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A B S T R A C T   

The renin-angiotensin system (RAS) plays a major role in COVID-19. Severity of several inflammation-related 
diseases has been associated with autoantibodies against RAS, particularly agonistic autoantibodies for angio-
tensin type-1 receptors (AA-AT1) and autoantibodies against ACE2 (AA-ACE2). Disease severity of COVID-19 
patients was defined as mild, moderate or severe following the WHO Clinical Progression Scale and deter-
mined at medical discharge. Serum AA-AT1 and AA-ACE2 were measured in COVID-19 patients (n = 119) and 
non-infected controls (n = 23) using specific solid-phase, sandwich enzyme-linked immunosorbent assays. Serum 
LIGHT (TNFSF14; tumor necrosis factor ligand superfamily member 14) levels were measured with the corre-
sponding assay kit. At diagnosis, AA-AT1 and AA-ACE2 levels were significantly higher in the COVID-19 group 
relative to controls, and we observed significant association between disease outcome and serum AA-AT1 and 
AA-ACE2 levels. Mild disease patients had significantly lower levels of AA-AT1 (p < 0.01) and AA-ACE2 (p <
0.001) than moderate and severe patients. No significant differences were detected between males and females. 
The increase in autoantibodies was not related to comorbidities potentially affecting COVID-19 severity. There 
was significant positive correlation between serum levels of AA-AT1 and LIGHT (TNFSF14; rPearson = 0.70, p <
0.001). Both AA-AT1 (by agonistic stimulation of AT1 receptors) and AA-ACE2 (by reducing conversion of 
Angiotensin II into Angiotensin 1-7) may lead to increase in AT1 receptor activity, enhance proinflammatory 
responses and severity of COVID-19 outcome. Patients with high levels of autoantibodies require more cautious 
control after diagnosis. Additionally, the results encourage further studies on the possible protective treatment 
with AT1 receptor blockers in COVID-19.   

1. Introduction 

Many recent studies have highlighted the major role of renin- 
angiotensin system (RAS) in severity of COVID-19 [1–3]. Angiotensin 
converting enzyme 2 (ACE2) plays a key role in the process and it is 
usually considered that ACE2 acts as a double-edged sword [4,5]. First, 
ACE2 transforms components of the pro-inflammatory RAS axis such as 
angiotensin I (Ang I) and particularly Ang II into components of the 

anti-inflammatory RAS axis such as Ang1-9 and particularly Ang 1–7. 
Ang II acts on angiotensin type 1 (AT1) receptors and activates the 
NADPH-oxidase complex producing superoxide and promoting cell 
pro-oxidative and pro-inflammatory responses [6,7], while Ang 1–7 acts 
on Mas and Mas-related receptors promoting cell antioxidative and 
anti-inflammatory responses. Therefore, an increase in ACE2 activity is 
essential to balance the RAS towards the anti-inflammatory response. 
Consistent with this, the protective effects of ACE2 and its product 
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Ang1-7 against experimental lung injuries have previously been 
demonstrated [8]. Second, ACE2 is also the entry receptor for the virus 
[9], and upregulation of ACE2 expression may enhance cell infection. 
Third, both ACE2 functions interact each other, since SARS-CoV-2 
binding to ACE2 decreases the levels of ACE2 at the cell surface [10, 
11], thus shifting the RAS balance towards the pro-inflammatory Ang 
II/AT1 axis, which leads to inflammation, fibrosis and progression of 
disease severity. 

It is known that differences in immunological responses in different 
patients play a major role in progression and severity of COVID-19. 
Progression and severity of several inflammation-related processes 
have been associated with the presence of autoantibodies against major 
components of the RAS. Particularly, the presence of autoantibodies for 
AT1 receptors (AA-AT1), which act as AT1 receptor agonists, enhanced 
the proinflammatory RAS activity in several tissues and processes [12]. 
In addition, the presence of autoantibodies against ACE2 (AA-ACE2) has 
also been detected in several processes, and AA-ACE2 have been 
involved in progression of inflammation [13]. ACE2 autoantibodies 
have been related to inhibition of ACE2 function [13], which decreases 
the anti-inflammatory arm activity and shift the balance towards the 
proinflammatory RAS. The mechanisms responsible for generation of 
the above-mentioned autoantibodies have not been totally clarified. 
However, the increase in levels of cytokines such as IL-6 and TNF-α [14, 
15], and particularly TNFSF14 (tumor necrosis factor ligand superfamily 
member 14, LIGHT) [16] has been associated to the increase in gener-
ation of AA-AT1. An increase in levels of pro-inflammatory cytokines 
also plays a major role in severity of COVID-19 outcome. However, it is 
not known whether these autoantibodies (AA-AT1, AA-ACE2) are 
increased in COVID-19 patients and whether the levels of RAS autoan-
tibodies could be associated to progression of COVID-19 severity. In the 
present study, we investigated the levels of AA-AT1 and AA-ACE2 an-
tibodies at the time of diagnosis in COVID-19 patients relative to 
non-infected controls, and whether levels of these autoantibodies at 
diagnosis are associated with mild, moderate and severe COVID-19 
outcome determined at medical discharge on the basis of WHO Clin-
ical Progression Scale. 

2. Methods 

2.1. Study design 

In the present study, a total of 23 adult non-infected controls and 119 
adult patients testing positive for SARS-CoV-2 RT-PCR were included. 
Controls were recruited from users of a dental clinic at the Primary 
Health-Care Unit Fontiñas (Santiago de Compostela). COVID-19 patients 
were prospectively recruited from April 2020 to December 2020 at 
University Hospital Complex of Santiago de Compostela. The sample 
size per group was calculated assuming a minimum large effect size in f- 
test of 0.4 between any pair of groups (n = 4) [17] and accepting an 
alpha risk of 0.05 and a beta risk of 0.2 in a two-sided test. A minimum 
number of 20 subjects is necessary in each group to recognize statisti-
cally significant differences. It has been anticipated a missing data rate 
of 10% due to incomplete primary endpoints. This calculation was 
carried out using the PWR package [18] in R [19]. Patient’s re-
quirements to be recruited were a positive RT-PCR for SARS-CoV-2; to 
be older than 18 years old and to sign an informed consent (designed for 
this purpose). At the time of recruitment, a blood sample was obtained, 
and serum was separated by centrifugation at 1500g for 20 min. Then, 
aliquots of serum samples were stored at − 80 ◦C until processed for 
quantification of AA-AT1, AA-ACE2 and LIGHT levels. Clinical outcome 
of patients was followed until medical discharge, and finally patients 
were divided into three groups according to WHO Clinical Progression 
Scale [20]: mild, moderate, or severe. Mild disease (scores 1–3; n = 31) 
patients were enrolled from the Emergency Room Department. Samples 
from moderate (scores 4–5; n = 68) and severe (scores 6–10; n = 20) 
hospitalized patients were initially obtained from the Emergency Room 

Department before hospitalization. Samples were also obtained from the 
University Hospital Complex of Santiago de Compostela Biobank and 
from Murcian Institute for Biosanitary Research Biobank. All patients 
were followed-up with electronic health information system until 
January 2021. Clinical data assessing demographics, comorbidities, 
symptoms, physical and radiological findings, disease stage, treatment 
and laboratory tests results were collected from electronic medical re-
cords. The study was approved by the Galician Drug Research Ethics 
Committee (CEIm-G), protocol 2020/212. The research was carried out 
in accordance with the principles of the Helsinki Declaration. 

2.2. Serum samples and anti-AT1 and anti-ACE2 autoantibody 
measurements 

Serum samples were stored at − 80 ◦C until the biochemical analysis. 
Serum AA-AT1 and AA-ACE2 were measured using two specific solid- 
phase, sandwich enzyme-linked immunosorbent assays (ELISAs) for 
quantitative determination of these autoantibodies (Catalog Number 
12000 and 16000, respectively; Cell Trend; Luckenwalde, Germany). 
Manufacturer’s instructions were strictly followed. Absorbance was 
measured at 450/620 nm using an Infinite M200 multiwell plate reader 
(TECAN) and AA-AT1 and AA-ACE2 concentrations were quantified 
using specific standard curves from each one (4PL curve fit). In both 
cases, samples with values over the standard curve were diluted with 
assay buffer to get their absorbances within the standard curve. 

2.3. LIGHT/TNFSF14 determination 

To analyse the serum concentration of TNFSF14, also known as 
LIGHT, a commercially available specific ELISA Kit was used (EH 
TNFSF14, Invitrogen) according to the manufacturer’s instructions. 
Protein levels were quantified using specific standard curve (4PL curve 
fit). 

2.4. Statistical analysis 

Data were expressed as median (interquartile range [IQR]). To test if 
the populations follow a normal distribution, Shapiro–Wilk test was 
used. Two group comparisons were carried out by two tailed t-test and 
multiple comparisons by one-way ANOVA followed by post-hoc t-tests. 
When normality assumption was violated, Wilcoxon test for two group 
comparisons and Kruskal-Wallis test followed by post-hoc Mann-Whit-
ney U tests for multiple comparisons were used. Bonferroni correction 
for multiple comparisons was used on post-hoc p-values. When two 
response variables were present, two-way ANOVA were used if dataset 
passed the normality test and for nonparametric data, an Aligned Rank 
Transformation (ART) step was performed before the ANOVA test. 
Spearman’s correlation coefficient (r) was used to study the correlation 
between different parameters. Associations between categorical vari-
ables were tested by using the chi-square test or the Fisher’s exact test if 
expected value is less than 6 in a cell of the contingency table. P < 0.05 
was considered significant for all the analyses. All the analyses were 
done using R software [19]. 

3. Results 

3.1. Patient characteristics 

A total of 23 controls (mean age: 66.13 years old ±6.77 SD; range 
55–76 of which 14 were women and 9 men) and 119 COVID-19 patients 
were enrolled in the study. The patient group included 31 mild, 68 
moderate and 20 severe patients, considering the clinical course of the 
disease at their medical discharge (Table 1). The severe group included 
16 patients who required mechanical or non-invasive ventilation (scores 
6–9) and 4 patients who died (score 10). Mean age of patients was 56.5 
years old (56.5 ± 14.9 SD; range 20–93) and 48.3% were males. The 
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most relevant comorbidities in patient’s group included hypertension 
(33.8%), diabetes (12.8%), dyslipidemia (38.5%), obesity (35.3%), 
heart disease (7.6%), lung disease (8.2%) and renal disease (2.7%). Main 
clinical features are presented in Table 1. No significant differences in 
frequency of comorbidities were observed between control group and 
COVID-19 group. Relationships between COVID-19 severity and 
different comorbidities were studied using chi-square test or Fisher’s 
exact test (see Methods). A significant association (X2

Pearson (2) = 7.82; 
p = 0.020) was found between severity and diabetes; severity and 
obesity (X2

Pearson (2) = 13.92; p = 0.001) and severity and former 
smokers (X2

Pearson(2) = 6.56; p = 0.038). 

3.2. Serum anti-AT1 and anti-ACE2 autoantibodies 

Blood samples from controls and COVID-19 patients were analysed 
to determine serum AA-AT1 and AA-ACE2. Median of AA-AT1 concen-
trations were 5.070 [Interquartile range (IQR) 3.775–8.170] U/mL for 
the control group and 8.209 [IQR 6.006–10.061] U/mL for COVID-19 
patients. Median of AA-ACE2 concentrations were 4.691 [IQR 
2.841–9.863] U/mL in the control group and 9.403 [IQR 4.485–21.552] 
U/mL for COVID-19 patients. Two-way ART-ANOVA analysis revealed 
significantly higher serum levels for AA-AT1 (p = 0.002) and for AA- 
ACE2 (p = 0.013) in COVID-19 group than in the control group. How-
ever, no significant differences were detected between males and fe-
males for serum levels of AA-AT1 (p = 0.845) and AA-ACE2 (p = 0.342) 
when sex differences were tested together with controls/patients, being 
the interaction terms not significant for both levels of autoantibodies. 
(Fig. 1A and B). 

Then, we compared results from the three groups of patients with 
different severity. We observed significant differences, demonstrating 
association between disease severity and serum AA-AT1 and AA-ACE2 
(Fig. 2A and B; Supplementary Table 1). For the analysis of AA-AT1 
and AA-ACE2 we used a Kruskal-Wallis comparison. Mild disease pa-
tients had significantly lower levels of AA-AT1 and AA-ACE2 than 
moderate and severe patients (Mild: AA-AT1 Median 4.627 [IQR 
3.857–9.529] U/mL and AA-ACE2 Median 3.588 [IQR 2.124–9.076] U/ 
mL; Moderate patients: AA-AT1 Median 8.387 [IQR 6.852–10.300] U/ 
mL and AA-ACE2 Median 9.895 [IQR 5.428–26.585] U/mL; Severe 
patients: AA-AT1 Median 8.705 [IQR 6.687–10.158] U/mL and AA- 

Table 1 
Main clinical features of patients and association with severity (p < 0.05).   

Mild (n 
= 31) 

Moderate 
(n = 68) 

Severe 
(n = 20) 

Total (N 
= 119) 

p value 

Obesity  
• Yes 7 

(36.8%) 
47 
(79.7%) 

8 
(50.0%) 

62 
(66.0%) 

<0.001*  

• No 12 
(63.2%) 

12 
(20.3%) 

8 
(50.0%) 

32 
(34.0%)  

Hypertension  
• Yes 9 

(29.0%) 
23 
(33.8%) 

8 
(40.0%) 

40 
(33.6%) 

0.719  

• No 22 
(71.0%) 

45 
(66.2%) 

12 
(60.0%) 

79 
(66.4%)  

Diabetes mellitus  
• Yes 1 (3.3%) 8 (11.8%) 6 

(30.0%) 
15 
(12.7%) 

0.020*  

• No 29 
(96.7%) 

60 
(88.2%) 

14 
(70.0%) 

103 
(87.3%)  

Dyslipidemia  
• Yes 7 

(22.6%) 
19 
(27.9%) 

9 
(45.0%) 

35 
(29.4%) 

0.211  

• No 24 
(77.4%) 

49 
(72.1%) 

11 
(55.0%) 

84 
(70.6%)  

Smoking  
• Yes 2 

(14.3%) 
7 (35.0%) 9 

(60.0%) 
18 
(36.7%) 

0.038*  

• No 12 
(85.7%) 

13 
(65.0%) 

6 
(40.0%) 

31 
(63.3%)  

Cardiovascular 
disease       

• Yes 2 (6.5%) 6 (8.8%) 3 
(15.0%) 

11 
(9.2%) 

0.558  

• No 29 
(93.5%) 

62 
(91.2%) 

17 
(85.0%) 

108 
(90.8%)  

Chronic Respiratory disease  
• Yes 3 (9.7%) 2 (2.9%) 2 (10%) 7 (5.9%) 0.217  
• No 28 

(90.3%) 
66 
(97.1%) 

18 
(90%) 

112 
(94.1%)  

Chronic kidney 
disease       

• Yes 0 (0.0%) 3 (4.4%) 1 (5.3%) 4 (3.4%) 0.485  
• No 31 

(100.0%) 
65 
(95.6%) 

18 
(94.7%) 

114 
(96.6%)   

Fig. 1. Levels of AA-AT1 and AA-ACE2 in controls and COVID-19 patients. COVID-19 patients had significantly higher serum levels of AA-AT1 (A; two-way ART- 
ANOVA, p = 0.002) and AA-ACE2 (B; two-way ART-ANOVA, p = 0.013) than the control group. However, no significant differences were detected between males 
and females for serum levels of AA-AT1 (two-way ART-ANOVA, p = 0.845) and AA-ACE2 (two-way ART-ANOVA, p = 0.342). Interaction terms were not significant 
for both levels of antibodies. Data distribution is shown using a box plot with boxes representing the IQR and the median (black line) and whiskers representing ±1.5 
IQR. IQR: Interquartile range. 
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ACE2 Median 19.597 [IQR 9.306–39.471] U/mL). 
The correlation coefficient between AA-AT1 and AA-ACE2 was sta-

tistically significant; however, it is too low to consider that there is a 
relevant correlation between these variables and suggests that other 
major factors contribute to the increase observed in serum AA-ACE2 
levels (see Discussion). Sex differences were studied together with 
severity (Fig. 2C and D; Supplementary Table 1). However, no signifi-
cant differences were detected in our patients between males and fe-
males for serum levels of AA-AT1 (two-way ART-ANOVA coefficient, p 
= 0.95) and AA-ACE2 (two-way ART-ANOVA coefficient, p = 0.14). 

3.3. RAS autoantibodies and comorbidities associated to COVID-19 
patients 

In order to know whether the increase in autoantibodies observed in 
our patients could be related to comorbidities potentially affecting 
COVID-19 severity, serum levels of AA-AT1 and AA-ACE2 were studied 
in different comorbidities (Wilcoxon-Mann-Whitney test). However, 
only AA-ACE2 levels were significantly higher in patients with diabetes 
(Median 16.630 [IQR 10.480–27.356] U/mL) than in non-diabetic pa-
tients (Median 7.957 [IQR 4.339–19.715] U/mL) (Table 2 and Fig. 3A). 
Moreover, we studied the possible relationship between COVID-19 

Fig. 2. Levels of AA-AT1 and AA-ACE2 in patients with different levels of COVID-19 disease severity. Mild disease patients had significantly lower levels of AA-AT1 
(A) and AA-ACE2 (B) than moderate and severe patients (Kruskal–Wallis one-way analysis of variance on ranks followed by Wilcoxon test). In the present study, no 
significant differences were detected between females and males for serum levels of AA-AT1 (C; two-way ART-ANOVA, p = 0.95) and AA-ACE2 (D; two-way ART- 
ANOVA, p = 0.14) in any of the severity levels of the disease. Data distribution is shown using a box plot with boxes representing the IQR and de median (black line) 
and whiskers representing ±1.5 IQR. IQR: Interquartile range. 

Table 2 
Statistical analysis for AA-AT1 and AA-ACE2 in different comorbidities.   

AA-AT1 (Mann-Whitney test) AA-ACE2 (Mann-Whitney test)  

Statistic p-value Signif Statistic p-value Signif 

Obesity 1707 0.61871 ns 1702 0.63844 ns 
Hypertension 2325 0.76768 ns 2623 0.11398 ns 
Diabetes mellitus 1353 0.46662 ns 1573 0.04669 <0.05* 
Dyslipidemia 2345 0.32846 ns 2668 0.7706 ns 
Smoking 579 0.84562 ns 626 0.44267 ns 
Cardiovascular disease 761 0.8607 ns 813 0.5729 ns 
Chronic Respiratory disease 458 0.20585 ns 350 0.9019 ns 
Chronic kidney disease 332 0.60699 ns 369 0.34116 ns 

Ns: not significant; Signif: Significance. 
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severity and diabetes using chi-square test. A significant association 
(X2

Pearson = 7.82; p = 0.020) was found between severity and diabetes. 
Then, we analysed whether the relationship of disease severity and 
autoantibodies was determined by diabetes. However, after controlling 
the possible confounding effect of diabetes by performing a two-way 
ART-ANOVA the relationship of antibodies and disease severity was 
still significant (F(2) = 17.505, p < 0.001). 

Finally, we investigated the possible involvement of LIGHT 
(TNFSF14) in the increase in AA-AT1 observed in the present study. As 
commented below, considerable evidence supports the role for LIGHT in 
generation of AA-AT1 in other diseases. Consistent with this, a signifi-
cant positive correlation between serum levels of AA-AT1 and LIGHT 
was observed (rPearson = 0.70, p < 0.001). Furthermore, a significant 
linear correlation was shown when applying a log transformation to the 
levels of AA-AT1 (rPearson = 0.83, p < 0.001) (Fig. 3B). 

4. Discussion 

In the present study, we observed a significant increase in levels of 
AA-AT1 and AA-ACE2 in COVID-19 patients relative to non-infected 
controls. Furthermore, our results show a significant increase in levels 
of AA-AT1 and AA-ACE2 in moderate and severe COVID-19 patients 
relative to patients with mild outcome. Interestingly, levels of AA-AT1 
showed a high correlation with levels of LIGHT. Levels of AA-AT1 
showed a lower correlation with AA-ACE2. The results also suggest 
that increased levels of autoantibodies are related to differences in the 
response to SARS-CoV-2 infection rather than previous patient comor-
bidities. As could be expected, there is some degree of variability in 
levels of antibodies between patients in the same group of severity, 
which is probably related to individual differences in the immunological 
response and effects of some previous comorbidities such as diabetes. 
However, we observed that the relationship of antibodies and disease 
severity was still significant in diabetic patients. 

AT1 receptor autoantibodies were initially identified in preeclampsia 
[21]. More recently, an increase in circulating AA-AT1 has been related 
to several inflammatory diseases and progression of hypertension and 
cardiovascular processes [12,22]. Levels of AA-AT1 in our cohort of 
moderate and severe COVID-19 patients are similar to those reported by 
other authors in some autoimmune diseases such lupus nephritis [23], 
rheumatoid arthritis or Raynaud’s phenomenon [24]. However, higher 
levels of autoantibodies have been reported for systemic sclerosis and 
primary Sjögren’s syndrome [24]. The present results suggest that 

AA-AT1 contribute to COVID-19 severity, as AA-AT1 bind AT1 receptors 
and, together with Angiotensin II, increase the activity of the RAS 
pro-inflammatory axis (summarized in Fig. 4). It has been shown that 
Ang II enhances severity of several SARS experimental models, which is 
reduced by AT1 blockers [8,10]. In a recent study, we have observed 
that AT1 blockers (i. e. ARAII, ARBs, sartans) increased levels of trans-
membrane ACE2 in the lung while decreased internalization of viral 
spike protein by several mechanisms [10]. The present results suggest 
that patients with high levels of AA-AT1 are particularly suitable can-
didates to treatment with AT1 receptor blockers, which have been 
considered beneficial for COVID-19 outcome in several recent studies 
[25–27]. Increasing evidence indicates that treatments with AT1 re-
ceptor blockers should not be discontinued in patients with COVID-19 or 
at risk of COVID-19. Now, the question is if we should initiate treatment 
with AT1 blockers after COVID-19 diagnosis or in patients at risk of 
infection or risk of severity. Although the above-mentioned experi-
mental and clinical studies suggest beneficial effects, additional clinical 
studies, specifically addressing this question, are necessary. 

Both experimental [28,29] and clinical [30,31] studies have shown 
that the increase in levels of cytokines such as IL-6 and TNF-α in 
COVID-19 plays a major role in the severity of the disease. It has also 
been shown that infusion of IL-6 and TNF-α in animal models induces an 
increase in levels of AA-AT1 [14,15]. However, TNFSF14 (LIGHT) ap-
pears particularly interesting. Circulating LIGHT is mainly secreted by 
cells of the innate and adaptive immune system, although can also be 
produced by tissue structural cells [32,33]. LIGHT acts on structural and 
inflammatory cells to promote initiation of inflammatory and fibrotic 
responses and induces expression of several pro-inflammatory media-
tors, including the above-mentioned cytokines [34], so that LIGHT plays 
a major role in lung tissue remodeling, inflammation and fibrosis [35]. It 
is particularly remarkable that LIGHT, acting via tissue trans-
glutaminase 2 (TG2), has been revealed as a major mechanism for 
generation of AA-AT1. TG2 modifies and stabilizes AT1 receptors [16, 
36], and the epitope sequence of AA-AT1 on the second extracellular 
loop of the receptor can be crosslinked to TG2 via glutamine residue 
Q187 [37]. TG2-modified AT1 receptors act as neoantigens that pro-
mote AA-AT1 generation [16] and AT1 receptor sensitization [38]. 
Consistent with this, we observed a significant correlation between 
AA-AT1 and LIGHT levels in COVID-19 patients. 

A reduction in ACE2 activity at the cell surface (i. e. transmembrane 
ACE2) shifts the RAS balance towards the pro-inflammatory axis, as 
ACE2 transforms Ang II into the anti-inflammatory Ang 1–7. The 

Fig. 3. Levels of AA-ACE2 in COVID-19 patients with and without diabetes and correlation between AA-AT1 levels and LIGHT levels. AA-ACE2 levels (A) were 
significantly higher in patients with diabetes than in non-diabetic patients. Even after controlling the possible confounding effect of diabetes, the relationship of 
antibodies and disease severity was still significant. Data distribution is shown using a box plot with boxes representing the IQR and the median (black line) and 
whiskers representing ±1.5 IQR. *p < 0.05 relative to non-diabetic group (Wilcoxon-Mann-Whitney test). IQR: Interquartile range. AA-AT1 levels positively 
correlated with LIGHT levels (B). Scatterplot showing positive and linear association (rPearson = 0.83, CI95% = [0.74, 0.89]; p < 0.001) between AA-AT1 levels and 
LIGHT levels. The distribution of the variables is shown in the histograms. CI: Confidence Interval. 
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presence of SARS-CoV-2 infection increases the shift towards the RAS 
pro-inflammatory axis. It is known that binding of SARS-CoV-2 to ACE2 
reduces levels of transmembrane ACE2 and induces virus internalization 
and shedding of ACE2 into a soluble/circulating form, as a result of 
activation of the proteases such ADAM17 (TACE, TNF-α -converting 
enzyme) and TMPRSS (transmembrane protease serine 2) [39,40]. 
Activation of the pro-inflammatory AT1 receptors also increases 
ADAM17 and TMPRS activity, increasing viral entry and ACE2 shedding 
[29,41,42]. In the case of COVID-19, generation of AA-ACE2 may be 
enhanced by the presence of circulating immunocomplexes of ACE2- 
SARS-CoV-2 as a consequence of increased levels of circulating ACE2, 
due to virus-induced ACE2 shedding, and the presence of high levels of 
circulating viruses. The presence of high levels of AA-ACE2 may lead to 
further decrease in transmembrane ACE2 activity in the lung and other 
tissues. Therefore, both AA-AT1 (by agonistic stimulation of AT1) and 
AA-ACE2 (by a decrease in transmembrane ACE2 activity and a reduc-
tion of conversion of Ang II into Ang 1–7) lead to increase in AT1 re-
ceptor activity, enhancing the pro-inflammatory responses, and possibly 
viral internalization and ACE2 shedding [29,41,42], and a more severe 
outcome of the COVID-19 disease (Fig. 4). 

Our study has some limitations. A first limitation of the study is the 
relatively low sample size. Severity groups were not balanced, as most of 
the patients belong to the moderate group. Another limitation of this 

study is that we cannot exclude any possible influence of anti-COVID-19 
medications in clinical outcomes, but most of the patients from the same 
severity group received similar treatments. The cross-sectional meth-
odology cannot determine causality but association, and we did not 
include changes in levels of autoantibodies with time. However, we 
were particularly interested in the association between early (i. e. at 
diagnosis) levels of autoantibodies and prediction of severity of the 
disease. Additional measurements during the course of the disease 
would also be interesting. This may be possible in hospitalized patients. 
However, patients of the mild group were sent home for quarantine, and 
sequential measurements are practically impossible in this group. In a 
group of severe or moderate patients with several autoantibody mea-
surements, we did not observe significant changes between samples 
during the disease course. Consistent with this, it was observed that the 
increase in AA-AT1 levels in preeclampsia usually declines 50% by a 
week after delivery [43], and persists in patients for more than 1 year 
postpartum [44]. In a more recent study, circulating AA-AT1 were found 
5–8 years after delivery in women with preeclampsia, [45]. 

5. Conclusions 

The present results suggest that both AA-AT1 and AA-ACE2 
contribute to increase in severity of COVID-19 outcome and could be 
used as an index of probable progression of COVID-19 towards severity. 
Patients with high levels of autoantibodies require more cautious con-
trol after diagnosis of COVID-19. In addition, the results encourage 
further studies on the possible protective treatment with AT1 receptor 
blockers in COVID-19. Finally, the present results also reveal the need 
for further studies where the reported findings are associated with in- 
depth immunological investigations, characterizing adaptive and 
innate immune responses in different COVID-19 phases. 
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Fig. 4. Proposed model for AA-AT1 and AA-ACE2 effects. SARS-CoV-2 infec-
tion induces increase in pro-inflammatory cytokines, particularly LIGHT, pro-
moting AA-AT1, which act as AT1 receptor agonists and enhance the pro- 
inflammatory RAS axis. SARS-CoV-2 binds cell surface ACE2 leading to a 
decrease in this transmembrane ACE2 and an increase in levels of soluble/ 
circulating ACE2. A decrease in transmembrane ACE2 further enhances the pro- 
inflammatory RAS axis and reduces anti-inflammatory axis activity. The in-
crease in levels of circulating ACE2-SARS-CoV-2 complexes may increase levels 
of AA-ACE2, which further reduce transmembrane ACE2 activity and the anti- 
inflammatory RAS function. Green lines, beneficial effects; red lines, detri-
mental effects. 
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AA-AT1 autoantibodies for angiotensin type-1 receptors 
ACE2 Angiotensin converting enzyme 2 
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RAS renin-angiotensin system 
TG2 transglutaminase 2 
TMPRSS transmembrane protease serine 2 

References 

[1] A. Brojakowska, J. Narula, R. Shimony, J. Bander, Clinical implications of SARS- 
CoV-2 interaction with renin angiotensin system: JACC review topic of the week, 
J. Am. Coll. Cardiol. 75 (2020) 3085–3095, https://doi.org/10.1016/j. 
jacc.2020.04.028. 

[2] J.B. Cohen, T.C. Hanff, P. William, N. Sweitzer, N.R. Rosado-Santander, C. Medina, 
J.E. Rodriguez-Mori, N. Renna, T.I. Chang, V. Corrales-Medina, J.F. Andrade- 
Villanueva, A. Barbagelata, R. Cristodulo-Cortez, O.A. Diaz-Cucho, J. Spaak, C. 
E. Alfonso, R. Valdivia-Vega, M. Villavicencio-Carranza, R.J. Ayala-Garcia, C. 
A. Castro-Callirgos, L.A. Gonzalez-Hernandez, E.F. Bernales-Salas, J.C. Coacalla- 
Guerra, C.D. Salinas-Herrera, L. Nicolosi, M. Basconcel, J.B. Byrd, T. Sharkoski, L. 
E. Bendezu-Huasasquiche, J. Chittams, D.L. Edmonston, C.R. Vasquez, J. 
A. Chirinos, Continuation versus discontinuation of renin-angiotensin system 
inhibitors in patients admitted to hospital with COVID-19: a prospective, 
randomised, open-label trial, Lancet Respir. Med. 9 (2021) 275–284, https://doi. 
org/10.1016/S2213-2600(20)30558-0. 

[3] M. Vaduganathan, O. Vardeny, T. Michel, J.J.V. McMurray, M.A. Pfeffer, S. 
D. Solomon, Renin-angiotensin-aldosterone system inhibitors in patients with 
covid-19, N. Engl. J. Med. 382 (2020) 1653–1659, https://doi.org/10.1056/ 
NEJMsr2005760. 

[4] M. Gheblawi, K. Wang, A. Viveiros, Q. Nguyen, J.C. Zhong, A.J. Turner, M. 
K. Raizada, M.B. Grant, G.Y. Oudit, Angiotensin-converting enzyme 2: SARS-CoV-2 
receptor and regulator of the renin-angiotensin system: celebrating the 20th 
anniversary of the discovery of ACE2, Circ. Res. 126 (2020) 1456–1474, https:// 
doi.org/10.1161/CIRCRESAHA.120.317015. 

[5] K. Wang, M. Gheblawi, G.Y. Oudit, Angiotensin converting enzyme 2: a double- 
edged sword, Circulation 142 (2020) 426–428, https://doi.org/10.1161/ 
CIRCULATIONAHA.120.047049. 

[6] V.B. Patel, N. Clarke, Z. Wang, D. Fan, N. Parajuli, R. Basu, B. Putko, Z. Kassiri, A. 
J. Turner, G.Y. Oudit, Angiotensin II induced proteolytic cleavage of myocardial 
ACE2 is mediated by TACE/ADAM-17: a positive feedback mechanism in the RAS, 
J. Mol. Cell. Cardiol. 66 (2014) 167–176, https://doi.org/10.1016/j. 
yjmcc.2013.11.017. 

[7] A.I. Rodriguez-Perez, A. Borrajo, J. Rodriguez-Pallares, M.J. Guerra, J. 
L. Labandeira-Garcia, Interaction between NADPH-oxidase and Rho-kinase in 
angiotensin II-induced microglial activation, Glia 63 (2015) 466–482, https://doi. 
org/10.1002/glia.22765. 

[8] N. Klein, F. Gembardt, S. Supe, S.M. Kaestle, H. Nickles, L. Erfinanda, X. Lei, J. Yin, 
L. Wang, M. Mertens, K. Szaszi, T. Walther, W.M. Kuebler, Angiotensin-(1-7) 
protects from experimental acute lung injury, Crit. Care Med. 41 (2013) e334–343, 
https://doi.org/10.1097/CCM.0b013e31828a6688. 

[9] K. Kuba, Y. Imai, S. Rao, H. Gao, F. Guo, B. Guan, Y. Huan, P. Yang, Y. Zhang, 
W. Deng, L. Bao, B. Zhang, G. Liu, Z. Wang, M. Chappell, Y. Liu, D. Zheng, 
A. Leibbrandt, T. Wada, A.S. Slutsky, D. Liu, C. Qin, C. Jiang, J.M. Penninger, 
A crucial role of angiotensin converting enzyme 2 (ACE2) in SARS coronavirus- 
induced lung injury, Nat. Med. 11 (2005) 875–879, https://doi.org/10.1038/ 
nm1267. 

[10] M.A. Pedrosa, R. Valenzuela, P. Garrido-Gil, C.M. Labandeira, G. Navarro, 
R. Franco, J.L. Labandeira-Garcia, A.I. Rodriguez-Perez, Experimental data using 
candesartan and captopril indicate no double-edged sword effect in COVID-19, 
Clin. Sci. (Lond). 135 (2021) 465–481, https://doi.org/10.1042/CS20201511. 

[11] P. Verdecchia, C. Cavallini, A. Spanevello, F. Angeli, The pivotal link between 
ACE2 deficiency and SARS-CoV-2 infection, Eur. J. Intern. Med. 76 (2020) 14–20, 
https://doi.org/10.1016/j.ejim.2020.04.037. 

[12] P.M. Abadir, A. Jain, L.J. Powell, Q.L. Xue, J. Tian, R.G. Hamilton, D.A. Bennett, 
T. Finucane, J.D. Walston, N.S. Fedarko, Discovery and validation of agonistic 
angiotensin receptor autoantibodies as biomarkers of adverse outcomes, 
Circulation 135 (2017) 449–459, https://doi.org/10.1161/ 
CIRCULATIONAHA.116.022385. 

[13] Y. Takahashi, S. Haga, Y. Ishizaka, A. Mimori, Autoantibodies to angiotensin- 
converting enzyme 2 in patients with connective tissue diseases, Arthritis Res. 
Ther. 12 (2010) R85, https://doi.org/10.1186/ar3012. 

[14] R.A. Irani, Y. Zhang, C.C. Zhou, S.C. Blackwell, M.J. Hicks, S.M. Ramin, R. 
E. Kellems, Y. Xia, Autoantibody-mediated angiotensin receptor activation 
contributes to preeclampsia through tumor necrosis factor-alpha signaling, 
Hypertension 55 (2010) 1246–1253, https://doi.org/10.1161/ 
HYPERTENSIONAHA.110.150540. 

[15] B. Lamarca, J. Speed, L.F. Ray, K. Cockrell, G. Wallukat, R. Dechend, J. Granger, 
Hypertension in response to IL-6 during pregnancy: role of AT1-receptor 
activation, in: Int. J. Interferon Cytokine Mediat. Res. 2011, 2011, pp. 65–70, 
https://doi.org/10.2147/IJICMR.S22329. 

[16] C. Liu, R.E. Kellems, Y. Xia, Inflammation, autoimmunity, and hypertension: the 
essential role of tissue transglutaminase, Am. J. Hypertens. 30 (2017) 756–764, 
https://doi.org/10.1093/ajh/hpx027. 

[17] J. Cohen, Statistical Power Analysis for the Behavioral Sciences, second ed., 
Lawrence Erlbaum, New York, 1988. 

[18] pwr, Basic Functions for Power Analysis. R Package Version 1.3-0, 2020. https: 
//CRAN.R-project.org/package=pwr. (Accessed 28 May 2021). 

[19] R: A Language and Environment for Statistical Computing, R Foundation for 
Statistical Computing, Vienna, Austria, 2020. URL, https://www.R-project.org/. 
(Accessed 28 May 2021). 

[20] Working Group on the Clinical Characterisation and Management of COVID-19 
infection, A minimal common outcome measure set for COVID-19 clinical research, 
Lancet Infect. Dis. 20 (2020) e192–e197, https://doi.org/10.1016/S1473-3099 
(20)30483-7. 

[21] F. Herse, A.C. Staff, L. Hering, D.N. Muller, F.C. Luft, R. Dechend, AT1-receptor 
autoantibodies and uteroplacental RAS in pregnancy and pre-eclampsia, J. Mol. 
Med. (Berl.) 86 (2008) 697–703, https://doi.org/10.1007/s00109-008-0332-4. 

[22] Y. Xia, R.E. Kellems, Angiotensin receptor agonistic autoantibodies and 
hypertension: preeclampsia and beyond, Circ. Res. 113 (2013) 78–87, https://doi. 
org/10.1161/CIRCRESAHA.113.300752. 

[23] J.M. Mejia-Vilet, Y.J. Lopez-Hernandez, J.I. Santander-Velez, M. Trujeque-Matos, 
C. Cruz, C.A. Carranza de la Torre, V. Espinosa-Cruz, R. Espinosa-Gonzalez, N. 
O. Uribe-Uribe, L.E. Morales-Buenrostro, Angiotensin II receptor agonist antibodies 
are associated with microvascular damage in lupus nephritis, Lupus 29 (2020) 
371–378, https://doi.org/10.1177/0961203320904787. 

[24] G. Riemekasten, A. Philippe, M. Nather, T. Slowinski, D.N. Muller, H. Heidecke, 
M. Matucci-Cerinic, L. Czirjak, I. Lukitsch, M. Becker, A. Kill, J.M. van Laar, 
R. Catar, F.C. Luft, G.R. Burmester, B. Hegner, D. Dragun, Involvement of 
functional autoantibodies against vascular receptors in systemic sclerosis, Ann. 
Rheum. Dis. 70 (2011) 530–536, https://doi.org/10.1136/ard.2010.135772. 

[25] R. Baral, M. White, V.S. Vassiliou, Effect of renin-angiotensin-aldosterone system 
inhibitors in patients with COVID-19: a systematic review and meta-analysis of 
28,872 patients, Curr. Atherosclerosis Rep. 22 (2020) 61, https://doi.org/ 
10.1007/s11883-020-00880-6. 

[26] P. Braude, B. Carter, R. Short, A. Vilches-Moraga, A. Verduri, L. Pearce, A. Price, T. 
J. Quinn, M. Stechman, J. Collins, E. Bruce, A. Einarsson, F. Rickard, E. Mitchell, 
M. Holloway, J. Hesford, F. Barlow-Pay, E. Clini, P.K. Myint, S. Moug, K. McCarthy, 
J. Hewitt, The influence of ACE inhibitors and ARBs on hospital length of stay and 
survival in people with COVID-19, Int. J. Cardiol. Heart Vasc. 31 (2020) 100660, 
https://doi.org/10.1016/j.ijcha.2020.100660. 

[27] I.J. Nunez-Gil, I. Olier, G. Feltes, M.C. Viana-Llamas, C. Maroun-Eid, R. Romero, 
I. Fernandez-Rozas, A. Uribarri, V.M. Becerra-Munoz, E. Alfonso-Rodriguez, 
M. Garcia-Aguado, J. Elola, A. Castro-Mejia, M. Pepe, J.F. Garcia-Prieto, 
A. Gonzalez, F. Ugo, E. Cerrato, E. Bondia, S. Raposeiras-Roubin, J.L.J. Mendez, 
C. Espejo, A. Lopez-Masjuan, F. Marin, J. Lopez-Pais, M. Abumayyaleh, M. Corbi- 
Pascual, C. Liebetrau, H. Ramakrishna, V. Estrada, C. Macaya, A. Fernandez-Ortiz, 
H.C.- Investigators, Renin-angiotensin system inhibitors effect before and during 
hospitalization in COVID-19 outcomes: final analysis of the international HOPE 
COVID-19 (Health Outcome Predictive Evaluation for COVID-19) registry, Am. 
Heart J. 237 (2021) 104–115, https://doi.org/10.1016/j.ahj.2021.04.001. 

[28] L. He, Y. Ding, Q. Zhang, X. Che, Y. He, H. Shen, H. Wang, Z. Li, L. Zhao, J. Geng, 
Y. Deng, L. Yang, J. Li, J. Cai, L. Qiu, K. Wen, X. Xu, S. Jiang, Expression of elevated 
levels of pro-inflammatory cytokines in SARS-CoV-infected ACE2+ cells in SARS 
patients: relation to the acute lung injury and pathogenesis of SARS, J. Pathol. 210 
(2006) 288–297, https://doi.org/10.1002/path.2067. 

[29] R. Valenzuela, M.A. Pedrosa, P. Garrido-Gil, C.M. Labandeira, G. Navarro, 
R. Franco, A.I. Rodriguez-Perez, J.L. Labandeira-Garcia, Interactions between 
ibuprofen, ACE2, renin-angiotensin system, and spike protein in the lung. 
Implications for COVID-19, Clin. Transl. Med. 11 (2021) e371, https://doi.org/ 
10.1002/ctm2.371. 

[30] M. Aziz, R. Fatima, R. Assaly, Elevated interleukin-6 and severe COVID-19: a meta- 
analysis, J. Med. Virol. 92 (2020) 2283–2285, https://doi.org/10.1002/ 
jmv.25948. 

[31] P.C. Robinson, D.F.L. Liew, J.W. Liew, C. Monaco, D. Richards, S. Shivakumar, H. 
L. Tanner, M. Feldmann, The potential for repurposing anti-TNF as a therapy for 
the treatment of COVID-19, Med. (N. Y.) 1 (2020) 90–102, https://doi.org/ 
10.1016/j.medj.2020.11.005. 

[32] D.N. Mauri, R. Ebner, R.I. Montgomery, K.D. Kochel, T.C. Cheung, G.L. Yu, 
S. Ruben, M. Murphy, R.J. Eisenberg, G.H. Cohen, P.G. Spear, C.F. Ware, LIGHT, a 
new member of the TNF superfamily, and lymphotoxin alpha are ligands for 
herpesvirus entry mediator, Immunity 8 (1998) 21–30, https://doi.org/10.1016/ 
s1074-7613(00)80455-0. 

[33] K. Tamada, K. Shimozaki, A.I. Chapoval, Y. Zhai, J. Su, S.F. Chen, S.L. Hsieh, 
S. Nagata, J. Ni, L. Chen, LIGHT, a TNF-like molecule, costimulates T cell 

A.I. Rodriguez-Perez et al.                                                                                                                                                                                                                    

https://doi.org/10.1016/j.jaut.2021.102683
https://doi.org/10.1016/j.jaut.2021.102683
https://doi.org/10.1016/j.jacc.2020.04.028
https://doi.org/10.1016/j.jacc.2020.04.028
https://doi.org/10.1016/S2213-2600(20)30558-0
https://doi.org/10.1016/S2213-2600(20)30558-0
https://doi.org/10.1056/NEJMsr2005760
https://doi.org/10.1056/NEJMsr2005760
https://doi.org/10.1161/CIRCRESAHA.120.317015
https://doi.org/10.1161/CIRCRESAHA.120.317015
https://doi.org/10.1161/CIRCULATIONAHA.120.047049
https://doi.org/10.1161/CIRCULATIONAHA.120.047049
https://doi.org/10.1016/j.yjmcc.2013.11.017
https://doi.org/10.1016/j.yjmcc.2013.11.017
https://doi.org/10.1002/glia.22765
https://doi.org/10.1002/glia.22765
https://doi.org/10.1097/CCM.0b013e31828a6688
https://doi.org/10.1038/nm1267
https://doi.org/10.1038/nm1267
https://doi.org/10.1042/CS20201511
https://doi.org/10.1016/j.ejim.2020.04.037
https://doi.org/10.1161/CIRCULATIONAHA.116.022385
https://doi.org/10.1161/CIRCULATIONAHA.116.022385
https://doi.org/10.1186/ar3012
https://doi.org/10.1161/HYPERTENSIONAHA.110.150540
https://doi.org/10.1161/HYPERTENSIONAHA.110.150540
https://doi.org/10.2147/IJICMR.S22329
https://doi.org/10.1093/ajh/hpx027
http://refhub.elsevier.com/S0896-8411(21)00091-3/sref17
http://refhub.elsevier.com/S0896-8411(21)00091-3/sref17
https://CRAN.R-project.org/package=pwr
https://CRAN.R-project.org/package=pwr
https://www.R-project.org/
https://doi.org/10.1016/S1473-3099(20)30483-7
https://doi.org/10.1016/S1473-3099(20)30483-7
https://doi.org/10.1007/s00109-008-0332-4
https://doi.org/10.1161/CIRCRESAHA.113.300752
https://doi.org/10.1161/CIRCRESAHA.113.300752
https://doi.org/10.1177/0961203320904787
https://doi.org/10.1136/ard.2010.135772
https://doi.org/10.1007/s11883-020-00880-6
https://doi.org/10.1007/s11883-020-00880-6
https://doi.org/10.1016/j.ijcha.2020.100660
https://doi.org/10.1016/j.ahj.2021.04.001
https://doi.org/10.1002/path.2067
https://doi.org/10.1002/ctm2.371
https://doi.org/10.1002/ctm2.371
https://doi.org/10.1002/jmv.25948
https://doi.org/10.1002/jmv.25948
https://doi.org/10.1016/j.medj.2020.11.005
https://doi.org/10.1016/j.medj.2020.11.005
https://doi.org/10.1016/s1074-7613(00)80455-0
https://doi.org/10.1016/s1074-7613(00)80455-0


Journal of Autoimmunity 122 (2021) 102683

8

proliferation and is required for dendritic cell-mediated allogeneic T cell response, 
J. Immunol. 164 (2000) 4105–4110, https://doi.org/10.4049/ 
jimmunol.164.8.4105. 

[34] R. Herro, M. Croft, The control of tissue fibrosis by the inflammatory molecule 
LIGHT (TNF Superfamily member 14), Pharmacol. Res. 104 (2016) 151–155, 
https://doi.org/10.1016/j.phrs.2015.12.018. 

[35] R. da Silva Antunes, A.K. Mehta, L. Madge, J. Tocker, M. Croft, TNFSF14 (LIGHT) 
exhibits inflammatory activities in lung fibroblasts complementary to IL-13 and 
TGF-beta, Front. Immunol. 9 (2018) 576, https://doi.org/10.3389/ 
fimmu.2018.00576. 

[36] C. Liu, W. Wang, N. Parchim, R.A. Irani, S.C. Blackwell, B. Sibai, J. Jin, R. 
E. Kellems, Y. Xia, Tissue transglutaminase contributes to the pathogenesis of 
preeclampsia and stabilizes placental angiotensin receptor type 1 by 
ubiquitination-preventing isopeptide modification, Hypertension 63 (2014) 
353–361, https://doi.org/10.1161/HYPERTENSIONAHA.113.02361. 

[37] C. Liu, R. Luo, S.E. Elliott, W. Wang, N.F. Parchim, T. Iriyama, P.S. Daugherty, S. 
C. Blackwell, B.M. Sibai, R.E. Kellems, Y. Xia, Elevated transglutaminase activity 
triggers angiotensin receptor activating autoantibody production and 
pathophysiology of preeclampsia, J. Am. Heart Assoc. 4 (2015), https://doi.org/ 
10.1161/JAHA.115.002323. 

[38] C. Liu, R. Luo, W. Wang, Z. Peng, G.V.W. Johnson, R.E. Kellems, Y. Xia, Tissue 
transglutaminase-mediated AT1 receptor sensitization underlies pro-inflammatory 
cytokine LIGHT-induced hypertension, Am. J. Hypertens. 32 (2019) 476–485, 
https://doi.org/10.1093/ajh/hpz018. 

[39] M. Hoffmann, H. Kleine-Weber, S. Schroeder, N. Kruger, T. Herrler, S. Erichsen, T. 
S. Schiergens, G. Herrler, N.H. Wu, A. Nitsche, M.A. Muller, C. Drosten, 
S. Pohlmann, SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is 
blocked by a clinically proven protease inhibitor, Cell 181 (2020) 271–280, 
https://doi.org/10.1016/j.cell.2020.02.052, e278. 

[40] D.W. Lambert, M. Yarski, F.J. Warner, P. Thornhill, E.T. Parkin, A.I. Smith, N. 
M. Hooper, A.J. Turner, Tumor necrosis factor-alpha convertase (ADAM17) 
mediates regulated ectodomain shedding of the severe-acute respiratory syndrome- 
coronavirus (SARS-CoV) receptor, angiotensin-converting enzyme-2 (ACE2), 
J. Biol. Chem. 280 (2005) 30113–30119, https://doi.org/10.1074/jbc. 
M505111200. 

[41] M.R. Deshotels, H. Xia, S. Sriramula, E. Lazartigues, C.M. Filipeanu, Angiotensin II 
mediates angiotensin converting enzyme type 2 internalization and degradation 
through an angiotensin II type I receptor-dependent mechanism, Hypertension 64 
(2014) 1368–1375, https://doi.org/10.1161/HYPERTENSIONAHA.114.03743. 

[42] J. Xu, S. Sriramula, H. Xia, L. Moreno-Walton, F. Culicchia, O. Domenig, 
M. Poglitsch, E. Lazartigues, Clinical relevance and role of neuronal AT1 receptors 
in ADAM17-mediated ACE2 shedding in neurogenic hypertension, Circ. Res. 121 
(2017) 43–55, https://doi.org/10.1161/CIRCRESAHA.116.310509. 

[43] G. Wallukat, V. Homuth, T. Fischer, C. Lindschau, B. Horstkamp, A. Jupner, 
E. Baur, E. Nissen, K. Vetter, D. Neichel, J.W. Dudenhausen, H. Haller, F.C. Luft, 
Patients with preeclampsia develop agonistic autoantibodies against the 
angiotensin AT1 receptor, J. Clin. Invest. 103 (1999) 945–952, https://doi.org/ 
10.1172/JCI4106. 

[44] C.A. Hubel, G. Wallukat, M. Wolf, F. Herse, A. Rajakumar, J.M. Roberts, 
N. Markovic, R. Thadhani, F.C. Luft, R. Dechend, Agonistic angiotensin II type 1 
receptor autoantibodies in postpartum women with a history of preeclampsia, 
Hypertension 49 (2007) 612–617, https://doi.org/10.1161/01. 
HYP.0000256565.20983.d4. 

[45] A.B. Rieber-Mohn, M. Sugulle, G. Wallukat, P. Alnaes-Katjavivi, G. Leite Storvold, 
N. Bolstad, C.W. Redman, R. Dechend, A.C. Staff, Auto-antibodies against the 
angiotensin II type I receptor in women with uteroplacental acute atherosis and 
preeclampsia at delivery and several years postpartum, J. Reprod. Immunol. 128 
(2018) 23–29, https://doi.org/10.1016/j.jri.2018.05.008. 

A.I. Rodriguez-Perez et al.                                                                                                                                                                                                                    

https://doi.org/10.4049/jimmunol.164.8.4105
https://doi.org/10.4049/jimmunol.164.8.4105
https://doi.org/10.1016/j.phrs.2015.12.018
https://doi.org/10.3389/fimmu.2018.00576
https://doi.org/10.3389/fimmu.2018.00576
https://doi.org/10.1161/HYPERTENSIONAHA.113.02361
https://doi.org/10.1161/JAHA.115.002323
https://doi.org/10.1161/JAHA.115.002323
https://doi.org/10.1093/ajh/hpz018
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1074/jbc.M505111200
https://doi.org/10.1074/jbc.M505111200
https://doi.org/10.1161/HYPERTENSIONAHA.114.03743
https://doi.org/10.1161/CIRCRESAHA.116.310509
https://doi.org/10.1172/JCI4106
https://doi.org/10.1172/JCI4106
https://doi.org/10.1161/01.HYP.0000256565.20983.d4
https://doi.org/10.1161/01.HYP.0000256565.20983.d4
https://doi.org/10.1016/j.jri.2018.05.008

