GPCR-targeting autoantibodies associated with different diseases and clinical 
conditions. The table summarizes GPCR-fAAbs with reported functional effects on targeted recep-
tor signaling, their proposed mechanism of action, the assay or detection method used for their 
characterization, and associated clinical manifestations. The detection methods were classified into 
three categories based on the type of experimental evidence they provide: B = Binding-based evi-
dence: Detection of antibody binding or presence. F = in vitro functional evidence: Assessment of 
autoantibody-mediated effects on receptor signaling, cellular responses, or physiological functions.
V = in vivo experimental evidence: Investigation of autoantibody-mediated effects in living organ-
isms, including autoantibody-transfer models. Abbreviations: GABA(B)R = Gamma-aminobutyric 
acid type B receptor, M4R = Muscarinic acetylcholine M4 receptor, NOP = Nociceptin receptor,
ME/CFS = Myalgic encephalomyelitis/chronic fatigue syndrome.

Category Disease/
Condition

Target 
Receptor(s)/

G-Protein 
Coupling

Mechanism of 
Action

Detection 
Method

Associated 
Clinical 

Manifestation
Reference

Endocrinology Graves’ disease TSHR
Agonistic 
receptor 

activation

cAMP bioassay 
(F) 

Hyperthy-
roidism

Davies et al., 
2020 [78]

Endocrinology Autoimmune 
hypothyroidism TSHR

Inhibition of 
TSH-induced 

receptor 
signaling

TSH-binding 
and cAMP 
inhibition 
assays (B,F) 

Hypothy-
roidism

Takasu & 
Matsushita, 
2012 [79]

Infectious Long-COVID

β2-AR, α1-AR, 
AT1R, M2-4R, 
MasR, ETAR 

and NOP

Functional 
receptor 

modulation

Cardiomyocyte 
bioassay/ELISA 

(B,F) 

Neurological 
and 

cardiovascular 
symptoms; 

impaired retinal 
microcircula-

tion

Wallukat et al., 
2021 [80], 

Seibert et al., 
2023 [81], 

Szewczykowski 
et al., 2022 [49]

Cardiology
Idiopathic 
dilated car-

diomyopathy

β1-AR and
M2R

Chronic 
agonistic 
receptor 

stimulation

Cardiomyocyte 
bioassay and 

in vivo 
antibody-

transfer model 
(F,V) 

Cardiac 
dysfunction 

and heart 
failure

Becker et al., 
2017 [82],

Wallukat et al., 
2000 [83], Jahns 
et al., 2004 [38]

Cardiology
Postural 

tachycardia 
syndrome

α1-AR, β1-AR, 
β2-AR

Direct receptor 
activation and 

allosteric 
modulation

FRET-based 
reporter assay

cAMP-
dependent 
luciferase 

reporter assay 
(F) 

Tachycardia Fedorowski 
et al., 2017 [34]

Cardiology Orthostatic 
hypotension

β1-AR, β2-AR, 
M2R and M3R

Agonistic 
receptor 

activation

ELISA, 
cell-based 
functional 
assays, and 

vascular 
bioassay (B,F) 

Peripheral 
vasodilatation 
and orthostatic 

hypotension

Yu et al.,
2012 [84],
Li et al.,

2012 [85]

Cardiology Chagas car-
diomyopathy

β1-AR
and
M2R

Chronic 
agonistic 
receptor 

stimulation

ELISA, 
immunofluorescence-

based 
receptor-

binding assay, 
and cardiac 
functional 

bioassays (B,F) 

Arrhythmias 
and cardiac 
dysfunction

Labovsky et al., 
2007 [86], 

Hernández 
et al., 2003 [87]
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Table 1. Cont.

Category Disease/
Condition

Target 
Receptor(s)/

G-Protein 
Coupling

Mechanism of 
Action

Detection 
Method

Associated 
Clinical 

Manifestation
Reference

Cardiology Myocarditis β1-AR
Agonistic 
receptor 

activation

Cardiomyocyte 
bioassay/ELISA 

(B,F) 

Cardiac 
dysfunction

Wallukat et al., 
1991 [88], 

Seidel et al., 
2022 [89]

Gynecology Preeclampsia AT1R and 
ETAR

Agonistic 
receptor 

stimulation

Cardiomyocyte 
bioassay with 

receptor-
specific 

inhibition/neu-
tralization (F) 

Hypertension 
and vascular 
dysfunction

Buttrup Larsen 
et al., 2018 [90],

Velloso et al., 
2016 [91]

Neurology Autoimmune 
encephalitis GABA(B)R

Functional 
disruption of 

receptor 
signaling

Cell-based 
immunofluores-
cence assay and 

whole-cell 
patch-clamp 

electrophysiol-
ogy (B,F) 

Seizures and 
limbic 

encephalitis

Lancaster et al., 
2010 [92],

Nibber et al., 
2017 [93]

Neurology

Alzheimer’s 
disease and 

vascular 
dementia

α1-AR, β2-AR, 
ETAR

Agonistic 
receptor 

activation

Cardiomyocyte 
bioassay/ELISA 

(B,F) 

Cognitive 
impairment and 

vascular 
dementia

Wallukat et al., 
2018 [94], 

Karczewski 
et al., 2012 [95]

Ophthalmology

Open-angle 
glaucoma and 

ocular 
hypertension

β2-AR
Agonistic 
receptor 

activation

Cardiomyocyte 
bioassay (F) 

Elevated 
intraocular 

pressure

Hohberger 
et al., 2019 [96]

Respiratory 
disease

Bronchial 
asthma β2-AR

Functional 
modulation of 
β2-adrenergic 

receptor 
activity

Cardiomyocyte 
bioassay; im-

munoprecipita-
tion/radioligand-
binding assay; 
cAMP assay in 

β2-AR-
expressing cells 

(B,F) 

Bronchial 
asthma

Wallukat & 
Wollenberger, 

1991 [97], 
Venter et al., 

1980 [98], Turki 
& Liggett,
1995 [99]

Rheumatology Sjögren’s 
syndrome M3R

Inhibition of 
receptor 
signaling

Ca2+  imaging, 
patch-clamp 

electrophysiol-
ogy, and 

peptide ELISA 
(B,F) 

Dryness of eye 
and mouth

Dawson et al., 
2006 [41],

Tsuboi et al., 
2010 [100]

Rheumatology Systemic 
sclerosis AT1R, ETAR

Agonistic 
receptor 

activation

Solid-phase 
assay, immuno-
precipitation, 

and endothelial 
cell-based 

functional assay 
(B,F) 

Vasculopathy, 
inflammation 
and fibrosis

Riemekasten 
et al., 2011 

[101], Becker 
et al., 2014 

[102]
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Table 1. Cont.

Category Disease/
Condition

Target 
Receptor(s)/

G-Protein 
Coupling

Mechanism of 
Action

Detection 
Method

Associated 
Clinical 

Manifestation
Reference

Systemic 
disorders ME/CFS β2-AR

Agonistic 
receptor 

activation

β-arrestin 
recruitment and 
cAMP reporter 

assays (B,F) 

Fatigue and 
autonomic 
symptoms

Hartwig et al., 
2020 [103]

Transplant-
related

Renal allograft 
rejection AT1R

Agonistic 
receptor 

activation

Cardiomyocyte 
bioassay (F) 

Vasculopathy, 
hypertension

Dragun et al., 
2005 [25]

6. Therapeutic Approaches
In certain diseases, GPCR-fAAbs may contribute to pathophysiological processes 

through their effects on receptor function and therefore represent potential targets for 
therapeutic intervention [45,51,104]. Current therapeutic concepts include the physical 
removal of circulating autoantibodies, their molecular neutralization, and pharmacological 
inhibition of GPCR-fAAb-mediated receptor signaling. In addition, promising strategies 
aim to reduce autoantibody production by targeting the underlying immune mechanisms. 
These approaches differ considerably in terms of their mechanisms, clinical evidence, and 
limitations. Several of these applications are currently in the experimental or early-stage 
clinical development phase (see Figure 4).

Figure 4. Potential therapeutic strategies targeting GPCR-fAAbs. Different therapeutic approaches 
may reduce or neutralize circulating GPCR-fAAbs or inhibit their functional effects. These strategies 
include IA for the removal of circulating autoantibodies, aptamer-mediated neutralization, specific 
receptor blocking to prevent GPCR-fAAb-mediated receptor modulation, and B cell depletion to 
reduce autoantibody production. Collectively, these approaches aim to reduce the pathogenic effects of 
GPCR-fAAbs and promote the restoration of physiological receptor signaling. The red cross indicates 
that the fAAb is unable to interact with the receptor. Abbreviations: fAAb = Functional autoantibody, 
GPCR = G-protein-coupled receptor.

6.1. Immunoadsorption
Immunoadsorption (IA) is a specific apheresis procedure in which circulating im-

munoglobulins, including potentially pathogenic autoantibodies, are removed from the 
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patient’s plasma. The procedure is based on passing the separated plasma through an 
adsorption column, where immunoglobulins are bound and removed before it is returned 
to the patient’s body (see Figure 4).

In DCM, autoantibodies against β1-AR have been considered to be of pathophysiologi-
cal relevance. Accordingly, several studies have investigated the use of IA and the potential 
therapeutic benefit of removing circulating autoantibodies [21,105].

Felix et al. showed that IgGs isolated from the IA eluates of patients with DCM 
exhibited cardiodepressive activity. Patient-derived IgGs reduced Ca2+  transients and 
cardiomyocyte contractility, whereas IgG from healthy controls produced no comparable 
functional effects. Although the study did not identify the specific autoantibodies responsi-
ble for these effects, the findings suggested that circulating autoantibodies may contribute 
to myocardial dysfunction in DCM [106].

In a prospective case–control study, Müller et al. investigated the long-term effects of 
IA treatment in 34 β1-AR-fAAb-positive idiopathic DCM patients. All of them received 
standard medical therapy, but 17 patients in the cohort subsequently underwent IA as 
well. In these patients IA resulted in the removal of β1-AR-fAAb, which was undetectable 
during the one-year follow-up period. Furthermore, in the IA-treated group an increase 
in left ventricular ejection fraction was observed, accompanied by a reduction in left ven-
tricular end-diastolic diameter. In contrast, in the control group there was no significant 
improvement in left ventricular function [107].

However, the beneficial effects of IA in DCM may not be exclusively attributable to the 
removal of β1-AR-fAAbs. Mobini et al. investigated the effects of IA in 22 patients with 
DCM together with the detection of β1-fAAbs using several methods, including ELISA and a 
functional cardiomyocyte bioassay. Overall, 72% of the patients were positive for β1-fAAbs. 
IA treatment was associated with acute and prolonged hemodynamic improvement as 
well as increased left ventricular ejection fraction in both β1-fAAb-positive and -negative 
patients. Since the beneficial effects of IA were not restricted to β1-fAAb-positive patients, 
the authors concluded that the effects of IA in DCM could not be explained solely by the 
removal of these autoantibodies. They further concluded that other factors removed during 
IA may also contribute to the observed clinical effects [108].

Dandel et al. subsequently investigated the long-term clinical effects of IA therapy in 
β1-fAAb-positive patients with end-stage DCM. Removal of β1-fAAbs by either specific or 
non-specific IA was associated with improved cardiac function and long-term clinical stabi-
lization. Treated patients also showed a more favorable heart transplantation or ventricular 
assist device-free survival. Furthermore, the reappearance of β1-fAAbs was associated with 
recurrent deterioration of cardiac function in 76% of cases [109]. These findings support 
an association between β1-fAAb removal and the long-term clinical benefits observed af-
ter IA, while the findings of Mobini et al. suggest that additional mechanisms may also 
contribute to the therapeutic effects of IA. More recently, the randomized, double-blind, 
sham-controlled IASO-DCM trial including 171 patients found no significant benefit of IA 
followed by immunoglobulin G substitution (IA/IgG) over sham treatment regarding left 
ventricular ejection fraction improvement or heart failure symptoms at six months. The key 
composite secondary endpoint was also similar between the groups. However, subgroup 
analyses, including those involving patients with cardiac autoantibodies, were limited by 
small sample sizes and require further investigation [110,111].

The potential benefits of IA therapy have also been investigated in glaucoma. Jünemann 
et al. detected functionally active GPCR autoantibodies in approximately 75% of patients 
with open-angle glaucoma or ocular hypertension, whereas such activity was not detected in 
healthy controls. Among the GPCR-fAAbs investigated, agonistic autoantibodies targeting 
the β2-AR were of particular relevance. In a subsequent small proof-of-principle study, 
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four patients with primary open-angle glaucoma received IA treatment. Following IA, 
functional autoantibodies against beta 2 (β2-fAAbs) were no longer detectable using the 
cardiomyocyte bioassay, together with a decrease in intraocular pressure. Given the small 
number of patients included in this proof-of-principle study, further studies are needed to 
evaluate the therapeutic potential of IA in glaucoma [23].

However, IA has several limitations that complicate its widespread clinical application. 
The current adsorption systems are generally not specific to individual potential pathogenic 
autoantibodies. This means that, along with the targeted GPCR-fAAbs, other circulating 
immunoglobulins are also removed [19,20]. In some IA protocols, intravenous immunoglob-
ulin substitution has been administered after treatment, which may further increase the 
therapeutic burden and costs. Furthermore, IA is an invasive and resource-intensive proce-
dure that may require repeated treatment sessions and close clinical monitoring [112].

6.2. Aptamers
One potential approach for neutralization of functionally active autoantibodies against 

GPCRs is the use of aptamers (see Figure 4). Aptamers are single-stranded oligonucleotides 
that can bind to specific target molecules with high affinity [104]. The synthetic DNA 
aptamer BC007 (rovunaptabin) has been shown to neutralize GPCR-fAAbs in several 
in vitro and in vivo studies. Its mechanism of action is based on binding to these GPCR-
fAAbs and preventing their interaction with the respective receptors, thereby inhibiting 
their functional and potentially pathogenic effects [113].

BC007 was originally selected as a thrombin inhibitor from a group of similar aptamers, 
but its development as an anticoagulant was not continued due to its very short duration of 
action [114]. It later gained renewed attention when Wallukat et al. demonstrated that the 
aptamer was able to neutralize β1-fAAbs isolated from patients with dilated cardiomyopathy 
in vitro, as determined using the cardiomyocyte bioassay [115]. Further studies indicated 
that the effect of BC007 was not limited to a single type of autoantibody. Rather, the aptamer 
was able to bind to and neutralize the receptor-activating effects of GPCR-fAAbs, including 
β1-AR, β2-AR, α1-AR, ETAR, and AT1R [116].

Based on these preclinical findings, Becker et al. published the results of a three-part 
Phase I study investigating the safety, tolerability, pharmacokinetics, and mode of action of 
BC007 in healthy subjects. While the initial part primarily assessed safety and tolerability in 
GPCR-fAAb-negative participants, subsequent studies included healthy but GPCR-fAAb-
positive subjects to investigate the autoantibody-neutralizing effect of BC007. Neutralization 
showed a dose-dependent trend, and at the highest dose investigated, the detected GPCR-
fAAbs were neutralized in all treated participants. No serious treatment-related adverse 
events were observed; however, a transient prolongation of activated partial thromboplastin 
time was reported [117].

More recently, BC007 has been investigated as a potential therapeutic approach in 
patients with Post-COVID syndrome. Hohberger et al. conducted a prospective, exploratory, 
placebo-controlled, double-blind, randomized Phase IIa trial in patients with Post-COVID 
syndrome and GPCR-fAAbs. In addition to neutralization of GPCR-fAAbs, the study 
reported statistically significant group-level improvements in several secondary patient-
reported outcomes related to fatigue in the treatment group compared with placebo. Signif-
icant group-level improvements were also reported in selected SF-36 measures, including 
vitality, general health, social functioning, and the mental component summary. However, 
improvements were not observed consistently across all outcome measures or in all indi-
vidual patients. These proof-of-concept findings should be interpreted in the context of 
the exploratory nature of the study, including small sample size and the limited follow-up 
period [118].
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Subsequently, according to sponsor-reported topline results from the larger random-
ized, double-blind, placebo-controlled Phase II BLOC trial (NCT05911009; n = 119), BC007 
did not demonstrate superiority over placebo for the clinical primary endpoint. The trial 
separately assessed clinical efficacy and GPCR-fAAb neutralization; however, detailed re-
sults, including the complete target-engagement data, have not yet been published. The 
sponsor reported that BC007 was safe and well tolerated [119].

6.3. Pharmacological Receptor Blockade
Conventional therapeutic approaches aim to interrupt or inhibit GPCR-fAAb-induced 

receptor signaling pathways [62] (see Figure 4). The clinical efficacy of β-blockers in the 
treatment of heart failure has been increasingly well documented. In dilated cardiomyopathy, 
β-AR blockers are used to reduce the persistent receptor stimulation caused by agonistic 
autoantibodies through competitive inhibition of β1-AR [38,120,121]. Furthermore, AT1R 
blockers are used in diseases such as systemic sclerosis or renal allograft rejection [25,101].

Pharmacological inhibition of the target receptor can reduce downstream signaling, but 
does not eliminate or neutralize the autoantibodies themselves or prevent their continued 
presence in circulation [62]. For this reason, these types of therapies are limited in their 
efficacy and can only contribute to the symptomatic management of the diseases, rather 
than providing a curative approach [11,12].

6.4. Perspectives for Future Therapeutic Development
Future therapeutic approaches could potentially combine tissue-targeting peptides 

with aptamer-based strategies to improve the local delivery and specificity of autoantibody-
directed therapies [122,123]. In Long-COVID and myalgic encephalomyelitis/chronic fa-
tigue syndrome (ME/CFS), combined therapeutic approaches involving IA followed by 
intravenous immunoglobulin administration have also been discussed as a potential strategy 
for modulating autoantibody-mediated processes [124].

One potential therapeutic approach is to reduce autoantibody production by specifically 
targeting autoreactive B cell populations (see Figure 4). B cell-depleting therapies, such 
as rituximab, have been investigated in a first clinical study in ME/CFS, although this first 
trial did not demonstrate clinical efficacy. More recent therapeutic concepts therefore focus 
on deeper B cell and plasma-cell depletion using monoclonal antibodies targeting CD19, 
CD20, or CD38 [125,126].

Another potential strategy is the modulation of regulatory T cells (Tregs) to influence 
autoantibody production. In a reduced uterine perfusion pressure (RUPP) rat model of 
preeclampsia, Ibrahim et al. induced endogenous Treg expansion using a CD28 superag-
onistic monoclonal antibody. The increase in Tregs was associated with reduced levels 
of AT1R autoantibodies, changes in inflammatory mediators, and a reduction in blood 
pressure [127]. These findings provide preclinical evidence that modulation of immune 
regulation may indirectly influence the production of functional GPCR autoantibodies.

7. Conclusions
Although the mechanisms underlying the development of GPCR-fAAbs are not yet 

fully understood, several processes, including infections, molecular mimicry, tissue damage, 
and dysregulation of immune tolerance, may contribute to their formation. By binding to ex-
tracellularly accessible regions of their target receptors, GPCR-fAAbs can modulate receptor 
function and intracellular signaling. The presence of GPCR-directed autoantibodies does not 
necessarily imply functional activity, and thus alone does not always lead to pathogenicity. 
However, for selected GPCR-fAAbs, increasing evidence supports a potential contribution 
to pathophysiological processes in certain diseases. The identification and functional char-
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acterization of GPCR-fAAbs in various disease contexts have also provided a basis for the 
development of targeted therapeutic strategies. Current and investigational approaches in-
clude the removal or neutralization of GPCR-fAAbs, modulation of autoantibody-producing 
immune cells, and pharmacological interference with their effects on target receptors. These 
strategies may complement existing symptomatic treatments and provide more targeted 
therapeutic options for selected patient populations. Further studies are needed to establish 
standardized and validated diagnostic approaches for GPCR-fAAbs suitable for routine 
clinical use, and to evaluate the efficacy and safety of targeted therapeutic approaches.
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A1R Adenosine A1 receptor
A2AR Adenosine A2A receptor
A2BR Adenosine A2B receptor
A3R Adenosine A3 receptor
AC Adenylyl cyclase
AGPCR Adhesion G-protein-coupled receptor
AKT Protein kinase B
α1-AR Alpha 1-adrenergic receptor
AR Adrenergic receptor
AT1R Angiotensin II type 1 receptor
AT2R Angiotensin II type 2 receptor
β-AR Beta-adrenergic receptor
β1-AR Beta 1-adrenergic receptor
β1-fAAb Functional autoantibodies against beta 1
β2-AR Beta 2-adrenergic receptor
β2-fAAb Functional autoantibodies against beta 2
β3-AR Beta 3-adrenergic receptor
C5aR1 Complement component 5a receptor 1
cAMP Cyclic adenosine monophosphate
CCR5 C-C chemokine receptor 5
CCR7 C-C chemokine receptor 7
CCR9 C-C chemokine receptor 9
CH2 Second constant domain of the heavy chain
CREB cAMP response element-binding protein
CXCR1 C-X-C chemokine receptor 1
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CXCR4 C-X-C chemokine receptor 4
D1–D5 Dopamine receptor subtypes 1–5
DAG Diacylglycerol
DCM Dilated cardiomyopathy
ECLs Extracellular loops
ECL I-III First, second, and third extracellular loop
ELISA Enzyme-linked immunosorbent assay
EP1–4 Prostaglandin E receptor subtypes 1–4
ER Endoplasmic reticulum
ERK1/2 Extracellular signal-regulated kinase 1/2
ETAR Endothelin A receptor
fAAb Functional autoantibody
Fab Fragment antigen-binding
Fc Fragment crystallizable
FPR1 Formyl peptide receptor 1
FPR2 Formyl peptide receptor 2
FRET Fluorescence resonance energy transfer
GABA(B)R Gamma-aminobutyric acid type B receptor
GAIN GPCR autoproteolysis-inducing
Gαi/o G-protein alpha subunit i/o
Gαq/11 G-protein alpha subunit q/11
Gαs G-protein alpha subunit s
Gβγ G-protein beta-gamma subunit complex
GDP Guanosine diphosphate
GHS-R1a Ghrelin receptor 1a
GIRK G-protein-gated inwardly rectifying potassium channel
GPCR G-protein-coupled receptor
GPCR-fAAbs Functional autoantibodies directed against GPCRs
GRK G-protein-coupled receptor kinase
GTP Guanosine triphosphate
H1-H4 Histamine receptor subtypes 1–4
H1R Histamine receptor 1
IA Immunoadsorption
IgG Immunoglobulin G
IP3 Inositol 1,4,5-trisphosphate
JNK c-Jun N-terminal kinase
LPA1–6 Lysophosphatidic acid receptor subtypes 1–6
M1–M5 Muscarinic acetylcholine receptor subtypes 1–5
M2R Muscarinic acetylcholine M2 receptor
M3R Muscarinic acetylcholine M3 receptor
M4R Muscarinic acetylcholine M4 receptor
MAPK Mitogen-activated protein kinase
MasR Mas receptor
MC1R Melanocortin 1 receptor
ME/CFS Myalgic encephalomyelitis/chronic fatigue syndrome
MLCK Myosin light-chain kinase
NFAT Nuclear factor of activated T cells
NOP Nociceptin receptor
PI3K Phosphoinositide 3-kinase
PIP2 Phosphatidylinositol 4,5-bisphosphate
PKA Protein kinase A
PKC Protein kinase C
PLC Phospholipase C
PLCβ Phospholipase C beta
POTS Postural Orthostatic Tachycardia Syndrome
PTH1R Parathyroid hormone 1 receptor
RET Resonance energy transfer
RUPP Reduced uterine perfusion pressure
S1P1–5 Sphingosine-1-phosphate receptor subtypes 1–5
Tregs Regulatory T cells
TSHR Thyroid-stimulating hormone receptor
V1aR Vasopressin V1a receptor
V2R Vasopressin V2 receptor
5-HT1–7 Serotonin receptor subtypes 1–7
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