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Objectives: 1) To detect functionally active antibodies(abs) to the angiotensin II type-1-
receptor (AT1R) by a novel luminometric assay. 2) To assess their prevalence in systemic
sclerosis (SSc), other collagen disorders, as well as in further chronic inflammatory
disorders including autoimmune, toxic and chronic viral diseases. 3) To compare these
abs with anti-AT1R antibodies by ELISA as well as with antibodies to endothelin-type-A
receptors (ETA1) and to topoisomerase I (topo-I) with respect to their specificity and
clinical relevance.

Methods: Sera from 98 SSc-patients, 110 patients with other chronic inflammatory
rheumatic disorders, 97 patients with autoimmune liver diseases, 57 patients with toxic or
chronic viral liver diseases and 36 healthy controls were analyzed. A luminometric
bioassay was established with Huh-7-cells constitutively expressing the AT1R. Patients’
sera were also tested by commercially available ELISA for anti-AT1R, -ETA1- and by an in-
house ELISA for anti–topo-I-abs.

Results: Fifty-two percent of the SSc-patients had functionally active anti-AT1R-abs with
stimulatory (34%) or inhibitory capacity (18%). They were present also in up to 59% of
patients with other rheumatic diseases but only 22% of healthy individuals (sensitivity
52%, specificity 53%). The functionally active antibodies detected by the luminometric
assay did not correlate with anti-AT1R-, -ETA1- or -topo-I-abs measured by ELISA, but
there was a strong correlation between anti-topo-I-, AT1R-, and -ETA1-ab reactivity
measured by ELISA. Sensitivities of 55%, 28% and 47% and specificities of 66%, 87%,
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and 99% were calculated for these anti-AT1R-, -ETA1-, and anti-topo-I-abs, respectively.
Functionally active abs did not correlate with disease severity or any organ manifestation.
In contrast, abs to topo-I, AT1R, and ETA1 were associated with digital ulcers, pulmonary-
and esophageal manifestation.

Conclusions: Functionally active anti-AT1R-abs can be detected in SSc-patients but do
not correlate with disease activity. They are not specific for this disease and occur also in
other autoimmune disorders and even viral or toxic diseases. Also, the vascular antibodies
detected by ELISA are not SSc-specific but correlated with disease manifestations. In
contrast, anti-topo-I-abs were confirmed to be a highly specific biomarker for both,
diagnosis and organ manifestations of SSc.
Keywords: systemic sclerosis, functionally active autoantibodies, angiotensin II type-1 (AT1) receptor, luminometric
assay, anti-topoisomerase I antibody (Scl70)
INTRODUCTION

Antinuclear antibodies reacting for instance with topoisomerase-
I (anti-topo-I; formerly known as anti-Scl70), centromeres
(ACA) or some nucleolar antigens (i.e. fibrillarin) are a
hallmark of systemic sclerosis (SSc) (1). Anti-topo-I antibodies
are more prevalent in – but not restricted to - diffuse cutaneous
(dc) SSc whereas ACA are more frequent in limited cutaneous
(lc) SSc (2–4). They are useful markers for diagnosis and
prognosis of organ involvement but their contribution to
disease pathogenesis is still under investigation (2, 5, 6).

In some organ specific autoimmune diseases such as Graves’
disease, myasthenia gravis or idiopathic cardiomyopathy (7–9)
also functionally active antibodies have been observed inhibiting
or stimulating receptors on cell membranes; they may be
potentially pathogenic and responsible for different clinical
manifestations. Meanwhile they have been found also in
systemic autoimmune disorders as for instance autoantibodies
to the muscarinic acetylcholine receptors of the M3-type in
primary Sjoegren syndrome (pSS) (10, 11) or to angiotensinII-
type1- and endothelin-type-A-receptors (AT1R, ETA1) in SSc
(12). The first studies on anti-AT1R- and -ETA1-antibodies were
based on true functional assays, namely bioassays that involved
spontaneously beating cultured rat cardiomyocytes (13, 14) or
human endothelial cells (14, 15). Furthermore, a functional assay
measuring AT1R-like autoantibody reactivity with AT1R-
transfected Chinese hamster ovary (CHO)-cells using b-
arrestin activation as the parameter has been described (16,
17). The antibodies have been hypothesized to play a
pathogenetic role in SSc although they are not specific for the
disease and have been also observed for instance in malignant
hypertension, primary aldosteronism, pregnant women with
pre-eclampsia, Alzheimer’s disease, and renal or heart graft
failure after transplantation (13, 14, 17–20). Since those
bioassays are time consuming and difficult to standardize for
routine use, solid phase assays were established with extracts
from CHO-cells overexpressing the human AT1R or ETA1 (15).
They are meanwhile commercially available and have been
applied in several studies analyzing the clinical relevance of
org 2
these antibodies in SSc. Patients with high anti-AT1R or ETA1-
antibodies have been shown to have a high risk for diffuse SSc
and complications such as pulmonary hypertension, lung fibrosis
and digital ulcers and also predicted disease related mortality (21,
22). However, they have been found also in other disorders such
as renal allograft-reaction, hypertension, primary aldosteronism,
Alzheimer’s disease, chronic graft versus host disease after stem
cell transplantation and even COVID-19 infection (14, 16–19,
23–26).

Aim of the present study was, therefore, to determine the
occurrence of functionally active anti-AT1R antibodies in SSc
and other connective tissue disorders by a newly developed
luminometric assay using Chinese hamster ovary (CHO-K1)
cells transfected with the AT1R plasmid DNA thus
overexpressing the receptor but also a human cell line, Huh7,
known to constitutively express AT1R. This assay was compared
with commercially available ELISA for the detection of anti-
AT1R antibodies but also with the presence of anti-topo-I
antibodies. Furthermore, we re-analyzed the relevance of these
different antibodies with respect to clinical manifestations.

Moreover, we wanted to see whether these antibodies also
occur in patients with other well-defined autoimmune disorders
or in those with toxic and viral disorders in order to get more
insights into their mode of induction as well as their
pathophysiological role.
PATIENTS

Sera from 98 SSc-patients (87 females, 11 males) were analyzed.
Clinical details of these patients are given in the supplement
(Supplement Table S1). In all patients, diagnosis was in
accordance to the 2013 Classification Criteria for SSc (27).
Seventy-one suffered from lcSSc and 27 from dcSSc. All patients
were assessed for different organ manifestations. High resolution
computer tomography (HRCT) scan was performed for
pulmonary assessment, and echocardiography, NT-proBNP and
troponin-I for monitoring cardiac damage as recently described
(28). Thirty-one patients had antibodies to Scl70 in the
December 2021 | Volume 12 | Article 786039
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immunodiffusion, 25 antibodies to nucleoli (fibrillarin) and 31
antibodies to centromeres (ACA) in the immunofluorescence test.

As controls, sera from 70 patients with other connective tissue
diseases were included: systemic lupus erythematosus [SLE] being
positive for antibodies to double stranded DNA, SSA/Ro or Sm:
n=21; mixed connective tissue disease [MCTD] being anti-RNP
positive: n=25, primary Sjoegren syndrome [pSS] positive for anti-
SSA/Ro: n=24. Furthermore, sera from 24 patients with
rheumatoid arthritis (RA) being anti-CCP positive, and 16
patients with polymyalgia rheumatica (PM) being antibody
negative were included. All patients with rheumatic diseases
were seen by one of the authors (JH, ACP); diagnosis had been
established according to international criteria.

In order to see whether those antibodies may occur also in
patients with other well defined autoimmune disorders we
included patients with autoimmune liver disorders, i.e. primary
biliary cholangitis (PBC, n=37, all positive for antibodies to
antimitochondrial antibodies reacting with the 2-oxo-
dehydrogenas complex), autoimmune hepatitis (n=30, all
positive for antibodies to nuclei and smooth muscle antigens/
actin) and 30 patients with primary sclerosing cholangitis (all
positive for antibodies to neutrophils, pANCA).

Sera from 36 healthy individuals (students, technical staff)
were included as controls.

Age and sex distribution of all patients are given in the
supplement (Supplement Table S2).

The study had been approved by the local ethical committee
(No. 076/212BO1; 647/2016BO2); it was performed according to
the Helsinki guidelines, and patients had given written informed
consent before the study.
METHODS

Purification of Immunoglobulins From
Patients’ Sera
For the functional assay immunoglobulins were isolated from
patients’ sera in order to avoid a non-specific effect of other
components in the sera on AT1R-activity. They were isolated
from patients’ sera by ammonium sulphate precipitation
previously shown to give pure immunoglobulin fractions and
more reliable results than immunoglobulins purified by other
methods (11). To 300µl serum the equal amount of a saturated
ammonium sulphate solution (76.7g/100mlH2O) was slowly added.
After precipitation overnight at 4°C the sample was centrifuged
at 5,000 g for 30 min. The supernatant was discarded and the
precipitate was washed twice with a 60% ammonium sulphate
solution and centrifuged at 5,000 g for 15 min. Finally, the purified
immunoglobulins were dissolved in 300µl with Hank’s balanced
salt solution (HBSS). Protein concentrations were about 10µg/µl.

All samples were stored at -20°C.

Preparation of Plasma Membranes and
Analysis by Western Blotting
Plasma membranes were prepared from Chinese hamster
ovarian cells (CHO-K1) overexpressing the AT1R and the
human cell line Huh7 expressing constitutively the AT1R (29)
Frontiers in Immunology | www.frontiersin.org 3
according to standardized methods (30, 31). They were then
applied to Western blotting (WB) for the analysis of receptor
expression and purity (Supplement Figure S1).

The plasma membranes were analysed by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) using a
4.5% stacking and a 10% running gel according to a standard
procedure. 10 µg protein were applied to each lane. After transfer
of the proteins to nitrocellulose membranes (Li-Cor Inc., USA) the
membranes were blocked with 3% bovine serum albumin (BSA) in
phosphate buffered saline (PBS) for 60 minutes and incubated
with an anti-AT1R antibody from rabbit (Biozol, Eching,
Germany) at 4°C overnight. The sheets were then incubated
with peroxidase conjugated swine anti-rabbit antibody (DAKO,
Hamburg, Germany) for 1 hour at room temperature and
visualized using 3-amino-9-ethyl carbazole as substrate.

For the analysis of the purity of the membrane fractions, the
sheets were also tested against sera from a patient with primary
biliary cholangitis (PBC) showing anti-M2-antibodies reacting
with the pyruvate dehydrogenase complex (PDC), a patient with
systemic sclerosis reacting with topoisomerase I, a patient with
mixed connective tissue disease recognizing snRNP68, and a
healthy blood donor.

Methods for Detection of Autoantibodies
Immunodiffusion
Antibodies to Scl70 were determined by radial immunodiffusion
using extractable nuclear antigens from calf thymus as described
previously (32). Anti-Scl70-positive marker sera had been primarily
provided by the American Centre of Disease Control, Atlanta, and
have been substituted in past years with our own marker sera.

Immunofluorescence Test (IF)
For the demonstration of antibodies to nucleoli (fibrillarin) and
centromeres sera were tested by immunofluorescence test (IFT)
using Hep2-cells as substrate (32).

Enzyme Linked Immunosorbent Assay (ELISA)
Anti-topo-I antibodies were analyzed by a published in-house
enzyme linked immunosorbent assay (ELISA) using a
recombinant full-length topoisomerase-I (Diarect, Freiburg,
Germany) (32). Positive and negative standard sera were used
in each test to calculate a standard curve. Results are given as
absorbance x1.000. This assay is routinely performed in our lab
since several years giving reliable and reproducible results.

For the demonstration of anti-AT1R antibodies to two
different ELISA-kits were used: one quantitative ELISA from
CellTrend GmbH (Luckenwalde, Germany) and one competitive
ELISA kit from MyBioSource (San Diego, CA, USA). They were
performed according to the instructions of the companies.
Results are given as U/ml (CellTrend) or ng/ml (MyBioSource).

Furthermore, sera were tested for anti-ETA1 antibodies by
ELISA (CellTrend GmbH).

Bioassay Measuring Functionally Active Anti-AT1R
Antibodies
For this assay, CHO-K1-cells stably transfected with an
aequorin/green fluorescence fusion plasmid were transiently
December 2021 | Volume 12 | Article 786039
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transfected with an AT1R plasmid DNA analogous to the
protocol described for the muscarinic M3 receptor (11) using
FuGENE6 reagent (Promega, Madison, WI, USA). Optimal
concentrations of cells, AT1R plasmid DNA, and FuGENE6
reagent were determined prior to the experiments by serial
dilutions. The cells were incubated with 30 µg ammonium
sulphate precipitated immunoglobulins from patients’ sera for
1h; then 10 µM of the AT1R agonist angiotensin II (Sigma-
Aldrich, St. Louis, MI, USA) were added to the cells immediately
before the measurement. The change in intracellular [Ca++]
during 20s was then determined by measuring the emitted
light with a 2460 MicroBeta2 LumiJET luminometer (Perkin
Elmer, Downers Grove, IL, USA). Measurements were
performed in quadruplicate.

Moreover, the human cell line Huh7 expressing constitutively
the AT1R was applied in this assay (29). Cells were transfected
with an aequorin/green fluorescence protein fusion plasmid.

As a positive control for the validity of the assay the AT1R
specific antagonist Losartan (Sigma-Aldrich, St. Louis, MI, USA)
was added to the cells in final concentrations ranging from
0.1pM-1µM.

Results were given as absolute RLUs (relative light units) or -
when applying serum immunoglobulins - as percentage of RLUs
without added immunoglobulins.
Determination of Normal Values
In the assay measuring functionally active anti-AT1R-antibodies,
RLU were measured with each immunoglobulin fraction and
given as percentage of RLUs (%RLU) without added
immunoglobulins; in order to determine a normal range, the
immunoglobulins from 36 healthy individuals were analyzed,
and the mean of the obtained %RLU was calculated. RLU from
patients and controls were divided by this mean resulting in
a factor. A factor ≤0.6 was defined as inhibitory activity, a
factor ≥1.4 as stimulatory activity.

Cut off values for anti-AT1R- and anti-ETA1-assays given by
the company are defined as 17 U/ml. Re-analyzing them with sera
from 15 healthy individuals and calculating the mean of their
reactivities +3-fold standard deviation (SD), we found similar
values in our settings. Normal values for the anti-topo-I-ELISA
had been determined in previous studies with large numbers of
healthy individuals. Mean of absorbance (x 1000) +3-fold standard
deviation resulted in a cut off > 300. It was re-analyzed in the
present study with sera from 15 healthy individuals and found to
be identical.
Statistics
For statistical analysis, SPSS version 15.0 and GraphPad Prism7
were used. Non-parametric tests were applied. Paired data were
analyzed by Wilcoxon-, unpaired data by Mann-Whitney U-
tests. Fisher’s exact test was used for comparing prevalence.
Correlation was evaluated by determination of the Spearman
Rank test for non-parametric analyses. Values of p<0.05 were
considered statistically significant.
Frontiers in Immunology | www.frontiersin.org 4
RESULTS

Functionally Active Anti-AT1R Antibodies
Detected by a Luminometric Bioassay
Optimization of the Assay
In a first approach we confirmed the expression of AT1R by
CHO-K1 and Huh7-cells by WB using plasma membranes and
an anti-AT1R antibody from rabbit (Supplement Figure S1).

The luminometric assay was standardized with both cell lines
using different cell numbers and FuGENE6 concentrations.
Optimal results were obtained with 100.000 cells/ml
transfected with 1µg/ml AT1R plasmid DNA using a
FuGENE6: DNA ratio of 2:1 (data not shown).

The specificity of the assay for the demonstration of anti-
AT1R antibodies was proven by applying the specific AT1R-
antagonist Losartan which resulted in an inhibition of AT1R
activity at 10nM for CHO-K1 and Huh7 cells (Supplement
Figure S2). This Losartan-induced inhibition was abolished
when immunoglobulins with stimulatory antibodies were
applied (data not shown).

Since both cell lines gave similar results in the preliminary
investigations we preferred for further experiments the human
cell line Huh7 constitutively expressing the human AT1R.

An intra- and inter-assay coefficient of variation of 20% and
25%, respectively, was calculated.

Prevalence and Reactivity of Functionally Active
Anti-AT1R Antibodies in Patients With SSc and
Other Disorders
Immunoglobulins from 73 SSc patients were tested by the
luminometric assay. Twenty-five (34%) had antibodies
stimulating and 13 (18%) inhibiting receptor activity (total
functionally active antibodies: 52%). Similar numbers were
observed for patients with other collagen disorders such as pSS
and MCTD, and also in PM.

In contrast, the prevalence of functionally active and
especially stimulatory antibodies was significantly lower in
patients with SLE and RA than in SSc (Table 1 and Figure 1A).

However, those functionally active anti-AT1R antibodies were
not only detected in rheumatic disorders but also in other
disorders as shown for chronic liver disorders; thus they were
present in 49% of patients with autoimmune liver diseases (23%
stimulatory, 26% inhibitory) and even 70% of patients with viral
or toxic hepatitis (33% stimulatory, 37% inhibitory); especially in
patients with non-autoimmune liver diseases the inhibitory
antibodies were more frequently found than in SSc patients
(and healthy controls) (Table 1).

The specificity of this functional assay for SSc was 55%, the
sensitivity 52%. Receiver operating curve (ROC)-analysis
revealed a significant difference to healthy controls for patients
with SSc and MCTD but not for other disorders (Supplement
Table S3).

Comparing the reactivities of the functional antibodies, SSc-
patients showed stronger stimulatory properties as compared to
patients with RA and healthy donors but not the other groups of
patients (Figure 1A).
December 2021 | Volume 12 | Article 786039
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Correlation Between the Presence of Functionally
Active Anti-AT1R Antibodies and Clinical
Manifestations in SSc
There was no significant difference in the prevalence or reactivity
of inhibitory and stimulatory anti-AT1R antibodies comparing
patients with dc and lcSSc (Figure 2 and Supplement Table S4)
The antibodies did also not correlate with the mRSS (r=-0.17, not
significant; Supplement Figure S3).

Moreover, there were no significant differences in reactivity
and prevalence of the antibodies comparing the number of organ
manifestation, patients without and with skin manifestation,
calcinosis, digital ulcers, myositis, lung manifestations, PAH,
heart manifestation, esophageal manifestation, or sicca-
syndrome (Figure 2 and Supplement Table S4)

Antibodies to AT1R, ETA1 and Topo-I
Detected by ELISA
Prevalence and Reactivity in Patients With SSc and
Other Disorders
Anti-AT1R antibodies detected by the commercially available
ELISA kits were - like the functionally active antibodies – not
confined to SSc and also found in patients with other collagen
disorders and autoimmune and non-autoimmune liver diseases.
Similar data were obtained for antibodies against the ETA1
(Table 2). Thus, there was a significant difference in reactivity
of anti-AT1R-antibodies only between SSc and healthy controls.
Patients with MCTD had even higher anti-AT1R antibodies than
SSc-patients. In contrast, both, anti-AT1R and anti-ETA1-
antibodies were hardly detected in PM and RA (Figures 1B, C).

Reactivity of both antibody types did also not significantly
differ between SSc- patients and patients with autoimmune and
non-autoimmune liver disorders (Figures 1B, C). The antibodies
occurred in up to 50% of patients with autoimmune liver
disorders and even in patients with toxic and viral liver
diseases (up to 45%). In the competitive ELISA, anti-AT1R
Frontiers in Immunology | www.frontiersin.org 5
antibodies were also found in patients with other connective
tissue disorders besides SSc as well as in autoimmune liver
diseases (data not shown).

In contrast, anti-topo-I antibodies were highly specific for SSc
and hardly found in patients with other disorders (Table 2).

Sensitivities of 55%, 28%, and 47%, and specificities of 66%,
87%, and 99% were calculated for the ELISAs measuring anti-
AT1R-, -ETA1-, and anti-topo-I antibodies, respectively. ROC
revealed for anti-AT1R-antibodies a significant difference to
healthy controls for all diseases except for pSS (Supplement
Table S3). Similar data were obtained for the anti-ETA1-
antibodies while, again, anti-topo-I-antibodies were confined to
SSc (not shown).

Within the group of SSc-patients, antibodies to topo-I
were, as expected, preferentially associated with antibodies to
Scl70 in the immunodiffusion (Table 2), but were also detected
in sera showing antibodies to nucleoli or being antibody
negative while they were hardly associated with ACA. A similar
distribution was observed for anti-AT1R- and anti-ETA1
antibodies (Table 2).

Correlation Between Antibodies Against AT1R, ETA1,
and Topo-I and Clinical Manifestations in SSc
Patients with dcSSc showed significantly higher antibody
reactivity and prevalence to topo-I and to vascular receptors
than patients with lcSSc (Figure 3A and Supplement
Table S5).

There was only a weak association of number of organs
involved in SSc and reactivity of anti-AT1R-, –ETA1-, and
-topo-I-antibodies (statistically significant for anti-AT1R and –
topo-I antibodies, Figure 3B and Supplement Table S5).

Presence of skin manifestations slightly correlated with anti-
AT1R- and -ETA1-antibody reactivity (Figure 3C). Calcinosis
was not associated with a distinct antibody type while in patients
with digital ulcers reactivity of all three antibody-types was
TABLE 1 | Prevalence of stimulatory and inhibitory antibodies to the AT1R in immunoglobulins from patients with different disorders as measured by a luminometric assay.

Diagnosis Number tested Antibodies to AT1R

inhibitory stimulatory total

Number (%) positive

SSc total 73 13 (18) 25 (34) 38 (52)
Anti-Scl70 positive (ID) 24 6 (25) 7(30) 13 (55)
Anti-Topo I positive (ELISA) 26 5 (19) 5 (19) 10 (38)
Antibodies to nucleoli (IFT 20 2 (10) 7 (35) 9 (45)
Antibodies to centromeres (IFT) 25 4 (16) 11 (44) 15 (60)
No antibodies 4 1 (25) 0 1 (25)

mixed connective tissue disease (MCTD) 25 4 (16) 9 (36) 13 (52)
primary Sjoegren disease (pSS) 24 5 (21) 9 (38) 13 (59)
systemic lupus erythematosus (SLE) 21 1 (5) 2 (10)* 3 (15)*
rheumatoid arthritis (RA) 24 6 (25) 1 (4)* 7 (29)
polymyalgia rheumatica (PM) 16 2 (13) 7 (44) 9 (57)
autoimmune liver diseases (PBC, PSC, AIH) 97 25 (26) 22 (23) 47 (49)
none autoimmune liver diseases (toxic, viral) 57 21 (37)* 19 (33) 40 (70)*
blood donors 36 5 (14) 3 (8)* 8 (22)*
December
 2021 | Volume 12 | Article
Significant as compared to patients with SSc: *p < 0.05.
ID, immunodiffusion; ELISA, enzyme linked immunosorbent assay; IFT, immunofluorescence test.
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significantly higher than in patients without (Figures 3D, E and
Supplement Table S5). There was a weak correlation between
the mRSS and anti-AT1R-(r=0.32; p<0.01), anti-ETA1- (r=0.34,
p<0.01), and anti-topo-I-reactivity (r=0.47; p<0.001)
(Supplement Figure S3).

In patients with pulmonary manifestations reactivity and
prevalence of antibodies to AT1R, ETA1 and topo-I was
significantly higher than in patients without pulmonary
manifestations. However, there was no correlation of the
antibody reactivity with the presence or absence of PAH
(Figures 3G, H and Supplement Table S5).

Patients with esophageal manifestation had significantly
higher antibody reactivity and prevalence to topo-I and ETA1
than patients without while there was no difference in reactivity
towards AT1R (Figure 3J and Supplement Table S5)

Interestingly, patients with kidney involvement had
significantly lower anti-topo-I- and - ETA1-antibody reactivity
than patients without. This was not observed for antibodies
to AT1R. However, it has to be considered that in only four
patients the kidney was affected (Figure 3L and Supplement
Table S5).

In patients with myositis, heart manifestations, and sicca-
syndrome antibody prevalence and reactivity towards AT1R,
ETA1 or topo-I did not differ from that in patients without
these symptoms (Figures 3F, I, K and Supplement Table S5).

Correlation Between Anti-AT1R Antibodies
Detected by the Luminometric Assay and
Anti- AT1R -, Anti-ETA1- and Anti-Topo-I
Antibodies Detected by ELISA
Interestingly, there was a strong correlation between all three
antibodies detected by ELISA, i.e. anti-topo-I-, anti-AT1R- and
anti-ETA1-antibodies (anti-topo-I/anti-AT1R: r=0.70; anti-topo-
I/anti-ETA1: r=0.68; anti-AT1R/anti-ETA1: r=0.83; for all
p<0.001) (Figure 4A). In contrast, reactivity of the functionally
active anti-AT1R-antibodies did not correlate with any of the
antibodies determined by ELISA (anti-AT1R: r=-0.21, n.s.; anti-
ETA1: r=-0.18, n.s.; anti-topo-I: r=-0.18, n.s.) (Figure 4B).

Anti-AT1R antibody reactivity measured by the competitive
assay did also not correlate with that determined by any of the
other assays (vs functional AT1R-assay: r=0.36, n.s.; vs AT1R-
ELISA: r=0.33, n.s.; vs ET1-ELISA: r=0.09, n.s.; vs topo I-ELISA:
r=-0.08, n.s.; data not shown).

Purity of Plasma Membranes
Considering the high correlation between the three ELISAs
measuring completely different autoantibodies we wanted to
see whether purified plasma membranes overexpressing the
AT1R may still contain further autoantigens. Therefore, the
plasma membrane fractions from CHO-K1- and Huh7-cells
were analyzed by Western blotting with sera from patients
known to contain antibodies to other autoantigens such as the
mitochondrial pyruvate dehydrogenase complex (PDC),
topoisomerase-I or ribonucleoproteins. It became evident that
the antigen fractions were still contaminated with cytoplasmic or
nuclear antigens (Supplement Figure S1).
A

B

C

FIGURE 1 | Reactivity of functionally active antibodies to the AT1R measured
by a luminometric bioassay (A) and antibodies to AT1R (B) and ETA1 (C)
measured by ELISA in patients with systemic sclerosis (SSc) as compared to
healthy controls and patients with other collagen disorders as well as further
autoimmune and non-autoimmune diseases. For the functional assay,
individual values are given reflecting a factor calculated with the mean of
healthy individuals. The grey zone indicates the normal range. MCTD-mixed
connective tissue disease, SLE-systemic lupus erythematosus, RA-rheumatoid
arthritis, PM-polymyalgia rheumatica, LD-liver diseases. p-values for SSc
as compared to other disorders are given: n.s., not significant; *p < 0.05;
**p < 0.01; ***p < 0.001; - median.
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FIGURE 2 | Reactivity of functional anti-AT1R antibodies in SSc patients comparing patients with lcSSc and dcSSc (A), different numbers of organ manifestations
(B), patients with and without skin manifestations (C), calcinosis (D), digital ulcers (E), myositis (F), lung manifestations (G), pulmonary arterial hypertension (PAH)
(H), heart manifestation (I) esophageal manifestation (J), and sicca-syndrome (K). Individual values are given reflecting a factor calculated with the mean of healthy
individuals. The grey zone indicates the normal range; n.s., not significant; - median.
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DISCUSSION

This study has three unique features: 1. It is the largest study
analysing the relevance of functionally active, i.e. inhibitory or
stimulatory antibodies to the AT1R in patients with SSc as well as
other disorders. 2. It is the first study showing that anti-AT1R
antibodies occur also in other collagen disorders than SSc and
even in various liver disorders. 3. It compares and correlates
directly the clinical relevance of antibodies to the AT1R, ETA1
and topoisomerase-I in SSc patients.

In the present study, the demonstration of functionally active
antibodies was based on a luminometric method with the human
cell line Huh7 constitutively expressing the AT1R. This assay had
been established in a first step with CHO-cells overexpressing the
receptor after transfection with an AT1R plasmid. Since results
obtained with both cell lines were similar, we used in further
experiments the Huh7 cells in order to remain in a human
system. The assay proved to be reproducible and reliable with a
intra- and interassay coefficient of variation of 20-25%. This is
acceptable for a bioassay. Nevertheless one has to state that this
assay is suitable for testing a large number of samples for
research purposes but not for application in routine diagnostic.

In patients with SSc we found especially stimulatory
antibodies (34% of the patients). However, neither the
stimulatory nor the inhibitory antibodies were associated with
any distinct clinical manifestations of SSc. Most importantly,
they were detected also in other collagen disorders especialls
MCTD and pSS. This is in line with the observation by Ilgen et al.
(33) using a competitive ELISA for the demonstration of anti-
AT1R antibodies, who also did not observe a correlation between
the antibodies and clinical manifestations. Interestingly, we
detected these functionally active antibodies also in another
vascular disease, namely polymyalgia rheumatica while they
were nearly absent in rheumatoid arthritis.
Frontiers in Immunology | www.frontiersin.org 8
We, therefore, wanted to see whether functionally active anti-
AT1R may occur also in another disease complex and selected
patients with chronic liver disorders in which we had observed
another functional antibody directed against the muscarinic
receptor type 3 in a previous study (11, 34). Indeed, up to 50%
of patients with autoimmune liver disorders and even up to 70%
of patients with toxic or viral hepatitis had stimulatory or
inhibitory anti-AT1R antibodies.

As already mentioned in the introduction, the first studies on
anti-AT1R- and -ETA1 antibodies in patients with different
disorders were based on true functional assays, namely
bioassays that involved spontaneously beating cultured rat
cardiomyocytes, or human endothelial cells (13–17). They have
been replaced meanwhile by solid phase assays using extracts
from CHO-cells overexpressing the human AT1R or ETA1 (15).
In SSc, an association of antibodies detected by these assays and
severe manifestations and complications of the disease, such as
PAH, lung fibrosis, or digital ulcers has been reported (15, 21, 22,
33, 35), and they have been, therefore, claimed as ‘functional’
antibodies. However, they occur also in other disorders (14, 16–
19, 24) and, as shown in the present study, also in other collagen
disorders and chronic liver disorders. Antibodies reacting with
those membrane-bound receptors in the ELISA – although
correlating probably with clinical symptomes - are not
necessarily functionally active because they may be directed
against epitopes which are not involved in processes leading to
inhibition or stimulation of the receptor. This may be an
explanation why we did not observe a correlation between the
reactivity of the functionally active anti-AT1R antibodies
measured by luminescence assay and those detected by ELISA.

Although we did not observe an association of the
functionally active antibodies with clinical manifestations, there
was a correlation of anti-AT1R- and anti-ETA1- antibodies
determined by ELISA with some manifestations especially
TABLE 2 | Prevalence of antibodies to topo-I, AT1R, ETA1 measured by ELISA in sera from patients with different disorders.

Diagnosis Number tested Antibodies to

AT1R ETA1 Topo I

Number (%) positive

SSc total 98 54 (55) 25 (26) 46 (47)
Anti-Scl70 positive (ID) 31 25 (81) 11 (35) 22 (71)
Antibodies to nucleoli (IFT 25 13 (52) 9 (36) 11 (44)
Antibodies to centromeres (IFT) 31 9 (29) 2 (6) 7 (23)
No antibodies 11 7 (64) 4 (36) 6 (55)

mixed connective tissue disease 27 18 (67) 10 (37) 0***
primary Sjoegren disease 54 22 (41) 12 (22) 1 (2)***
rheumatoid arthritis 54 6 (11)**** 1 (2)**** 0***
polymyalgia rheumatica 25 1 (4)**** 0** 0***
PBC 30 9 (30)* 5 (17) 2 (7)**
PSC 31 13 (42) 3 (10) 0***
AIH 35 19 (52) 3 (9) 0***
alcoholic liver disease 20 9 (45) 2 (10) 0***
viral hepatitis 20 8 (40) 0** 0***
blood donors 15 0*** 0* 0***
December 2
021 | Volume 12 | Article
Significant as compared to patients with SSc: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
ID, immunodiffusion; ELISA, enzyme linked immunosorbent assay; IFT, immunofluorescence test.
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FIGURE 3 | Reactivity of antibodies to AT1R, ETA1, and topo-I measured by ELISA in SSc patients comparing patients with lcSSc and dcSSc (A), patients with
different numbers of organ manifestations (B), patients with and without skin manifestations (C), calcinosis (D), digital ulcers (E), myositis (F), lung manifestations
(G), pulmonary arterial hypertension (PAH) (H), heart manifestation (I) esophageal manifestation (J), and sicca-syndrome (K). Individual values are given. Anti-topo-I
abs refer to the left, anti-AT1R- and –ETAR-abs to the right y-axes. - median. n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001.
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pulmonary, esophageal or skin manifestations confirming
previous studies. Also the reported association of anti-topo-I
antibodies with disease severity, i.e. interstitial pneumonia,
dcSSc, skin thickness severity, and skin sclerosis (2, 36–40),
became evident in the present study.

The strong correlation between anti-topo-I-, anti-AT1R- and
-ETA1 antibody reactivity measured by ELISA found in the
present study is intriguing considering the fact that the antigens
are completely different. A correlation between anti-AT1R- and
-ETA1 antibodies has been reported already by Riemekasten et al.
(15). It has been postulated that it is due to the natural ability of
antibodies to bind to multiple antigens or a general B-cell
Frontiers in Immunology | www.frontiersin.org 10
hyperreactivity.The strong correlation of the antibodies to
vascular receptors by ELISA with anti-topo-I antibodies shown
in the present study suggests another explanation. Thus, one has
to be aware that even very pure membrane preparations may be
slightly contaminated with low amounts of nuclear or cytoplasmic
antigens; indeed, we showed by Western blotting that our highly
purified plasma membrane fractions from both, CHO- and Huh-
7 cells still contained mitochondrial antigens as for instance the
pyruvate-dehydrogenase complex, an important autoantigen in
primary biliary cholangitis, as well as topoisomerase-I or
ribonucleoproteins such as snRNP68; this explains the rather
high prevalence of positive reactions obtained with these
A

B

FIGURE 4 | Correlation between reactivities towards AT1R, ETA1, and topo-I measured by different methods in sera from 73 patients with SSc. (A) Comparison of
the antibody reactivities towards AT1R, ETA1, and topo-I measured by ELISA. (B) Comparison of the anti-AT1R reactivities determined by the functional luminometric
assay and anti-AT1R-, -ETA1-, and -topo-I-antibodies determined by ELISA. Slopes, Spearman r correlations and significance levels are given.
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commercial assays with sera from patients with other
autoimmune disorders being associated with autoantibodies
directed against different nuclear or cytoplasmic antigens such
as MCTD or autoimmune liver disorders; this hypothesis is
underlined by the observation that patients with PM, a disease
without any specific autoantibodies, or RA (associated with
antibodies to extracellular matrix-associated antigens as for
instance cyclic citrullinated protein) were nearly negative. I.e.
the ‘anti-AT1R’ or ‘anti-ETA1’ antibodies detected by the
commercial ELISA in different disorders may be directed
actually against other antigens present in the plasma membrane
fractions used to coat the ELISA plates and especially in SSc due to
an contamination with topo-I.

Considering the fact that the functionally active anti-AT1R
antibodies measured by the bioassay did not correlate with
disease activity and manifestations of SSc and were found also
in patients with other disorders, their pathogenic and clinical
relevance for SSc remains, questionable. In vitro it has been
shown that anti-AT1R antibodies induce ERK 1/2
phosphorylation and increase expression of transforming
growth factor-beta (TGFß) messenger RNA expression,
vascular cell adhesion molecule 1 and interleukin 8 in
endothelial cells (12, 15, 21). These data fit to our observation
that in SSc predominantly stimulatory antibodies were found.
Moreover, it is known that neutrophils express the AT1R, and it
has been, therefore, argued that the antibodies may activate
neutrophil AT1R within blood vessels and that these activated
neutrophils home to areas of inflammation and exacerbate tissue
damage (25). However, this does not explain the occurrence of
inhibitory antibodies which we also found in the SSc patients. It
is still unknown whether these antibodies detected in vitro may
interact with the receptor also in vivo.

There exists also not yet a conclusive explanation why anti-
topo-I-antibodies correlate with some clinical SSc-symptomes.
There are some studies indicating that they may influence
fibroblast function in SSc (41–43). Interestingly, topotecan, an
inhibitor of topoisomerase-I used in cancer therapy has been
shown to induce SSc-like disease (44).

However, autoantibodies are not necessarily pathogenic. They
may be even protective or belong to the pool of naturally
occurring antibodies (45–47). This has, indeed, been postulated
for antibodies to G-protein coupled receptors (GPCR). It has been
argued that the secretion of anti-GPCR antibodies may suppress
excessive immune responses and prevent tissue damage (48). The
hypothesis that the functionally active anti-AT1R-antibodies may
belong to the pool of naturally occurring antibodies is underlined
by our observation that they have been been detected in a rather
high prevalence of 70% in patients with viral and toxic liver
diseases. It is well known that viral or bacterial infections increase
the production of natural autoantibodies (49, 50), and this may
also explain the occurrence of antibodies to vascular receptors in
COVID-19 infection (26). Why those antibodies may become
pathogenic under certain condition and how they are induced is
still a matter of debate.

Our study has several limitations. Thus, number of patients
with distinct clinical manifestations showing vascular antibodies
were rather low, which may affect the statistical power. One has
Frontiers in Immunology | www.frontiersin.org 11
also to be aware that the determination of the prevalence of an
antibody always depends upon the definition of cut off values. For
the bioassay a factor of < 0.6 and > 1.6 for inhibitory and
stimulatory antibodies, respectively was accepted which resulted
in at most 15% of healthy controls showing either inhibitory or
stimulatory antibodies. For the detection of antibodies to vascular
receptors by ELISA we followed the instructions given by the
manufacturers (cut off > 17) after verifying it in our settings with
healthy controls; therefore, data are compatible with those
reported in the literature. With respect to the functional anti-
AT1R antibodies it is important to keep in mind that there exist
inhibitory, stimulatory and neutral antibodies to the same receptor
in one serum reacting with different epitopes (51). Therefore, in
patients’ sera we can always detect only the predominating form of
antibodies. Immunoglobulins from patients showing in our
functional assay ‘no effect’ on the receptor may contain both,
stimulatory and inhibitory antibodies in a similar concentration;
i.e. we can also not exclude that healthy individuals contain
functionally active anti-AT1R antibodies and that the
stimulatory and inhibitory antibodies balance out one another
(52). The predominance of one type of antibodies may then be
indicative for an immunological dysbalance, but whether this is
correlated with clinical symptomes remains still obscure.

In conclusion, we succeded to establish a reliable and
reproducible assay for the demonstration of functionally active
anti-AT1R antibodies. Although these antibodies might explain
theoretically some of the symptoms of SSc, we did not find a
correlation with clinical manifestations or symptoms. There was
no correlation between the bioassay and an ELISA using AT1R-
overexpressing membranes, indicating that the latter assay does
not detect functionally active antibodies. Unexpectedly, we found
that functional anti-AT1R-antibodies occur also in other collagen
disorders and even liver disorders. This phenomenon has to be
elucidated in further studies. Moreover, it became evident that
anti-topo-I antibodies are superior to the anti-receptor antibodies
especially with respect to disease specificity but also to correlation
with clinical activity and organ manifestations.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethical committee of the University of Tuebingen
(No. 076/212BO1; 647/2016BO2). Written informed consent to
participate in this study was provided by the participants’ legal
guardian/next of kin.
AUTHOR CONTRIBUTIONS

LB and BP established the assays, performed the experiments,
acquired and analyzed data. NB performed the ELISAs. RK
December 2021 | Volume 12 | Article 786039

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bankamp et al. Functionally Active Anti-AT1R-Antibodies in SSc
designed and coordinated the study. A-CP and JH provided patients’
sera and clinical data. BP, LB, A-CP, JH, and RK interpreted the
data. RK and BP wrote the manuscript. All authors contributed
to the article and approved the submitted version.
ACKNOWLEDGMENTS

Sera from patients with clinically and histologically defined liver
disorders were kindly provided by Dr. C. Berg, Department of
Frontiers in Immunology | www.frontiersin.org 12
Gastroenterology, Hepatology and Infectious Diseases,
University of Tuebingen. We acknowledge support by Open
Access Publishing Fund of University of Tübingen.
SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2021.786039/
full#supplementary-material
REFERENCES
1. Mehra S, Walker J, Patterson K, Fritzler MJ. Autoantibodies in Systemic

Sclerosis. Autoimmun Rev (2013) 12:340–54. doi: 10.1016/j.autrev.2012.05.011
2. Steen VD. Autoantibodies in Systemic Sclerosis. Semin Arthritis Rheum

(2005) 35:35–42. doi: 10.1016/j.semarthrit.2005.03.005
3. Walker UA, Tyndall A, Czirjak L, Denton C, Farge-Bancel D, Kowal-Bielecka

O, et al. Clinical Risk Assessment of Organ Manifestations in Systemic
Sclerosis: A Report From the EULAR Scleroderma Trials and Research
Group Database. Ann Rheum Dis (2007) 66:754–63. doi: 10.1136/
ard.2006.062901

4. Meier FM, Frommer KW, Dinser R, Walker UA, Czirjak L, Denton CP, et al.
Update on the Profile of the EUSTAR Cohort: An Analysis of the EULAR
Scleroderma Trials and Research Group Database. Ann Rheum Dis (2012)
71:1355–60. doi: 10.1136/annrheumdis-2011-200742

5. Senecal JL, Henault J, Raymond Y. The Pathogenic Role of Autoantibodies to
Nuclear Autoantigens in Systemic Sclerosis (Scleroderma). J Rheumatol
(2005) 32:1643–9.

6. Corallo C, Cheleschi S, Cutolo M, Soldano S, Fioravanti A, Volpi N, et al.
Antibodies Against Specific Extractable Nuclear Antigens (ENAs) as
Diagnostic and Prognostic Tools and Inducers of a Profibrotic Phenotype
in Cultured Human Skin Fibroblasts: Are They Functional? Arthritis Res Ther
(2019) 21:152. doi: 10.1186/s13075-019-1931-x

7. Bahn RS. Graves’ Ophthalmopathy. N Engl J Med (2010) 362:726–38. doi:
10.1056/NEJMra0905750

8. Gomez AM, Van Den Broeck J, Vrolix K, Janssen SP, Lemmens MA, van der
Esch E, et al. Antibody Effector Mechanisms in Myasthenia Gravis-
Pathogenesis at the Neuromuscular Junction. Autoimmunity (2010) 43:353–
70. doi: 10.3109/08916930903555943

9. Jahns R, Schlipp A, Boivin V, Lohse MJ. Targeting Receptor Antibodies in
Immune Cardiomyopathy. Semin Thromb Hemost (2010) 36:212–8. doi:
10.1055/s-0030-1251506

10. Bacman S, Sterin-Borda L, Camusso JJ, Arana R, Hubscher O, Borda E.
Circulating Antibodies Against Rat Parotid Gland M3 Muscarinic Receptors
in Primary Sjogren’s Syndrome. Clin Exp Immunol (1996) 104:454–9. doi:
10.1046/j.1365-2249.1996.42748.x

11. Preuss B, Tunaru S, Henes J, Offermanns S, Klein R. A Novel Luminescence-
Based Method for the Detection of Functionally Active Antibodies to
Muscarinic Acetylcholine Receptors of the M3 Type (Machr3) in Patients’
Sera. Clin Exp Immunol (2014) 177:179–89. doi: 10.1111/cei.12324

12. Gunther J, Rademacher J, Van Laar JM, Siegert E, Riemekasten G. Functional
Autoantibodies in Systemic Sclerosis. Semin Immunopathol (2015) 37:529–42.
doi: 10.1007/s00281-015-0513-5

13. Wallukat G, Homuth V, Fischer T, Lindschau C, Horstkamp B, Jupner A, et al.
Patients With Preeclampsia Develop Agonistic Autoantibodies Against the
Angiotensin AT1 Receptor. J Clin Invest (1999) 103:945–52. doi: 10.1172/
JCI4106

14. Dragun D, Muller DN, Brasen JH, Fritsche L, Nieminen-Kelha M, Dechend R,
et al. Angiotensin II Type 1-Receptor Activating Antibodies in Renal-Allograft
Rejection. N Engl J Med (2005) 352:558–69. doi: 10.1056/NEJMoa035717

15. Riemekasten G, Philippe A, Nather M, Slowinski T, Muller DN, Heidecke H,
et al. Involvement of Functional Autoantibodies Against Vascular Receptors
in Systemic Sclerosis. Ann Rheum Dis (2011) 70:530–6. doi: 10.1136/
ard.2010.135772
16. Kem DC, Li H, Velarde-Miranda C, Liles C, Vanderlinde-Wood M, Galloway
A, et al. Autoimmune Mechanisms Activating the Angiotensin AT1 Receptor
in ’Primary’ Aldosteronism. J Clin Endocrinol Metab (2014) 99:1790–7. doi:
10.1210/jc.2013-3282

17. Li H, Yu X, Cicala MV, Mantero F, Benbrook A, Veitla V, et al. Prevalence of
Angiotensin II Type 1 Receptor (AT1R)-Activating Autoantibodies in
Primary Aldosteronism. J Am Soc Hypertens (2015) 9:15–20. doi: 10.1016/
j.jash.2014.10.009

18. Fu ML, Herlitz H, Schulze W, Wallukat G, Micke P, Eftekhari P, et al.
Autoantibodies Against the Angiotensin Receptor (AT1) in Patients With
Hypertension. J Hypertens (2000) 18:945–53. doi: 10.1097/00004872-
200018070-00017

19. Giil LM, Kristoffersen EK, Vedeler CA, Aarsland D, Nordrehaug JE, Winblad
B, et al. Autoantibodies Toward the Angiotensin 2 Type 1 Receptor: A Novel
Autoantibody in Alzheimer’s Disease. J Alzheimers Dis (2015) 47:523–9. doi:
10.3233/JAD-150053

20. Cabral-Marques O, Riemekasten G. Vascular Hypothesis Revisited: Role of
Stimulating Antibodies Against Angiotensin and Endothelin Receptors in the
Pathogenesis of Systemic Sclerosis. Autoimmun Rev (2016) 15:690–4. doi:
10.1016/j.autrev.2016.03.005

21. Becker MO, Kill A, Kutsche M, Guenther J, Rose A, Tabeling C, et al. Vascular
Receptor Autoantibodies in Pulmonary Arterial Hypertension Associated
With Systemic Sclerosis. Am J Respir Crit Care Med (2014) 190:808–17. doi:
10.1164/rccm.201403-0442OC

22. Avouac J, Riemekasten G, Meune C, Ruiz B, Kahan A, Allanore Y.
Autoantibodies Against Endothelin 1 Type A Receptor Are Strong
Predictors of Digital Ulcers in Systemic Sclerosis. J Rheumatol (2015)
42:1801–7. doi: 10.3899/jrheum.150061

23. Chiron A, Bouaziz JD, Carmagnat M, Peffault De Latour R, Lafaurie-Bergeron
A, Robin M, et al. Anti-Angiotensin Type 1 Receptor Antibodies in Chronic
Graft-Versus-Host Disease. Transplantation (2014) 98:470–4. doi: 10.1097/
TP.0000000000000182

24. Pinelli DF, Friedewald JJ, Haarberg KMK, Radhakrishnan SL, Zitzner JR,
HanshewWE, et al. Assessing the Potential of Angiotensin II Type 1 Receptor
and Donor Specific Anti-Endothelial Cell Antibodies to Predict Long-Term
Kidney Graft Outcome. Hum Immunol (2017) 78:421–7. doi: 10.1016/
j.humimm.2017.03.012

25. Bradford KL, Pearl M, Kohn DB, Weng P, Yadin O, Bowles V, et al. AT1R
Activating Autoantibodies in Hematopoietic Stem Cell Transplantation. Biol
Blood Marrow Transplant (2020) 26:2061–7. doi: 10.1016/j.bbmt.2020.07.029

26. Rodriguez-Perez AI, Labandeira CM, Pedrosa MA, Valenzuela R, Suarez-
Quintanilla JA, Cortes-Ayaso M, et al. Autoantibodies Against ACE2 and
Angiotensin Type-1 Receptors Increase Severity of COVID-19. J Autoimmun
(2021) 122:102683. doi: 10.1016/j.jaut.2021.102683

27. Van Den Hoogen F, Khanna D, Fransen J, Johnson SR, Baron M, Tyndall A,
et al. 2013 Classification Criteria for Systemic Sclerosis: An American College
of Rheumatology/European League Against Rheumatism Collaborative
Initiative. Arthritis Rheum (2013) 65:2737–47. doi: 10.1002/art.38098

28. Henes JC, Koetter I, Horger M, Schmalzing M, Mueller K, Eick C, et al.
Autologous Stem Cell Transplantation With Thiotepa-Based Conditioning in
Patients With Systemic Sclerosis and Cardiac Manifestations. Rheumatology
(Oxford) (2014) 53:919–22. doi: 10.1093/rheumatology/ket464

29. Itabashi H, Maesawa C, Oikawa H, Kotani K, Sakurai E, Kato K, et al.
Angiotensin II and Epidermal Growth Factor Receptor Cross-Talk Mediated
December 2021 | Volume 12 | Article 786039

https://www.frontiersin.org/articles/10.3389/fimmu.2021.786039/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.786039/full#supplementary-material
https://doi.org/10.1016/j.autrev.2012.05.011
https://doi.org/10.1016/j.semarthrit.2005.03.005
https://doi.org/10.1136/ard.2006.062901
https://doi.org/10.1136/ard.2006.062901
https://doi.org/10.1136/annrheumdis-2011-200742
https://doi.org/10.1186/s13075-019-1931-x
https://doi.org/10.1056/NEJMra0905750
https://doi.org/10.3109/08916930903555943
https://doi.org/10.1055/s-0030-1251506
https://doi.org/10.1046/j.1365-2249.1996.42748.x
https://doi.org/10.1111/cei.12324
https://doi.org/10.1007/s00281-015-0513-5
https://doi.org/10.1172/JCI4106
https://doi.org/10.1172/JCI4106
https://doi.org/10.1056/NEJMoa035717
https://doi.org/10.1136/ard.2010.135772
https://doi.org/10.1136/ard.2010.135772
https://doi.org/10.1210/jc.2013-3282
https://doi.org/10.1016/j.jash.2014.10.009
https://doi.org/10.1016/j.jash.2014.10.009
https://doi.org/10.1097/00004872-200018070-00017
https://doi.org/10.1097/00004872-200018070-00017
https://doi.org/10.3233/JAD-150053
https://doi.org/10.1016/j.autrev.2016.03.005
https://doi.org/10.1164/rccm.201403-0442OC
https://doi.org/10.3899/jrheum.150061
https://doi.org/10.1097/TP.0000000000000182
https://doi.org/10.1097/TP.0000000000000182
https://doi.org/10.1016/j.humimm.2017.03.012
https://doi.org/10.1016/j.humimm.2017.03.012
https://doi.org/10.1016/j.bbmt.2020.07.029
https://doi.org/10.1016/j.jaut.2021.102683
https://doi.org/10.1002/art.38098
https://doi.org/10.1093/rheumatology/ket464
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bankamp et al. Functionally Active Anti-AT1R-Antibodies in SSc
by a Disintegrin and Metalloprotease Accelerates Tumor Cell Proliferation of
Hepatocellular Carcinoma Cell Lines. Hepatol Res (2008) 38:601–13. doi:
10.1111/j.1872-034X.2007.00304.x

30. Walker JM. The Protein Protocols Handbook. New York: Springer-Verlag
(2009).

31. Baghirova S, Hughes BG, Hendzel MJ, Schulz R. Sequential Fractionation and
Isolation of Subcellular Proteins From Tissue or Cultured Cells. MethodsX
(2015) 2:440–5. doi: 10.1016/j.mex.2015.11.001

32. Henes J, Glaeser L, Kotter I, Vogel W, Kanz L, Klein R. Analysis of Anti-
Topoisomerase I Antibodies in Patients With Systemic Sclerosis Before and
After Autologous Stem Cell Transplantation. Rheumatology (Oxford) (2017)
56:451–6. doi: 10.1093/rheumatology/kew319

33. Ilgen U, Yayla ME, Duzgun N. Anti-Angiotensin II Type 1 Receptor
Autoantibodies (AT1R-AAs) in Patients With Systemic Sclerosis: Lack of
Association With Disease Manifestations. Rheumatol Int (2017) 37:593–8.
doi: 10.1007/s00296-016-3639-4

34. Mayer C, Preuss B, Grottenthaler J, Berg C, Klein R. Antibodies to the
Muscarinic Acetylcholine Receptor M3 in Primary Biliary Cholangitis Inhibit
Receptor Function on Cholangiocytes. Front Immunol (2020) 11:1151. doi:
10.3389/fimmu.2020.01151

35. Hajialilo M, Noorabadi P, Tahsini Tekantapeh S, Malek Mahdavi A.
Endothelin-1, Alpha-Klotho, 25(OH) Vit D Levels and Severity of Disease
in Scleroderma Patients. Rheumatol Int (2017) 37:1651–7. doi: 10.1007/
s00296-017-3797-z

36. Kuwana M, Kaburaki J, Okano Y, Tojo T, Homma M. Clinical and Prognostic
Associations Based on Serum Antinuclear Antibodies in Japanese Patients
With Systemic Sclerosis. Arthritis Rheum (1994) 37:75–83. doi: 10.1002/
art.1780370111

37. Sato S, Hamaguchi Y, Hasegawa M, Takehara K. Clinical Significance of Anti-
Topoisomerase I Antibody Levels Determined by ELISA in Systemic Sclerosis.
Rheumatology (Oxford) (2001) 40:1135–40. doi: 10.1093/rheumatology/
40.10.1135

38. Hu PQ, Fertig N, Medsger TA Jr, Wright TM. Correlation of Serum Anti-
DNA Topoisomerase I Antibody Levels With Disease Severity and Activity in
Systemic Sclerosis. Arthritis Rheum (2003) 48:1363–73. doi: 10.1002/art.10977

39. Perera A, Fertig N, Lucas M, Rodriguez-Reyna TS, Hu P, Steen VD, et al.
Clinical Subsets, Skin Thickness Progression Rate, and Serum Antibody Levels
in Systemic Sclerosis Patients With Anti-Topoisomerase I Antibody. Arthritis
Rheum (2007) 56:2740–6. doi: 10.1002/art.22747

40. Hasegawa M, Imura-Kumada S, Matsushita T, Hamaguchi Y, Fujimoto M,
Takehara K. Anti-Topoisomerase I Antibody Levels as SerumMarkers of Skin
Sclerosis in Systemic Sclerosis. J Dermatol (2013) 40:89–93. doi: 10.1111/1346-
8138.12030

41. Hsu TC, Lee TL, Tsay GJ. Autoantigen Components Recognizable by
Scleroderma Sera Are Exported via Ectocytosis of Fibroblasts. Br J
Rheumatol (1997) 36:1038–44. doi: 10.1093/rheumatology/36.10.1038

42. Henault J, Tremblay M, Clement I, Raymond Y, Senecal JL. Direct Binding of
Anti-DNA Topoisomerase I Autoantibodies to the Cell Surface of Fibroblasts
in Patients With Systemic Sclerosis. Arthritis Rheum (2004) 50:3265–74. doi:
10.1002/art.20515
Frontiers in Immunology | www.frontiersin.org 13
43. Zhou X, Lin W, Tan FK, Assassi S, Fritzler MJ, Guo X, et al. Decreased
Catalytic Function With Altered Sumoylation of DNA Topoisomerase I in the
Nuclei of Scleroderma Fibroblasts. Arthritis Res Ther (2011) 13:R128. doi:
10.1186/ar3435

44. Ene-Stroescu D, Ellman MH, Peterson CE. Topotecan and the Development
of Scleroderma or a Scleroderma-Like Illness. Arthritis Rheum (2002) 46:844–
5. doi: 10.1002/art.10098

45. Cohen IR, Young DB. Autoimmunity, Microbial Immunity and the
Immunological Homunculus. Immunol Today (1991) 12:105–10. doi:
10.1016/0167-5699(91)90093-9

46. Madi A, Bransburg-Zabary S, Kenett DY, Ben-Jacob E, Cohen IR. The Natural
Autoantibody Repertoire in Newborns and Adults: A Current Overview. Adv
Exp Med Biol (2012) 750:198–212. doi: 10.1007/978-1-4614-3461-0_15

47. Silverman GJ, Vas J, Gronwall C. Protective Autoantibodies in the Rheumatic
Diseases: Lessons for Therapy. Nat Rev Rheumatol (2013) 9:291–300. doi:
10.1038/nrrheum.2013.30

48. Riemekasten G, Petersen F, Heidecke H. What Makes Antibodies Against G
Protein-Coupled Receptors So Special? A Novel Concept to Understand
Chronic Diseases. Front Immunol (2020) 11:564526. doi: 10.3389/
fimmu.2020.564526

49. Uthman IW, Gharavi AE. Viral Infections and Antiphospholipid Antibodies.
Semin Arthritis Rheum (2002) 31:256–63. doi: 10.1053/sarh.2002.28303

50. Bouhlal H, Kaveri S. Multi-Faceted Role of Naturally Occurring
Autoantibodies in Fighting Pathogens. Adv Exp Med Biol (2012) 750:100–
13. doi: 10.1007/978-1-4614-3461-0_8

51. Kahaly GJ, Diana T, Kanitz M, Frommer L, Olivo PD. Prospective Trial of
Functional Thyrotropin Receptor Antibodies in Graves Disease. J Clin
Endocrinol Metab (2020) 105:e1006-14. doi: 10.1210/clinem/dgz292

52. Cabral-Marques O, Carvalho-Marques AH, Schimke LF, Heidecke H,
Riemekasten G. Loss of Balance in Normal GPCR-Mediated Cell
Trafficking. Front Biosci (Landmark Ed) (2019) 24:18–34. doi: 10.2741/4707
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Bankamp, Preuß, Pecher, Beucke, Henes and Klein. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
December 2021 | Volume 12 | Article 786039

https://doi.org/10.1111/j.1872-034X.2007.00304.x
https://doi.org/10.1016/j.mex.2015.11.001
https://doi.org/10.1093/rheumatology/kew319
https://doi.org/10.1007/s00296-016-3639-4
https://doi.org/10.3389/fimmu.2020.01151
https://doi.org/10.1007/s00296-017-3797-z
https://doi.org/10.1007/s00296-017-3797-z
https://doi.org/10.1002/art.1780370111
https://doi.org/10.1002/art.1780370111
https://doi.org/10.1093/rheumatology/40.10.1135
https://doi.org/10.1093/rheumatology/40.10.1135
https://doi.org/10.1002/art.10977
https://doi.org/10.1002/art.22747
https://doi.org/10.1111/1346-8138.12030
https://doi.org/10.1111/1346-8138.12030
https://doi.org/10.1093/rheumatology/36.10.1038
https://doi.org/10.1002/art.20515
https://doi.org/10.1186/ar3435
https://doi.org/10.1002/art.10098
https://doi.org/10.1016/0167-5699(91)90093-9
https://doi.org/10.1007/978-1-4614-3461-0_15
https://doi.org/10.1038/nrrheum.2013.30
https://doi.org/10.3389/fimmu.2020.564526
https://doi.org/10.3389/fimmu.2020.564526
https://doi.org/10.1053/sarh.2002.28303
https://doi.org/10.1007/978-1-4614-3461-0_8
https://doi.org/10.1210/clinem/dgz292
https://doi.org/10.2741/4707
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Functionally Active Antibodies to the Angiotensin II Type 1-Receptor Measured by a Luminometric Bioassay Do Not Correlate With Clinical Manifestations in Systemic Sclerosis: A Comparison With Antibodies to Vascular Receptors and Topoisomerase I Detected by ELISA
	Introduction
	Patients
	Methods
	Purification of Immunoglobulins From Patients’ Sera
	Preparation of Plasma Membranes and Analysis by Western Blotting
	Methods for Detection of Autoantibodies
	Immunodiffusion
	Immunofluorescence Test (IF)
	Enzyme Linked Immunosorbent Assay (ELISA)
	Bioassay Measuring Functionally Active Anti-AT1R Antibodies

	Determination of Normal Values
	Statistics

	Results
	Functionally Active Anti-AT1R Antibodies Detected by a Luminometric Bioassay
	Optimization of the Assay
	Prevalence and Reactivity of Functionally Active Anti-AT1R Antibodies in Patients With SSc and Other Disorders
	Correlation Between the Presence of Functionally Active Anti-AT1R Antibodies and Clinical Manifestations in SSc

	Antibodies to AT1R, ETA1 and Topo-I Detected by ELISA
	Prevalence and Reactivity in Patients With SSc and Other Disorders
	Correlation Between Antibodies Against AT1R, ETA1, and Topo-I and Clinical Manifestations in SSc

	Correlation Between Anti-AT1R Antibodies Detected by the Luminometric Assay and Anti- AT1R -, Anti-ETA1- and Anti-Topo-I Antibodies Detected by ELISA
	Purity of Plasma Membranes

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


