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Absence of Functional Autoantibodies Targeting
Angiotensin II Receptor Type 1 and Endothelin-1 Type A
Receptor in Circulation and Purified IgG From Patients
With Systemic Sclerosis

Wieke M. van Oostveen,1 Eva M. Hoekstra,1 E. W. Nivine Levarht,1 Ilana B. Kotliar,2 Thomas P. Sakmar,3

René E. M. Toes,1 Jeska K. de Vries-Bouwstra,1 Laura H. Heitman,4 and Cynthia M. Fehres1

Objective. Systemic sclerosis (SSc) is a rare but severe autoimmune disease characterized by immune dysregula-
tion, fibrosis, and vasculopathy. Although previous studies have highlighted the presence of functional autoantibodies
targeting the angiotensin II receptor type 1 (AT1) and endothelin-1 type A receptor (ETAR), leading to autoantibody-
mediated receptor stimulation and subsequent activation of endothelial cells (ECs), a comprehensive understanding
of the direct interaction between these autoantibodies and their receptors is currently lacking. Moreover, existing data
confirming the presence of these autoantibodies in SSc often rely on similar methodologies and assays. Our aim was to
replicate previous findings and to investigate the functional effects of IgG derived from patients with SSc (SSc IgG) on
AT1 and ETAR signaling, the downstream EC response, and the presence of AT1-binding autoantibodies in circulation.

Methods. Quantitative polymerase chain reaction and cytokine enzyme-linked immunosorbent assay, alongside a
real-time cell analyzer, were used to assess receptor-specific functional characteristics of purified SSc IgG (n = 18).
Additionally, a novel protein capture assay using solubilized epitope-tagged AT1 was developed to detect AT1-binding
autoantibodies in plasma samples from patients with SSc (n = 28) and healthy donors (n = 14).

Results. No evidence for EC activation in an AT1- or ETAR-dependent manner was revealed. Furthermore, stimula-
tion with SSc IgG did not induce receptor activation or alter G protein-coupled receptor signaling on agonist stimulation
in a model with receptor overexpression. Lastly, no AT1-binding autoantibodies were detected in plasma samples from
patients with SSc when using epitope-tagged solubilized AT1.

Conclusion. Overall, our study did not provide evidence to support the presence of AT1- or ETAR-activating auto-
antibodies in purified SSc IgG or AT1-binding autoantibodies in the circulation of patients with SSc.

INTRODUCTION

Systemic sclerosis (SSc) is a rheumatic autoimmune disorder

characterized by microangiopathy, including Raynaud phenome-

non (RP), immune dysregulation, and fibrosis of the skin and inter-

nal organs.1 Clinical presentation of SSc vary from an indolent

form with limited deterioration to rapidly progressive disease,

associated with irreversible organ damage and relatively high

mortality rates.2 Despite its rarity, SSc poses a significant clinical

challenge because of its clinical heterogeneity and potential for a

high mortality rate.3 More than 95% of patients with SSc test posi-

tive for antinuclear antibodies (ANAs) including anti–topoisomerase

I antibodies (ATA) and anticentromere antibodies (ACA). The pres-

ence of ATA and ACA is disease specific. The two antibodies rarely

co-occur and are associated with distinct clinical phenotypes.4

Although the underlying pathologic mechanisms in SSc subtypes

remain largely elusive, the presence of ANA and RP precedes clin-

ical disease and fibrosis onset, indicating a potential link between
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autoimmunity and vasculopathy. A deeper understanding of dis-
ease pathogenesis could facilitate early intervention to halt fibrosis
and disease progression.

RP, an early but nonspecific sign of SSc, is characterized by
restricted blood flow to the extremities due to endothelial cell
(EC) dysregulation and exaggerated vasoconstriction.5 This vaso-
constrictive response, along with vasodilation, is regulated by the
renin-angiotensin-system, with angiotensin II (AngII) and its recep-
tor angiotensin II type 1 (AT1) playing pivotal roles.6,7 Additionally,
endothelin-1 (ET-1), a proinflammatory peptide, contributes to
vasoconstriction by activating endothelin-1 type A receptor
(ETAR), implying potential involvement for AngII and ET-1 in SSc
pathogenesis.8 Indeed, the use of angiotensin-converting enzyme
inhibitors in SSc has been associated with reduced death from
renal crisis, although no effect on RP was found.9,10 Furthermore,
several clinical trials have investigated the effects of AT1 and ETAR
inhibitors to reduce disease manifestations, such as fibrosis, pul-
monary arterial hypertension, and digital ulcers. Although these
blockers alleviated vascular complications, no effect on fibrosis
in skin or other organs was observed, thereby highlighting the
need for further research into the role of AT1 and ETAR in SSc
pathophysiology.11–15

Previous studies have reported the presence of autoanti-
bodies against AT1 and ETAR in SSc,16–19 as well as in other dis-
eases, including preeclampsia and renal-allograft rejection.20–22

In SSc, high autoantibody levels predicted disease-related death
and thus were proposed as biomarkers for risk assessment for
disease progression.19 These autoantibodies are defined to act
as agonists, as they activate the receptor and its downstream sig-
naling cascade.20–23 Both AT1 and ETAR are members of the G
protein-coupled receptor (GPCR) family, which are membrane-
bound proteins characterized by seven transmembrane helices
and intracellular coupling to heterotrimeric G proteins composed
of α, β, and γ subunits.24 On agonist ligand stimulation, GPCRs
activate various downstream signaling pathways through cou-
pling to G proteins or via β-arrestins.25 Activated AT1 and ETAR
primarily couple to Gαq/11 leading to increased cytosolic Ca2+

and subsequent vasoconstriction.26–28

The contribution of AT1 and ETAR activation to vasoconstric-
tion and the reported presence of autoantibodies targeting AT1
and ETAR in SSc suggest a potential contribution of agonistic
anti-AT1- and anti-ETAR autoantibodies to vasculopathy in SSc.
However, detailed studies examining the direct interaction
between these autoantibodies and their receptors are currently
lacking.18,28 Therefore, the present study aimed to investigate
the functional effects of IgG derived from patients with SSc (SSc
IgG) on AT1 and ETAR signaling, as well as its downstream EC
response. To this end, in addition to conventional techniques
such as quantitative polymerase chain reaction (qPCR) and cyto-
kine enzyme-linked immunosorbent assay (ELISA), a real-time cell
analyzer (RTCA), well-validated for studying GPCR pharmacol-
ogy, was used to assess functional characteristics of SSc IgG in

a direct and receptor-specific manner. Additionally, a novel pro-
tein capture assay using solubilized receptors was established
to evaluate the presence of anti-AT1 autoantibodies in the circula-
tion of patients with SSc.

MATERIALS AND METHODS

Patients and healthy individuals. Plasma and serum
samples were collected from patients with SSc who were part of
a prospective cohort study (the Leiden Combined Care in Systemic
Sclerosis cohort) at the Leiden University Medical Center’s Rheu-
matology outpatient clinic. Patient characteristics are detailed in
Supplementary Table 1. Patients with both low and high levels of
anti-AT1 (cutoff = 9.5) and anti-ETAR antibodies (cutoff = 10.4) were
included, as measured in serum by Riemekasten et al,19 as previ-
ously reported. All patients met the American College of Rheuma-
tology/EULAR 2013 criteria for the classification of SSc and had
not undergone hematopoietic stem cell transplantation.29 The
study was approved by the Leiden University Medical Center ethi-
cal review board (protocol P17.151). Written informed consent
was obtained from both patients and healthy donors (HDs).

Purification of IgG antibodies. IgG antibodies were puri-
fied from plasma using a 1-mL HiTrap Protein G HP affinity col-
umn (GE29-0485-81; Cytiva), followed by a direct buffer
exchange using a 53-mL HiPrep 26/10 desalting column
(GE17-5087-01; Cytiva). Isolated IgG was concentrated to 4 to
26 mg/mL using Amicon Ultra-15 50 kDa filter devices
(UFC9050; Merck) and potential endotoxins were removed with
Pierce High-Capacity Endotoxin Removal Spin Columns (88274;
ThermoFisher Scientific). Aliquots were stored at −20�C for sub-
sequent experiments.

Stable transfection Chinese hamster ovary cells.
Chinese hamster ovary (CHO)–K1 (ATCC, CCL-61) cells were
transfected with human ETAR (EDNRA, NM_001957)
Ohu22257C; GenScript Biotech) cloned into a pcDNA3.1+N-
6His vector using PolyJet DNA Transfection Agent
(SL100688; SignaGen) according to manufacturer’s protocol.
Briefly, 1 μg of plasmid was added to cells (0.1 million cells/
well) at low passage number in a 24-well plate. After seven
days, cells were selected with geneticin (11811-064; Gibco)
and single-cell sorted using a His-tag antibody (OAEA00010;
Aviva). Functional expression of ETAR on clones was confirmed
using ET-1 (HY-P0202; MedChemExpress).

Cell culture. Human telomerase reverse transcriptase
(TERT)–immortalized human umbilical vein ECs (HUVECs/TERT2,
CRL-4053, ATCC) were cultured on gelatin-coated dishes in vas-
cular cell basal medium (ATCC-PCS-100-030, ATCC) supple-
mented with endothelial cell growth kit-VEGF (ATCC-PCS-
100-041, ATCC), glutamax, 100 U/mL penicillin-streptomycin

VAN OOSTVEEN ET AL902

 23265205, 2025, 7, D
ow

nloaded from
 https://acrjournals.onlinelibrary.w

iley.com
/doi/10.1002/art.43099, W

iley O
nline L

ibrary on [15/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



(Pen-Strep), and 5% fetal calf serum (FCS). Medium was
refreshed every two days, and cells were maintained at 37�C with
5% CO2 until 80% to 90% confluence. CHO-K1 cells, CHO-
ETAR, and commercially acquired CHO-AT1 (ES-072-C; PerkinEl-
mer) were cultured in Ham’s F12 medium (21765029; Gibco) with
10% FCS and 100 U/mL of Pen-Strep. Additionally, for CHO-AT1
and CHO-ETAR cells, 0.4 mg/mL of geneticin was added to main-
tain selection pressure. Cells were grown at 37�C under 5% CO2

until 70% to 80% confluence.

Stimulation of HUVEC for qPCR and ELISA. HUVECs
(p5–15) were seeded in gelatin-coated 12-well plates (0.1 million
cells/well) and cultured overnight. Cells were serum-starved for one
hour before pretreatment with 2 μM of valsartan (AT1 antagonist,
HY-18204; MedChemExpress) and 2 μM of BQ-123 (ETAR antago-
nist, HY-12378; MedChemExpress) or a vehicle (0.02% DMSO/
phosphate buffered saline [PBS]) for one hour. Cells were then
treated with 200 μg/mL of IgG, 10 μM of AngII (A9525; Sigma-
Aldrich) with 10 μM of ET-1 (HY-P0202; MedChemExpress),
10 ng/mL of recombinant human tumor necrosis factor α (rhTNFα)
(210-TA; R&D Systems), or medium. After 1 hour, a medium with
FCSwasadded leading1%FCS followedby incubation for 48hours.

RNA isolation and qPCR. After 48 hours, HUVEC superna-
tant was collected, and cells were lysed in TRIzol (15596026; Invi-
trogen). RNA was isolated using the RNA Microprep Kit (R2063;
Zymo Research) following the manufacturer’s protocol. RNA con-
centration and purity were assessed using NanoDrop (Thermo Sci-
entific). Next, 500 ng of RNA from each condition was mixed with
the iScript complementary DNA (cDNA) Synthesis Kit (1708891;
Bio-Rad) and supplemented to 20 μL with nuclease-free water
(11538646; Invitrogen). qPCR was performed using 3 μL of diluted
cDNA and 5 μL of master mix containing 2.5 pmol of forward and
reverse primer, double distilled H2O, and SensiFAST SYBR No-
ROX Kit (BIO-98005; Meridian Bioscience). Primer sequences are
listed in Supplementary Table 2. The cDNA dilutions, primer con-
centrations, and standards were optimized according to the litera-
ture.30 Mean cycle quantification (Cq) values were determined
from technical replicates (n = 3). Relative quantity was calculated
using (1+E)ΔCq, in which E is the PCR efficiency from the standard
curve, and ΔCq is the difference between the sample and the
medium control. Relative normalized expression was obtained by
dividing the relative quantity of the target (intercellular adhesion
molecule 1 [ICAM1], selectin E (SELE), C-C Motif Chemokine
Ligand 2 [CCL2]) by the reference (beta-2-microglobulin [B2M]).
Data were exported from CFX Maestro 3.2 (version 5.2; Bio-Rad)
for statistical analysis.

Cytokine ELISA. Supernatants from IgG-stimulated
HUVECs were analyzed for interleukin-6 (IL-6) (88-7066-88), IL-8
(88-8086-88), and TNFα (88-7346-88) using ELISA kits
(Invitrogen) following the manufacturer’s protocol. Briefly,

384-well plates (3700; Corning) were coated with 15 μL of antigen
and blocked with 75 μL of 1% bovine serum albumin [BSA]/PBS.
Diluted supernatant (IL-6, TNFα: 2×; IL-8: 10×), detection anti-
body, horseradish peroxidase (HRP)-labeled avidin antibody,
and tetramethylbenzidine substrate (555214; BD Biosciences)
were sequentially added (15 μL each). Reactions were stopped
with 15 μL 1 M H2SO4, and absorbance was measured at
450 nm using a Multiskan Fc reader (Thermo Scientific). Cytokine
standards (IL-6, IL-12: kit components; TNFα: 51-26376E; BD
Biosciences) were used to calculate cytokine production when
within the linear range.

Real-time cell analysis. Label-free, functional experi-
ments were conducted using an xCELLigence RTCA (Agilent),
which measures changes in impedance due to whole-cell
responses, reflecting changes in cell number, proliferation rate,
adhesion, and morphology expressed as the dimensionless
parameter cell index (CI). This method is well-validated to study
compound-receptor interactions.31–35 All assays were performed
at 37�C and 5% CO2 in 96-well E-plates (300600900; Agilent)
with 100 μL/well final volume. Background impedance was mea-
sured in 35 to 45 μL medium followed by the seeding of 40,000
cells/well. CI values were recorded every 15 minutes overnight.
Cells were pretreated for one hour with 1 μM of an antagonist,
100 μg/mL of IgG, or a vehicle. Next, responses to 100 μM ATP,
agonist, 200 μg/mL IgG or PBS were measured for 30 to
120 minutes. Compounds and IgG were added simultaneously
to the E-plate using a VIAFLO 96-channel Handheld Electronic
pipette (INTEGRA Biosciences). Experimental data were acquired
using RTCA Software (version 2.2.1; Agilent). CI values were nor-
malized just before compound or IgG addition to obtain normal-
ized CI (nCI) values. Baseline corrections were made by
subtracting vehicle control nCI values from each data point. Abso-
lute net area under the curve (AUC) was calculated for the initial
60 minutes after stimulation (30 minutes for IgG pretreatment on
CHO-ETAR cells). Net AUC data were analyzed with nonlinear
regression in GraphPad Prism (version 9.3.1).

Protein capture assay. A novel protein assay using solu-
bilized AT1 was established to measure AT1-binding autoanti-
bodies in SSc plasma. Solubilized GPCRs were obtained as
described previously.36 Briefly, epitope-tagged human GPCR
constructs (AT1, CXCR3 [C-X-C motif chemokine receptor 3],
cholinergic receptor muscarinic 3 [CHRM3]) with an N-terminal
FLAG tag (DYKDDDDK) and C-terminal 1D4 tag (TETSQVAPA)
were encoded in a pcDNA3.1+ mammalian expression vector.
HEK293 FreeStyle cells were cultured according to manufac-
turer’s instructions. One day before transfection, HEK293FS
cells were diluted to 0.5 million cells/mL. The following day,
100 mL of cell suspension was transfected with plasmid DNA
encoding CXCR3, CHRM3, or AT1 using OptiMEM (12559099;
Gibco) and 293fectin transfection reagent (10553283; Gibco).

ABSENCE OF FUNCTIONAL AUTOANTIBODIES TARGETING AT1 AND ETAR IN SSC 903
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Help vectors (p33-SV40LT, pORF-hp21V.16, pORF-hp27V02)
were added to stop cell cycle and boost protein production,
resulting in a final DNA concentration of 1 μg/mL. For mock-
transfected cells, only help vectors were added. After 24 hours,
cells were harvested and washed with cold PBS. For each trans-
fection, 500 μL of cells was stained with anti-FLAG M2-fluores-
cein isothiocyanate (FITC) mouse monoclonal antibody (mAb)
(1:200, F4049; Sigma-Aldrich) followed by flow cytometry to val-
idate successful transfection. Remaining cells were solubilized
using n-dodecyl-ß-D-maltoside (DDM) detergent (850520;
Avanti) to form micelles to maintain GPCR conformation. Cells
were incubated in solubilization buffer (50 mM HEPES, 1 mM
EDTA, 150 mM NaCl, and 5 mM MgCl2 [pH 7.4]) with 1%
(weight/volume) DDM and complete protease inhibitor
(11836170001; Roche) for two hours at 4�C with head-
over-head rotation. Lysates were clarified by centrifugation at
22,000g for 20 minutes at 4�C. Clarified solubilized membrane
proteins were snap frozen in liquid nitrogen and stored at
−80�C. Total protein concentration was determined using
Pierce BCA protein assay (23227; Thermo Scientific) according
to the manufacturer’s protocol.

Plasma samples from 14 HDs and 28 patients with SSc were
selected. Nunc MaxiSorp 96-well plate (430341; Thermo Scien-
tific) were coated with 1 μg/mL of rhodopsin monoclonal antibody
(1D4) (MA1-722; Invitrogen) to capture solubilized GPCRs via
their 1D4 epitope tag. After blocking with 1% BSA/PBS, solubi-
lized GPCRs in solubilization buffer (with 1% BSA) were incubated
for 30 minutes while shaking. Fractions of mock-transfected cells
were included as negative control. Diluted plasma samples
(1:100), anti-CXCR3 antibody (0.4 μg/mL, HPA045942; Atlas
Antibodies), anti-CHRM3 antibody (0.4 μg/mL, HPA048036;
Atlas Antibodies) and anti-DYKDDDDK tag (D6W5B) (2 μg/mL,
14793S; Cell Signaling) were diluted in same buffer as solubilized
GPCRs and incubated for one hour followed by incubation with
1:1,000 anti–human IgG/HRP (P0214; DAKO) or 1:7,500 anti–
rabbit Ig/HRP (P0448; DAKO). Following extensive washing,
plates were incubated with H2O2/ABTS. Absorbance at 415 nm
was measured every 30 minutes.

Statistical analysis. Statistical analysis was performed
with GraphPad Prism software (version 9.3.1). Variables are
expressed as means ± SEMs of three individually performed
experiments with technical duplicates, unless otherwise specified.
Statistical analysis was performed using Kruskal-Wallis test with
Dunn’s correction for nonparametric values, unless otherwise
specified. P < 0.05 was considered as statistically significant.

RESULTS

No EC activation upon stimulation with SSc IgG.
Because previous studies described a potential role for autoanti-
bodies targeting AT1 and ETAR resulting in EC

activation,13,18,37,38 we set out to study the effect of SSc antibod-
ies on endothelium by stimulation of human ECs with HD-derived
IgG (HD IgG) and SSc IgG. Immortalized HUVECs were used to
eliminate HUVEC donor-specific effects. First, as positive control,
HUVECs were stimulated with 10 ng/mL of TNFα for 48 hours to
evaluate the up-regulation of SELE, ICAM1, and CCL2, all genes
associated with EC activation. A fold change of 43.8 for SELE,
25.6 for ICAM1, and 13.1 for CCL2 following TNFα stimulation
indicated the suitability of HUVEC as a model to study EC activa-
tion (Supplementary Figure 1). Next, isolated IgG from plasma
samples from patients and HDs were used to minimize the poten-
tial influence of plasma components on vasculature, given the ele-
vated levels of AngII and ET-1 in patients with SSc.11,12 Although
the addition of IgG fractions to HUVECs did induce a slight up-
regulation of SELE, ICAM1, and CCL2, no differences were
observed for SSc IgG (n = 5–10) compared to HD IgG (n = 3)
(Figure 1A). Furthermore, stimulation with agonists AngII and
ET-1 did not lead to EC activation. Likewise, pretreatment with
AT1-specific antagonist valsartan and ETAR-specific antagonist
BQ-123 did not attenuate the up-regulation of these markers.

Next, cytokine production by EC after stimulation with SSc
and HD IgG was assessed. Although TNFα stimulation of EC as
positive control led to high cytokine production with optical den-
sity values outside the linear range (data not shown), no significant
up-regulation of the proinflammatory cytokines IL-6, IL-8, or TNFα
was observed on stimulation with SSc IgG (Figure 1B). Altogether,
these data suggest limited contribution of SSc IgG in EC
activation.

Because the up-regulation of activation markers and proin-
flammatory cytokine production has been reported as a conse-
quence of SSc IgG–induced AT1- and/or ETAR-mediated EC
activation, we next aimed to study the potential direct effects of
SSc IgG using another read-out. To this end, we took advantage
of RTCA, a method to study cell morphologic effects of GPCR
activation and previously applied to study EC responses.39

HUVECs were stimulated with 100 μM of ATP to define their
non-AT1- or ETAR-specific response window (Figure 1C), result-
ing in an average net AUC of 18.6. To study receptor-specific acti-
vation, HUVECs, either pretreated with specific antagonists or a
vehicle, were stimulated with 10 μM of AngII, 10 μM of ET-1, or
both. No effect of agonist stimulation was observed, both with
and without antagonist pretreatment (Figure 1D). These results
confirm our findings in Figure 1B showing limited effect of AngII
with ET-1 stimulation on EC. To exclude differences in signaling
between agonists and IgG, isolated IgG of HDs (n = 3) and
patients with SSc (n = 5) was tested using RTCA. Similar to ago-
nist stimulation, no activation of EC was observed on incubation
with IgG (Figure 1E). Quantification of responses induced by HD
IgG (n = 3) and SSc IgG (n = 5) showed no EC activation in an
AT1- or ETAR-dependent manner (Figure 1F). In summary, stimu-
lation of EC with SSc IgG did not provide evidence for EC activa-
tion in an AT1- or ETAR-dependent manner.
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Figure 1. SSc IgG does not activate HUVECs in an AT1- or ETAR-mediated manner. (A) ΔΔCt of SELE, ICAM1, and CCL2 in HUVECs pretreated
with vehicle or 1 μM of AT1 antagonist valsartan plus ETAR antagonist BQ-123 followed by stimulation with 10 μM of AngII plus ET-1 or 200 of μg/
mL IgG. Data points represent mean ΔΔCt measured in technical triplicates. (B) Cytokine ELISA for IL-6, IL-8, and TNFα with supernatant of
HUVECs stimulated with 200 μg/mL of IgG for 48 hours. Data points represent mean cytokine concentration measured in technical triplicates.
(C) Representative graph of baseline-corrected real-time nCI traces of HUVECs stimulated with 100 μM of ATP. (D) Representative graphs of
baseline-corrected nCI traces of HUVECs pretreated with a vehicle or 1 μM of valsartan plus BQ-123 before stimulation with 10 μM of AngII,
10 μM of ET-1, or both agonists. (E) Representative graphs of baseline-corrected nCI traces of HUVECs pretreated with a vehicle or 1 μM antag-
onist before stimulation with 200 μg/mL of IgG. (F) Net AUC (mean ± SEM, n = 2) of HUVECs 0- to 60-minute baseline-corrected nCI traces pre-
treated with a vehicle or antagonist before stimulation with 10 μM agonists or 200 μg/mL of IgG. AngII, angiotensin II; AT1, angiotensin II receptor
type 1; AUC, area under the curve; CI, cell index; ΔΔCt, gene expression fold change; CCL2, CC chemokine ligand 2; ET-1, endothelin-1; ETAR,
endothelin-1 type A receptor; HD, healthy donor; HUVEC, human umbilical vein endothelial cell; ICAM1, intercellular adhesion molecule 1; IL-6,
interleukin-6; nCI, normalized cell index; ns, not specific; PBS, phosphate buffered saline; SELE, selectin E; SSc, systemic sclerosis; TNFα, tumor
necrosis factor α. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43099/
abstract.
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SSc IgG and the activation of AT1 using an AT1-
overexpressing CHO model. Next, model cell lines overex-
pressing either human AT1 (CHO-AT1) and human ETAR (CHO-
ETAR) were established. These cell lines were characterized using
RTCA to ensure potent and specific AngII- and ET-1-mediated
activation of AT1 and ETAR, respectively (Supplementary Figures 2
and 3).

Specificity of AngII for AT1 was tested by stimulating parental
(ie, nontransfected) CHO and CHO-AT1 cells with 1 nM AngII
(Figure 2A). No response was detected in the parental cells fol-
lowing AngII stimulation, whereas CHO-AT1 exhibited an increas-
ing response within the initial five minutes, indicating a potent and

functional AT1 response. Pretreatment with 1 μM AT1 antagonist
valsartan decreased net AUC by 74% compared to the response
of vehicle-pretreated cells (Figure 2B), indicating the suitability of
this model for studying selective AT1 activation. Next, CHO-AT1
cells were stimulated for 60 minutes with 200 μg/mL of purified
IgG of 4 HDs and 18 patients with SSc. As presented in
Figure 2C, baseline-corrected nCI values did not reveal any
response to IgG. Additionally, no discernible differences between
HD and SSc IgG or in curve traces between cells pretreated with
valsartan and those pretreated with vehicle could be observed.
Quantification of responses into Net AUC showed no stimulatory
effect of IgG, whereas stimulation with 1 nM AngII led to a potent

Figure 2. No observed effect of SSc IgG on CHO-AT1 cells in an AT1-mediated manner. (A) Representative graphs of baseline-corrected nCI
traces of CHO and CHO-AT1 cells pretreated with vehicle or 1 μM valsartan before stimulation with 1 nM AngII. (B) Net AUC (mean ± SEM, n =
2–3) of CHO and CHO-AT1 0- to 60-minute baseline-corrected nCI traces to 1 nM AngII. (C) Representative graphs of baseline-corrected nCI
traces of CHO-AT1 cells pretreated with vehicle or 1 μM valsartan before stimulation with 200 μg/mL of HD IgG or SSc IgG. (D) Net AUC (mean
± SEM, n = 2–3) of CHO-AT1 0- to 60-minute baseline-corrected nCI traces to 1 nM of AngII or 200 μg/mL of IgG in absence and presence of
1 μM valsartan on the individual level. AngII, angiotensin II; AT1, angiotensin II receptor type 1; AUC, area under the curve; CHO, Chinese hamster
ovary; CI, cell index; HD, healthy donor; nCI, normalized cell index; ns, not specific; PBS, phosphate buffered saline; SSc, systemic sclerosis. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43099/abstract.
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AT1-mediated response (Figure 2D). Taken together, we did not
obtain evidence for AT1-mediated activation by SSc IgG in the
highly sensitive CHO-AT1 cells.

SSc IgG and the activation of ETAR using an ETAR-
overexpressing CHO model. Similarly, the specificity of the
endogenous ligand ET-1 for ETAR was confirmed by stimulating
CHO and CHO-ETAR with 10 nM of ET-1 (Figure 3A). No
response was observed in parental CHO cells on ET-1 stimula-
tion, whereas CHO-ETAR displayed an increasing response in
the first five minutes indicating functional expression of ETAR

in transfected cells. Pretreatment with specific ETAR antagonist
BQ-123 decreased Net AUC by approximately 65% compared
to the response of vehicle-pretreated cells (Figure 3B). Subse-
quently, isolated IgG from the same 4 HDs and 18 patients with
SSc was used to stimulate CHO-ETAR cells. Analogous to the
curve traces obtained with HUVEC and CHO-AT1R, no stimula-
tory effect of IgG on CHO-ETAR cells was revealed (Figure 3C).
Additionally, no observable differences between HD and SSc
IgG or in curve traces between cells pretreated with valsartan
and those pretreated with a vehicle could be observed. Quantifi-
cation of responses into net AUC showed no stimulatory effect

Figure 3. No observed effect of SSc IgG on CHO-ETAR cells in an ETAR-mediated manner. (A) Representative graphs of baseline-corrected nCI
traces of CHO and CHO-ETAR cells pretreated with a vehicle or 1 μM of BQ-123 before stimulation with 10 nM of ET-1. (B) Net AUC (mean ± SEM,
n = 2–4) of CHO and CHO-ETAR 0- to 60-minute baseline-corrected nCI traces to 10 nM ET-1. (C) Representative graphs of baseline-corrected
nCI traces of CHO-ETAR cells pretreated with a vehicle or 1 μM BQ-123 before stimulation with 200 μg/mL of HD IgG or SSc IgG. (D) Net AUC
(mean ± SEM, n = 2–4) of CHO-ETAR 0- to 60-minute baseline-corrected nCI traces to 10 nM ET-1 or 200 μg/mL of IgG in the absence and pres-
ence of 1 μM BQ-123 on an individual level. AUC, area under the curve; CHO, Chinese hamster ovary; CI, cell index; ET-1, endothelin-1; ETAR,
endothelin-1 type A receptor; HD, healthy donor; nCI, normalized cell index; ns, not specific; PBS, phosphate buffered saline; SSc, systemic scle-
rosis. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43099/abstract.
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of IgG whereas stimulation with 10 nM ET-1 led to an ETAR-
mediated response (Figure 3D). Overall, similar to results obtained
in CHO-AT1 cells, there was no observed evidence for ETAR acti-
vation by SSc IgG on CHO-ETAR cells.

No evidence for allosteric effect of SSc IgG on AngII
response in CHO-AT1 model. To test for allosteric modulation
by SSc IgG, CHO-AT1 cells were stimulated with AngII (10−9.5,
10−8.5, and 10−7.5 M) to obtain response curves without any
IgG pretreatment (Figure 4A). Selected AngII concentrations
are within the linear range of the concentration-response curve
(Supplementary Figure 2) to ensure detectability of changes in
agonistic response. Next, CHO-AT1 cells were pretreated with
100 μg/mL of HD or SSc IgG followed by stimulation with AngII
(10−9.5, 10−8.5, and 10−7.5 M) for 60 minutes. No evident differ-
ences in curve traces were observed between cells without IgG
pretreatment and those with IgG pretreatment (Figure 4B). Fur-
thermore, IgG isolated from patients with SSc did not alter the
response to AngII compared to cells pretreated with HD IgG.
Quantification of the responses into the net AUC confirmed no
significant difference in AngII response between HD and SSc
IgG–pretreated cells (Figure 4C). Altogether, these data do
not provide evidence for altered AT1 signaling on AngII stimula-
tion after pretreatment with SSc IgG.

No evidence for allosteric effect of SSc IgG on ET-1
response in CHO-ETAR model. Similarly, CHO-ETAR cells
were stimulated with ET-1 (10−9, 10−8, and 10−7 M) to obtain
responses without any IgG pretreatment (Figure 5A). Next, cells
were pretreated with 100 μg/mL of HD or SSc IgG pretreatment
followed by ET-1 (10−9, 10−8, and 10−7 M) stimulation for
30 minutes. IgG-pretreated cells showed no observable differ-
ences in curve traces compared to vehicle-pretreated cells
(Figure 5B). Additionally, SSc IgG pretreatment did not affect the
response to ET-1 compared to pretreatment with HD IgG. Quan-
tification of the responses into the net AUC confirmed no signifi-
cant difference in net AUC between HD and SSc IgG–pretreated
cells (Figure 5C). Altogether, these data do not provide evidence
for altered ETAR signaling on ET-1 stimulation after pretreatment
with SSc IgG.

No AT1-binding IgG detected in SSc plasma using
solubilized membrane proteins. Given the absence of direct
functional or response-modifying effects of SSc IgG in an AT1-
or ETAR-dependent manner, a new protein capture assay inde-
pendent of receptor activation was established to detect the
potential presence GPCR-binding autoantibodies. In this assay,
the GPCRs retain their 3D-conformational integrity in detergent
micelles. Epitope-tagged AT1 was expressed and solubilized into

Figure 4. Pretreatment with SSc IgG does not alter AngII responses in CHO-AT1 cells. (A) Representative graph of baseline-corrected normal-
ized CI traces of CHO-AT1 cells stimulated with 10−9.5 to 10−7.5M AngII without any IgG pretreatment. (B) Representative graphs of CHO-AT1 cells
pretreated with 100 μg/mL of HD IgG or IgG derived from patients with SSc before stimulation with 10−9.5 to 10−7.5 M AngII. (C) Net AUC (mean ±
SEM) of CHO-AT1 cells pretreated with 100 μg/mL of IgG before stimulation with AngII. Dots represent mean net AUC of two individual performed
experiments with technical duplicates. Statistical analysis using the Mann-Whitney U-test with Dunn’s correction for multiple testing. AngII, angio-
tensin II; AT1, angiotensin II receptor type 1; AUC, area under the curve; CHO, Chinese hamster ovary; CI, cell index; HD, healthy donor; ns, not
specific; PBS, phosphate buffered saline; SSc, systemic sclerosis.
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micelles as described in the material and methods section. Before
solubilization, the presence of AT1 in transfected cells was con-
firmed via the N-terminal FLAG tag using flow cytometry
(Supplementary Figure 4). Solubilized GPCRs were added to
anti-1D4-coated wells to capture GPCRs via their C-terminal

1D4 tag (Figure 6A). Solubilized membrane fractions from non-
transfected cells (MOCK) were used as negative controls. None
of the antibodies exhibited reactivity toward MOCK, whereas
anti-CXCR3 and anti-CHRM3 antibodies displayed binding only
to their respective solubilized GPCRs, confirming the specificity

Figure 5. Pretreatment with SSc IgG does not alter ET-1 responses in CHO-ETAR cells. (A) Representative graph of baseline-corrected normal-
ized CI traces of CHO-ETAR cells stimulated with 10−9 to 10−7M ET-1 without any IgG pretreatment. (B) Representative graphs of CHO-ETAR cells
pretreated with 100 μg/mL of HD IgG or SSc IgG before stimulation with 10−9 to 10−7 M ET-1. (C) Net AUC (mean ± SEM) of CHO-ETAR cells pre-
treated with 100 μg/mL of IgG before stimulation with ET-1. Dots represent mean net AUC of two individual performed experiments with technical
duplicates. Statistical analysis using the Mann-Whitney U-test with Dunn’s correction for multiple testing. AUC, area under the curve; CHO, Chi-
nese hamster ovary; CI, cell index; ET-1, endothelin-1; ETAR, endothelin-1 type A receptor; HD, healthy donor; ns, not specific; PBS, phosphate
buffered saline; SSc, systemic sclerosis.

Figure 6. Detection of AT1-binding IgG in circulation using protein capture assay. (A) Schematic figure of the protein capture assay using wells
coated with 1 μg/mL of anti-1D4 tag antibody to capture solubilized GPCRs followed by detection with anti-FLAG tag antibody as positive control.
(B) OD415 nm values (mean ± SEM) of 0.4 μg/mL of anti-CXCR3 and 0.4 μg/mL of anti-CHRM3 antibodies toward 100 μg/mL of solubilized AT1,
CHRM3, and CXCR3. MOCK as negative control. (C) OD415 nm values (mean ± SEM) of 1:100 diluted plasma samples towards 100 μg/mL solu-
bilized membrane proteins of MOCK- or AT1-transfected HEK293-FreeStyle cells. 2 μg/mL of anti-FLAG tag antibody was included as positive
control. Dots represent average OD value of SSc plasma (n = 28) or HD plasma (n = 14) measured in duplicate. AT1, angiotensin II receptor type
1; CHRM3, cholinergic receptor muscarinic 3; CXCR3, CXCMotif Chemokine Receptor 3; GPCR, G protein-coupled receptor, HD, healthy donor;
MOCK, nontransfected cells; SSc, systemic sclerosis.
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and sensitivity of this assay as well as the feasibility detection of
the GPCRs (Figure 6B). Next, plasma samples from 28 patients
with SSc, along with plasma samples of 14 HDs, were analyzed
for AT1-binding IgG using HRP-labeled anti–human IgG. Com-
pared to MOCK, OD values for solubilized AT1 did not increase
for both HD and SSc plasma, whereas for anti-FLAG OD values
increased from 0.05 to 2.7 (Figure 6C). Furthermore, no differ-
ences in AT1-binding between HD and SSc plasma samples were
detected. These findings do not provide evidence for the pres-
ence of AT1-binding autoantibodies in circulation of patients with
SSc and are in line with the other performed experiments.

DISCUSSION

SSc is a severe autoimmune disease marked by dysregu-
lated immunity, fibrosis, and vasculopathy, with no existing cure.
Given the early occurrence of vasculopathy in disease pathogen-
esis, it is essential for early intervention to understand the factors
contributing to EC dysregulation and exaggerated vasoconstric-
tion. Previous studies have described autoantibodies targeting
AT1 and ETAR, two receptors pivotal to blood pressure homeo-
stasis, as relevant contributors to the pathogenesis of SSc. These
autoantibodies are described to activate their respective recep-
tors, which leads to abnormal vasoconstriction and subsequent
microangiopathy, implying potential involvement of anti–AT1-
and anti-ETAR autoantibodies in SSc pathogenesis.16,37 How-
ever, the functional effects of anti–AT1- and anti-ETAR autoanti-
bodies have primarily been explored through nonspecific
markers situated downstream in the GPCR signaling cascade,
leaving their receptor-specific effects unclear.19,38 In this study,
we employed a combination of conventional techniques such as
qPCR and ELISA, alongside a robust platform measuring mor-
phologic changes on GPCR activation to investigate the func-
tional effects of SSc IgG. Additionally, we established a novel
protein capture assay using solubilized AT1 in micelles to screen
for anti–AT1-binding autoantibodies in circulation. Despite using
various techniques and different cell lines, our results do not pro-
vide evidence supporting the presence or functional role of AT1-
or ETAR-binding autoantibodies in SSc IgG or the presence of
AT1-binding autoantibodies in the circulation of patients with SSc.

RThe absence of a “positive” SSc-derived autoantibody-
mediated signal could be a consequence of multiple factors. Our
observations revealed no evidence of EC activation following
incubation with SSc IgG, regardless of pretreatment with AT1-
and ETAR-specific antagonists. Previous studies reported
increased messenger RNA and protein levels of IL-8 and vascular
cell adhesion molecule 1 after the incubation of ECs with SSc IgG
in an AT1- and ETAR-dependent manner.18 However,
these effects displayed high levels of variability and varied
between EC donors. Therefore, possible EC donor-specific
effects and a contribution of autoantibodies other than anti-AT1
and anti-ETAR to EC activation cannot be excluded, potentially

explaining differences in outcome. Another study reported EC
proliferation and coagulation on stimulation with SSc IgG, result-
ing in extracellular signal-regulated kinase (ERK)1/2 phosphoryla-
tion in an AT1- and ETAR-dependent manner.38 In the same
study, stimulation with AngII and ET-1 did not show up-regulated
ERK1/2 phosphorylation, which argues for AT1- and ETAR-
independent effects. Similar findings were observed in another
study,40 in which no up-regulation of pERK1/2, mechanistic tar-
get of rapamycin complex 1 (mTORC1), or mTORC2 was
detected following stimulation with AngII or ET-1. These findings
align with our results, in which stimulation with AngII or ET-1 did
not result in the up-regulation of markers for EC activation or a
direct AT1- or ETAR-mediated response, as measured with
RTCA. Overall, our data indicate no AT1- or ETAR-dependent acti-
vation of EC by SSc IgG, and neither could agonist-mediated acti-
vation of EC be detected. This raises questions regarding the
suitability of EC to study the presence and effects of AT1- and
ETAR-activating autoantibodies in total IgG derived from patients
with SSc.

Considering the reported low endogenous expression levels
of GPCRs on human cells,24,41–44 it is possible that AT1 and ETAR
expression on HUVECs might be insufficient to detect activation
of these receptors by SSc IgG. Therefore, we established models
using CHO cells that overexpress the human AT1 and ETAR,
respectively to study these receptors. Agonist-mediated
responses were measured in real-time, which could be effectively
blocked with receptor-specific antagonists, confirming the suit-
ability of this method to study AT1 and ETAR activation specifically
and sensitively. However, while activation of AT1 and ETAR was
observed upon stimulation with AngII and ET-1 respectively, no
such effects were detected when using SSc IgG. Although some
individuals displayed minimal changes in net AUC compared to
control, the curve traces remained comparable irrespective of
antagonist pretreatment. This suggests that any observed
changes in impedance are likely not attributable to AT1- or ETAR
activation.

Instead of direct activation, autoantibodies may alter the
affinity of the natural agonist for the orthosteric binding pocket
through allosteric modulation, a phenomenon previously
described45 for AT1. Allosteric ligands blocked the binding of rat
polyclonal IgG to extracellular loop 2, thereby attenuating AngII-
mediated signaling. While previous studies detected changes in
intracellular Ca2+ levels when incubating CHO cells transiently
expressing AT1 with precipitated SSc IgG before stimulation with
AngII,46 our study did not observe changes in net AUC values fol-
lowing the incubation of CHO-AT1 or CHO-ETAR with SSc IgG
compared to controls. Differences in outcome could potentially
be explained by discrepancies in preparation methods of IgG
fractions, the concentration of AngII used for stimulation, and the
use of transiently transfected cells.

We developed a novel protein capture assay toni screen for
AT1-binding autoantibodies in SSc plasma to distinguish between
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the functionality and binding characteristics of autoantibodies. To
minimize interference of nuclear antigens, AT1 was solubilized into
micelles and captured via their 1D4-tag using antibody-coated
wells. Micelles containing solubilized, epitope-tagged CXCR3
and CHRM3 were included as technical controls for GPCR con-
formation after solubilization, as well-validated antibodies are
available for these two GPCRs, unlike AT1 and ETAR.

47 Despite
the presence of AT1, OD values of all plasma samples toward sol-
ubilized AT1 were consistently low and comparable to values
using solubilized membrane fractions of nontransfected cells, in
which tag-specific capturing is not applicable. Furthermore, OD
values of plasma samples from patients with SSc toward AT1
did not differ from those of plasma from HDs. These observations
argue against the presence of AT1-binding autoantibodies in the
circulation of patients with SSc. It would, therefore, be of rele-
vance to scrutinize whether the commercially available assays
used for detecting anti-AT1 and anti-ETAR reactivity could effec-
tively detect antibodies against other antigens such as nuclear or
cytoplasmic proteins. Unfortunately, protocols and reagents for
these assays have not been shared, complicating such
endeavors. Previous studies reported a strong correlation
between ATA and anti-AT1 and anti-ETAR autoantibodies. Addi-
tionally, high prevalence of positive reactivity was observed in
plasma samples from other diseases associated with ANA,
whereas samples from diseases with no known ANA levels were
nearly negative.46 Further research into the specificity of these
commercial assays is needed to exclude the possibility
of detected ANA instead of the presumed AT1- and ETAR-binding
autoantibodies in plasma derived from patients with SSc.

Finally, while multiple reports described the presence of AT1-
and ETAR-binding autoantibodies in association with clinical man-
ifestations in SSc,16,19,38,40,48 other reports found no correlation
between the presence of these autoantibodies and clinical dis-
ease manifestations.2,49 This discrepancy raises questions about
the clinical relevance of these autoantibodies in to identify and dis-
criminate patients with SSc, leaving their role in SSc pathogenesis
is unclear. Similar observations have been described for autoanti-
bodies targeting platelet-derived growth factor receptor (PDGFR).
Initial reports suggested that stimulatory anti-PDGFR autoanti-
bodies were a disease-specific hallmark of SSc.50 Later studies
detected these autoantibodies in the sera of HDs and without
agonistic activity, highlighting the uncertain clinical significance
and technical challenges in determining the role of functional auto-
antibodies in SSc pathogenesis.51,52

It is essential to acknowledge certain limitations in our study.
Firstly, the sample size employed in functional studies, comprising
4 HDs and 18 patients with SSc, may be considered relatively
small, particularly given the heterogeneous nature of SSc. More-
over, the use of cell lines to investigate AT1 and ETAR activation
by autoantibodies could be considered artificial compared to the
natural physiologic environment. Another limitation of our study
is the absence of an anti-AT1 or anti-ETAR agonistic antibody,

which could have served as positive control to further validate
the assays used in our study. Although in one study an anti–AT1-
activating mAb was described, it was generated by immunizing
mice with membrane extracts of human AT1-expressing CHO
cells, making it disease unspecific.53 Furthermore, its production
relied on the screening of mouse hybridoma culture supernatants
for anti-AT1 antibodies using the commercially available anti-AT1
ELISA, of which the specificity has been questioned in this arti-
cle.53 Although our study did not observe changes in AngII- or
ET-1-mediated signaling on incubation with SSc IgG using RTCA,
it is possible that long-lasting effects targeting different pathways
been overlooked. However, the lack of responses observed in
HUVECs over a 48-hour time interval on incubation with SSc IgG
does not support a major role for long-lasting signaling pathways.
Lastly, while we assessed presence of AT1-binding autoanti-
bodies in circulation was assessed, there is currently no data
available regarding ETAR-binding autoantibodies.

In summary, our study did not yield evidence supporting the
presence of AT1- or ETAR-activating autoantibodies in purified
SSc IgG. Both direct agonistic effect as well as modulated
responses of the natural agonist were assessed. Furthermore,
we did not detect AT1-binding IgG in circulation of patients with
SSc. Because the correlation to disease manifestations and
specificity to SSc pathogenesis remains controversial, the clinical
relevance of using anti-AT1 and anti-ETAR autoantibodies as bio-
markers in SSc becomes unclear.
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