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A B S T R A C T   

The relation between infections and autoimmune diseases has been extensively investigated. Multiple studies 
suggest a causal relation between these two entities with molecular mimicry, hyperstimulation and dysregulation 
of the immune system as plausible mechanisms. The recent pandemic with a new virus, i.e., SARS-CoV-2, has 
resulted in numerous studies addressing the potential of this virus to induce autoimmunity and, eventually, 
autoimmune disease. In addition, it has also revealed that pre-existing auto-immunity (auto-Abs neutralizing 
type I IFNs) could cause life-threatening disease. Therefore, the topic of the 15th Dresden Symposium on Au-
toantibodies was focused on autoimmunity in the SARS-CoV-2 era. This report is a collection and distillation of 
the topics presented at this meeting.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
infection leading to clinical manifestations associated with coronavirus 
disease 2019 (COVID-19) has been characterized by immune dysregu-
lation evidenced as cytokine, T-cell and B-cell abnormalities (reviewed 
in [1–4]). Since the onset of the pandemic, research and observational 
studies are currently captured to more than 2000 publications per week 

with a grand total in excess of 175,000 publications! Included in this 
plethora of publications is considerable debate about the significance of 
the heightened autoinflammatory responses in severe COVID-19 and 
evidence that the observed immune dysregulation leads to systemic 
autoimmune rheumatic diseases (SARD) [5,6], and references therein). 
In addition, a number of reports suggest that some COVID-19 patients 
continue to develop de novo clinical signs and symptoms of SARD during 
recovery and what is now called multi-inflammatory syndrome, 
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Kawasaki-like disease and Long-COVID [2]. Mechanisms potentially 
leading to autoimmunity in COVID-19 include increased release of self- 
antigens because of tissue damage, neutrophil activation and NETosis, 
molecular mimicry from homologous sequences of SARS-COV-2 with 
human proteins and activation of autoreactive immune cells [1–3]. In 
2020, inborn errors of type I IFN immunity were shown to lead to life- 
threatening COVID-19 pneumonia, as could pre-existing auto-Abs to 
type I IFNs in at least 10% of cases [7,8]. 

Shortly after the 14th Dresden Symposium on Autoantibodies in 
2019 an infection caused by the highly contagious SARS-CoV-2 became 
a pandemic after an initial outbreak in Wuhan, China. Thus, it was 
comprehensible that the 15th Symposium (2021) focused on the SARS- 
CoV-2 pandemic. Although the majority of SARS-CoV-2 infections are 
mild or asymptomatic, patients with moderate and severe COVID-19 
develop a wide range of symptoms, including respiratory, thrombotic, 
rheumatic and neurological complications. Autoinflammatory and 
autoimmune mechanisms seem to play an important role at least in some 
of these manifestations as well as in vaccination side effects and Long- 
COVID. Autoantibodies associated with and potentially being involved 
in the pathogenesis of severe manifestations of COVID-19 are described 
in this report of the 15th Dresden Symposium on Autoantibodies. 

2. The SARS-CoV-2 as an instrumental trigger of autoimmunity 

Reports on autoantibody occurrence in patients with COVID-19 are 
raising multiple questions: were the antibodies already pre-existent; are 
they co-incidental to or induced by COVID-19; in the latter case, is there 
a role for molecular mimicry; are they transient or persistent; and are 
they preceding autoimmune disease on the short or long term? These 
questions where addressed in a number of presentations, partially 
covered in this paragraph. 

2.1. The spectrum of autoantibodies observed in COVID-19 (Arad Dotan, 
Israel) 

Stimulation of the immune system may act as a double-edged sword; 
while stimulation of the immune system is essential for defense against 
infectious and endogenous compounds, hyperstimulation of the immune 
system could lead to autoimmunity. The concept referred to as ‘the 
mosaic of autoimmunity’ demonstrates the multifactorial origin and 
diversity of numerous factors contributing to the new onset of diverse 
autoimmune diseases. These tangled factors are categorized into four 
primary groups: genetic predisposition, hormonal factors, immune 

deficiency state, and environmental factors [9–13]. It is well known that 
many viruses are a substantial component of environmental factors that 
contribute to the production of autoantibodies and autoimmune dis-
eases. Epstein-Barr virus, cytomegalovirus, and human immunodefi-
ciency virus are viruses that entail these autoimmune abilities. The new 
SARS-CoV-2 may exhibit similar manifestations, as numerous publica-
tions report on the likelihood of COVID-19 patients developing multiple 
types of autoantibodies and autoimmune diseases. In a broad literature 
review, an association was found between COVID-19 and the tendency 
of patients to develop over 15 different types of autoantibodies and 
greater than 10 distinct autoimmune diseases (Fig. 1) [2]. Nevertheless, 
the presentation of various autoimmune manifestations is primarily 
found in severely ill COVID-19 patients. Several mechanisms may 
contribute to the development of autoimmunity in the disease:)1(the 
ability of SARS-CoV-2 to hyper-stimulate the immune system,)2(exces-
sive neutrophil extracellular trap formation with neutrophil-associated 
cytokine responses,)3(and molecular mimicry between self- 
components of the host and the virus. 

Since the SARS-CoV-2 had infected an enormous number of in-
dividuals worldwide, it is hard to estimate the long-term effects on 
global health in terms of autoimmunity. Nevertheless, it is essential to 
remember that the development of autoantibodies could be regarded as 
the preclinical stage of autoimmune diseases; thus, the long-term auto-
immune implications of SARS-CoV-2 are remained to be seen. As the 
presentation of autoantibodies is primarily found in severely ill COVID- 
19 patients, whether or not they will be persistent for years to come is 
still unknown. It is of great importance to recognize those autoimmune 
manifestations of COVID-19 in order to properly cope with their out-
comes in the ongoing pandemic and the long-term post-pandemic 
period. 

2.2. Setting a context for autoantibodies, autoimmunity and autoimmune 
diseases associated with SARS-CoV-2 (Marvin Fritzler, Canada) 

A significant limitation of many published studies that reported the 
emergence of autoantibodies and SARD in COVID-19 has been the lack 
of contemporaneous disease controls with similar clinical characteristics 
and longitudinal data monitoring the development of SARD over time. 
With these issues in mind, the autoantibody profiles were characterized 
in critically ill COVID-19 patients and it was explored if the observa-
tional cohort of adult COVID-19 patients admitted to an intensive care 
unit with acute respiratory failure was different from contemporaneous, 
similarly ill non-COVID-19 patients [1–4]. At the time of this study, no 

Fig. 1. Autoantibodies and autoimmune diseases associated with COVID-19. In the center appears the SARS-CoV-2. Around it, at the upper part of the figure, appear 
autoantibodies linked to SARS-CoV-2-infection. At the bottom part of the figure, appear autoimmune diseases linked to SARS-CoV-2-infection. The figure is adapted 
from Dotan et al. [2] with consent from the Autoimmunity Reviews journal. 
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COVID-19 specific interventions had been administered. The presence of 
autoantibodies was analyzed longitudinally (up to 5 separate time 
points) using a HEp-2 indirect immunofluorescence assay (HEp-2 IFA) 
and autoantigen-based multiplexed immunoassays that typify autor-
eactivity observed in SARD, assays for anti-phospholipid antibodies 
(aPL), as well as a multiplexed array for detection of anti-cytokine 
autoantibodies. 

In the 22 COVID+ and 20 COVID− patients, which included 69% 
males with a median age of 60.5 years, 64% had a positive result in the 
HEp-2 IFA at a serum dilution of ≥1:160, 38% had a variety of auto-
immune disease-related autoantibodies including 31% with myositis- 
related autoantibodies, and 38% had high titer anti-cytokine autoanti-
bodies. Cytoplasmic dense fine and fine speckled HEp-2 IFA patterns 
(AC19 and/or AC20) were significantly associated with worse clinical 
severity scores. APLA were predominantly IgG anti-cardiolipin (aCL; 
48%) followed by IgM aCL (21%), with a tendency toward a higher 
frequency among the COVID+ patients. However, aCL antibodies were 
not associated with surrogate markers of thrombosis, but IgG aCL was 
strongly associated with worse disease severity and higher anti-nuclear 
antibody (ANA) titers, regardless of COVID-19 status. An association 
between aCL and anti-cytokine autoantibodies tended to be higher 
among the COVID+ group. However, there were no statistically signifi-
cant differences between COVID+ and COVID− patients for any of the 
autoantibodies tested. This was confirmed using Bayesian analysis using 
the credible estimates of the posterior probabilities compatible with our 
results. 

In conclusion, severe COVID+ patients have similar humoral auto-
immune features as comparably ill COVID− patients, suggesting that 
autoantibodies are a feature of critical illness regardless of COVID-19 
status. This study provided evidence that, when observed longitudi-
nally, severe COVID-19 patients have a similar autoantibody prevalence 
as a comparator cohort of critically ill patients. Taken together, the data 
suggest that autoantibody production is a feature of immune dysfunc-
tion associated with acute systemic illness rather than a specific SARS- 
CoV2 driven immunopathology. This should not to be taken to infer 
that SARS-CoV2-specific autoantibodies will not be found. 

2.3. Molecular mimicry between SARS-CoV-2 and human autoantigens: 
implications for virus-triggered and vaccine-induced autoantibodies 
(Dimitrios Bogdanos, Greece) 

Molecular mimicry has been considered a valid mechanism to ac-
count for the induction of SARS-CoV-2 induced autoimmune phenom-
ena [14]. Emerging data stemming from bioinformatics studies 
demonstrating a plethora of molecular mimics, i.e., sets of viral and 
human antigens which share extensive amino acid homology, have 
supported this notion [15]. Bioinformatic approaches meticulously 
assessing the extent of protein-protein amino acid similarity have been 
focused on identifying short mimicking sequences at two levels: a) be-
tween viral and human sequences of any kind and origin, irrespective of 
whether such sequences stem from known viral epitopes recognized by 
antibodies and T-cells during natural infection and post-vaccination 
[15], b) searches focused on the identification of mimics between 
known vial antigenic and disease-specific or disease-related autoantigen 
regions, which are frequently targeted by the respective antibodies and 
autoantibodies as has been documented by epitope mapping studies. 
Discovery of such mimics is superior to the discovery of viral/self-amino 
acid homology of any kind, which could be accidental and unlikely to 
bear pathophysiological significance, even if the extent of amino acid 
similarity is relatively high. 

Bioinformatic analysis and identification of 5-mers, 6-mers or even 7- 
mers shared by known viral and self-antigens is not a sufficient argu-
ment to support the notion that molecular mimicry is a likely cause of 
the induction of autoimmunity and autoimmune diseases for several 
reasons [16]: a) mimics documented as sequential amino acid homol-
ogies is a frequent phenomenon and in most of the cases irrelevant to 

autoimmunity, b) only those mimics that are cross-recognized by anti-
bodies (or T-cells) by COVID-19 sera or post-SARS-CoV-2 vaccinated 
sera are likely triggers of autoimmunity via molecular mimicry, c) most 
mimicking sequences reported by BLAST-searches are stemming from 
short sequences of the viral or human autoantigen, despite the fact that 
anti-viral antibodies and autoantibodies in most cases are targeting 
conformational epitopes. Such targets are hardly recognized by bio-
informatic protein-protein analyses. 

Another most robust indirect approach to document cross-reactive 
antibody responses implying antigen mimicry is that described herein: 
serum samples from COVID-19 patients who are seropositive for auto-
antibodies (possibly induced by SARS-CoV-2 infection) are subjected to 
absorption studies whereby purified anti-SARS-CoV-2 antibodies are 
used as an antibody source and human autoantigens are used as the 
antigenic source. In this set of experiments, increasing amounts of the 
human autoantigen are used as solid phase competitors to absorb out 
reactivity against SARS-CoV-2 viral protein and vice versa. If that be-
comes possible, then this is a strong indicator of immunological cross- 
reactivity (and molecular mimicry), as neither the viral protein nor 
the human autoantigen had been able to absorb antibody reactivity 
irrelevant to the respective antigen (i.e., under normal conditions the 
viral protein as a competitor should not have been able to absorb anti-
body reactivity against the human autoantigen and vice versa) [17]. 

Bogdanos et al. presented data using sera with high titer autoanti-
bodies from patients with organ-specific and non-organ specific dis-
eases, such as autoimmune hepatitis type 1 and 2 (AIH-1 and AIH-2), 
primary biliary cholangitis (PBC), Hashimoto's thyroiditis, systemic 
sclerosis (SSc), rheumatoid arthritis (RA), systemic lupus erythematosus 
(SLE), Sjögren's syndrome, ANCA-associated vasculitis, and inflamma-
tory myositis. These sera (at least 5 from each respective autoantibody 
reactivity) were seropositive for various relevant autoantibody re-
activities such as anti-mitochondrial antibodies (AMA), smooth muscle 
antibodies (SMA), autoimmune hepatitis-related anti-nuclear antibodies 
(ANA), AIH-2 specific anti-liver kidney microsomal (anti-LKM)-1 anti-
bodies targeting cytochrome p450IID6, AIH-2 anti-liver cytosol type 1 
antibodies, SSc-related anti-centromere, anti-Scl-70, or anti-RNA poly-
merase III antibodies, synthetase syndrome related anti-synthetase an-
tibodies (anti-Jo-1, anti-PL7, anti-PL12), Hashimoto's anti-thyroglobulin 
and anti-thyroid peroxidase, SS-A and SS-B autoantibodies, and SLE- 
related autoantibodies of various specificities. In none of these sera, 
reactivity against SARS-CoV-2 viral proteins of any kind was observed, 
including the SARS-CoV-2 vaccine related spike protein. Also, the 
reverse experiment was performed: purified sera from COVID-19 pa-
tients with high titers of antibodies against viral antigens or sera from 
SARS-CoV-2 vaccinees with high titer anti-Spike SARS-CoV-2 did not 
react with any of the respective autoantigens (total number of auto-
antigens tested 51). 

Of relevance to these studies, another indirect approach in support of 
the likely existence of a molecular mimicry in motion, is to focus on 
commercial purified polyclonal or monoclonal anti-SARS-CoV-2 anti-
bodies or monoclonal antibodies against the respective autoantigens. To 
confirm the original findings, these monospecific viral antibodies did 
not react with human autoantigens and vice versa. A recent study by 
Vojdani et al. has, however, provided exciting data in support of the 
presence of immunologic cross-reactivity involving such antibodies. 
They were able to show by ELISA that anti-spike SARS-CoV-2 mono-
clonal antibodies are targeting various autoantigens, such as GAD-65, 
mitochondria, phospholipids, and liver microsomes [18]. Also, in the 
same study anti-nucleoprotein SARS-CoV-2 monoclonal antibodies were 
reacting with a plethora of human autoantigens [18]. This evidence of 
human autoantigen recognition by anti-viral antibodies had led the 
authors to suggest that molecular mimicry may account for the observed 
anti-viral related human autoantibody reactivity. Bogdanos et al. were 
unable to replicate these data. Neither polyclonal nor monoclonal an-
tibodies targeting the spike protein were able to react with a plethora of 
human autoantigens by line/dot assays, ELISA, and indirect 
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immunofluorescence. The reason responsible for this inconsistency is 
the focus of ongoing research. 

3. SARS-CoV-2 related thrombotic events and thrombosis 
associated autoantibodies 

Critically ill patients with COVID-19 have a profound hypercoagu-
lable state and often develop coagulopathy which leads to organ failure 
and death. While high levels of D-dimers are consistent with sustained 
activation of the clotting and fibrinolytic cascades, the combination of 
prolonged activated partial-thromboplastin time (aPTT) and both arte-
rial and venous thrombosis is reminiscent of a clinical scenario known as 
the antiphospholipid syndrome (APS). In addition, thrombotic throm-
bocytopenia (TTP) with clinical similarities to heparin-induced throm-
bocytopenia (HIT) has been observed in severe COVID-19, but the more 
so after vaccination with adenovirus-based vaccines [19]. This section is 
focused on the relation between SARS-CoV-2 and these thrombotic 
syndromes. 

3.1. Epitope specificity and relevance of antiphospholipid antibodies in 
patients with COVID-19 (Pier Luigi Meroni) 

Consistent with the view of a link between coagulopathy observed in 
COVID-19 and APS, prolonged aPTT and positive Lupus Anticoagulant 
(LA) assays have been reported in COVID-19 and a relationship between 
the coagulopathy and the aPL has been suggested [2,20,21]. The high 
prevalence of positive functional assays for aPL (i.e., LA) are not reliable 
because of the concomitant anticoagulant therapy and/or the high levels 
of C reactive protein associated with the systemic inflammation. More-
over, contrasting results have been published regarding the results of 
solid-phase assays for aPL (e.g., aCL, anti-β2GPI, and anti-phosphatidyl 
serine/anti-prothrombin (aPS/PT) antibodies). On the other hand, a 
wide panel of solid-phase assays for aPL or the antigen characterization 
of anti-β2GPI antibodies have not been carried out systematically. 

Therefore, a multicenter study was performed with the aim to eval-
uate the prevalence and the clinical association of aPL in a large cohort 
of COVID-19 patients by using a wide panel of aPL solid-phase assays 
and to characterize the epitope specificity of anti-β2GPI antibodies. 

Enzyme-linked Immuno-Sorbent Assays (ELISA) and chem-
iluminescence assays (CLIA) were used to investigate the occurrence of 
aPL (i.e., aCL, anti-β2GPI, and aPS/PT antibodies) in 122 sera of patients 
suffering from moderate/severe COVID-19. Of them, 16 displayed major 
thrombotic events. 

Anti-β2GPI IgG/IgA/IgM were the most frequent aPL in respectively 
15.6/6.6/9.0% of patients, while aCL IgG/IgM were detected in 5.7 and 
6.6%, by ELISA. Comparable values were found by CLIA. aPS/PT IgG/ 
IgM were detectable in 2.5 and 9.8% of patients by ELISA. No associa-
tion between thrombosis and any aPL was found. Reactivity against 
domain 1 and 4–5 of β2GPI was limited to only 3/58 (5.2%) tested sera 
for each domain and did not correlate with aCL/anti-β2GPI, nor with 
thrombosis [22]. 

In conclusion, while medium/high aPL levels with D1 specificity are 
associated with vascular events in APS, low antibody titers with reac-
tivity against β2GPI epitope(s) different from D1 or D4,5 can be found in 
COVID-19 [23]. Such a difference may explain the lack of association 
with thrombotic events in COVID-19. The lack of β2GPI-dependent aPL 
or aPS/PT antibodies does not support the hypothesis that aPL can be 
responsible for LA phenomenon or the prolonged aPTT in these patients. 

COVID-19 patients suffer from a systemic inflammation with com-
plement activation, which may be responsible for high density of β2GPI 
on the activated endothelium [24–27]. In this context, even low titers of 
aPL may become pathogenic, thus potentiating or even triggering 
thrombus formation, especially when anticoagulation is suspended. 
Hence, while transitory aPL are likely to be clinically irrelevant in 
COVID-19 patients as in other infections, detection of aPL may be useful 
for identifying patients potentially at risk of thrombosis after the 

hospital discharge. 

3.2. Anti-prothrombin autoantibodies enriched after infection with SARS- 
CoV-2 and influenced by strength of antibody response against SARS-CoV- 
2 proteins (Dirk Roggenbuck, Germany) 

With respect to the association between thrombotic events observed 
in COVID-19 patients and the APS, this may not be restricted to the aPL 
included in the classification criteria, but may also entail non-criteria 
aPL. However, it is a well-established fact that infection-induced non- 
criteria aPL could occur in a transient manner and may constitute a non- 
pathogenic epiphenomenon. Notwithstanding, aPL IgG to prothrombin 
(aPT) extracted from SARS-CoV-2 infected patients was shown to trigger 
an accelerated hypercoagulation through the activation of innate im-
mune mechanisms encompassing neutrophils and the corresponding 
release of neutrophil extracellular traps (NETs) [28]. 

To investigate the relationship between criteria and non-criteria aPL 
and the strength of the humoral immune response to a SARS-CoV-2 
infection, three cohorts of individuals from Germany and Switzerland 
(n = 70) who contracted SARS-CoV-2 and 20 non-infected blood donors 
were recruited for a multi-center, mixed-severity study [29]. aPL were 
measured by a multiplex line immunoassay (LIA) that enables the 
simultaneous detection of criteria aPL (IgG and IgM aCL and anti-β2GPI, 
respectively) as well as non-criteria aPL (IgG and IgM to phosphatidic 
acid, phosphatidylcholine, phosphatidylethanolamine, phosphatidyl-
glycerol, phosphatidylnositol, PS, PT, and annexin V (AnV), respec-
tively) [30]. Additionally, the tripartite automated blood immunoassay 
technology was used to gauge the humoral response to SARS-CoV-2 by 
detecting IgG to spike ectodomain (S), receptor-binding domain (RBD) 
and nucleocapsid protein (NC) in these cohorts [29]. 

Significant distributional changes between non-infected and SARS- 
CoV-2-infected individuals were ascertained only for IgM positivity 
against AnV, β2GPI, and PT as well as IgM levels to β2GPI, and PT 
(Fisher's exact and Wilcoxon rank sum test with Benjamini-Hochberg 
correction, p < 0.01, respectively). Consequently, for further regres-
sion analysis by fixed- and mixed-effect models, quantitative data of IgM 
levels against β2GPI, and PT were employed. Further, multicollinearity 
of the antiviral IgG antibody response against S, RBD, and NC was 
revealed in SARS-CoV-2-infected individuals and, therefore, principal 
component analysis (PCA) was run to attain linear combinations. The 
obtained first principal component (PC1) accounted for 90.9% of the 
variability and consequently was used to represent the IgG response 
against SARS-CoV-2 proteins for further regression analyses. 

To predict the occurrence of β2GPI and PT IgM levels depending on 
the humoral response to SARS CoV-2, ordinary least square regression 
model analysis with the addition of variables as fixed and as mixed ef-
fects in multiple linear regressions was run. While β2GPI IgM levels were 
correlated with the strength of the anti-viral IgG response only, IgM 
against PT was best predicted by the strength of the IgG response against 
SARS-CoV-2, but also by the patient's sex as well as disease severity [29]. 

In summary, these findings highlight a correlation of IgM aPL, and 
here particularly IgM against PT, but not aPL IgG, with the antiviral 
humoral response in SARS-CoV-2 infected individuals and hint at a 
potentially pathogenic role thereof. However, it should be noted that 
anti-PT antibodies are different from aPS/PT antibodies and are 
considered to be less predictive for thrombotic events. The possible 
involvement of IgM responses in COVID-19 seems to be contradicting 
with the data presented by Meroni in the previous paragraph, but is 
supported by the demonstrated association of the antiviral IgM response 
with disease severity in SARS-CoV 2-infected individuals recently [31]. 

3.3. Anti-Platelet Factor 4 autoimmunity induced by SARS-CoV-2 
vaccination or infection: insights from heparin-induced thrombocytopenia 
(Michel Goldman, Belgium) 

Several cases of TTP following vaccination with the adenovirus- 
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vectored vaccine ChAdOx1 nCoV-19 (Vaxzevria, Oxford/AstraZeneca) 
were reported in different European countries after the launch of 
vaccination campaigns in early 2021. Because of the clinical similarities 
with HIT, several groups simultaneously investigated a possible com-
mon pathobiological basis for both conditions. Furthermore, a similar 
syndrome was also observed after vaccination with the other 
adenovirus-based vaccine Ad26.COV2⋅S (Janssen/Johnson & Johnson) 
and also during severe COVID-19. This is reviewed by Goldman and 
Hermans (2021) which contains links to original papers [32]. 

Anti-Platelet Factor 4 (PF4) autoantibodies, key biomarkers of HIT, 
recognize an epitope exposed on PF4 tetramers upon conformational 
changes induced by their interaction with heparin or other polyanions. 
Indeed, injection of heparin has been shown to induce the release of PF4, 
resulting in the assembly of PF4/heparin complexes which activate 
complement and bind B lymphocytes in a complement-dependent 
manner. At least some B cells responsible for the synthesis of PF4 au-
toantibodies display unique characteristics of innate-like B cells able to 
rapidly mount an IgG response following a first antigenic exposure. 
Immune complexes assembled with PF4 bound to heparin induce 
platelet activation and aggregation by crosslinking FcγRIIA receptors. 

As already elaborated upon, a wide range of autoantibodies were 
reported in association with COVID-19 [2]. There is evidence that these 
autoimmune responses depend on extrafollicular B cells. This B cell 
subset, which shares properties of innate B cells, is also known to play an 
important role in the pathogenesis of systemic lupus erythematosus. It 
could be the source of anti-PF4 antibodies occasionally detected during 
COVID-19, sometimes causing TTP. When anti-PF4 appear during 
COVID-19 independently of heparin treatment, it can be speculated that 
circulating PF4 released by platelets activated by SARS-CoV-2 form 
complexes with endogenous polyanionic proteoglycans shed by 
damaged endothelial cells. Syndecan-1 and endocan are potential pro-
teoglycan candidates since their serum levels are increased in severely ill 
COVID-19 patients in association with other markers of endothelial 
injury. Immunogenic complexes formed between PF4 and polyanionic 
proteoglycans would then stimulate the production of anti-PF4 anti-
bodies which would then recapitulate the sequence of events responsible 
for HIT. 

Since TTP associated with anti-PF4 antibodies was found to develop 
after vaccination with adenovirus-based, but not mRNA vaccines, it 
seems plausible that the adenovirus vector is involved in this rare 
adverse reaction. As vaccine adenoviruses infect endothelial cells upon 
intramuscular injection, it can be speculated that they might represent a 
source of SARS-CoV-2 spike protein [32]. Heparan sulfate proteoglycan 
expressed on the luminal side of endothelial cells could then bind either 
membrane-bound or soluble spike protein. Indeed, Kowarz et al. 
recently repeated that alternative splicing of the spike protein gene 
conveyed by the adenovirus could lead to truncated soluble spike pro-
tein variants [33]. Spike proteins could induce the release of PF4 
through platelet activation via ACE-2 dependent and ACE-2 independent 
mechanisms. PF4 released by activated platelets could become immu-
nogenic after binding heparan sulfate proteoglycan and recapitulate the 
sequence of events described above. 

Ongoing efforts to decipher the common mechanisms involved in 
PF4-related TTP developing in different settings might provide impor-
tant insights for our understanding of the roles of infection and vaccines 
in triggering autoimmunity [34]. 

4. Autoantibodies in MIS-C and pre-existing autoantibodies 
neutralizing type I interferons in life-threatening COVID-19 
infection 

The SARS-CoV-2 pandemic has revealed two novel clinical entities. 
First, a disease that mimics Kawasaki disease and typically manifests in 
children appears to be associated with autoantibodies. Second, acquired 
immunodeficiency due to the presence of pre-existing autoantibodies 
against type I interferons (IFN) results in more severe clinical 

manifestations of COVID-19. These special conditions will be discussed 
in this section. 

4.1. Autoantibodies in Kawasaki disease-like multisystem inflammatory 
syndrome in children (MIS-C) with COVID-19 (Nils Landegren, Sweden) 

Infections by SARS-CoV-2 are typically mild or asymptomatic in 
children, but can, in rare cases, trigger a severe uncontrolled inflam-
matory response that has features in common with Kawasaki disease. 
The multisystem inflammatory syndrome in children (MIS-C) with 
COVID-19 typically presents 4–6 weeks after infection, with high fever, 
organ dysfunction, and elevated markers of inflammation. In a collab-
oration between research groups in Sweden and Italy a systems immu-
nology approach was applied to characterize MIS-C as compared to 
children with Kawasaki disease, children with mild SARS-CoV-2 infec-
tion, and healthy children [35]. Immune cell compositions and cyto-
kines in blood were profiled, and a previously demonstrated approach to 
proteome-scale autoantibody screening was employed by using micro-
arrays of 9000 full-length human proteins [36]. 

Autoantibody profiling revealed several proteins with elevated 
reactivity in MIS-C as compared to the control groups. It could not be 
determined whether the observed autoantibody reactivities existed prior 
to SARS-CoV-2-infection or had been triggered by the infection, because 
earlier samples from the patients with MIS-C were not available. The 
proteins with increased signal intensities in MIS-C showed enrichment 
for Gene Ontology (GO) terms including lymphocyte activation pro-
cesses, phosphorylation signaling pathways, and heart development. 
The latter GO term was particularly interesting given the frequent 
involvement of the myocardium in MIS-C. A focused analysis on the 
proteins involved in heart development revealed the endothelial cell- 
specific glycoprotein endoglin as a putative autoantibody target in 
MIS-C and Kawasaki disease. It was further found that endoglin protein 
levels in plasma were elevated in patients with MIS-C and Kawasaki 
disease, suggesting that endoglin autoantibodies may have developed 
secondary to vascular damage and endothelin protein release. Looking 
more broadly among the proteins with elevated autoantibody signal in 
MIS-C, correlated reactivities against several members of the casein ki-
nase protein family: CSNKA1, CSNK2A1, and CSNK1E were discovered. 
This finding of autoimmunity to casein kinases is interesting in the 
context of earlier reports of upregulation of casein kinase 2-activity 
during SARS-CoV-2-infection [37]. 

In conclusion, this study revealed several autoantibody targets with a 
putative role in the development of MIS-C. The involvement of auto-
antibodies in MIS-C has been further substantiated in later studies with 
similar methodological approaches in other cohorts [38,39]. 

4.2. Autoantibodies neutralizing type I IFNs in patients with life- 
threatening COVID-19 (Paul Bastard, France) 

Type I interferons (IFNs) are anti-viral cytokines and are the first line 
of defense against many viruses. Surprisingly, neutralizing autoanti-
bodies against type I IFNs have been known since the 1980's in patients 
with systemic lupus erythematosus, in patients treated with IFN-α or 
IFN-β, and were even reported in one patient with a severe varicella 
zoster virus infection. These autoantibodies were, nevertheless, thought 
to be clinically silent. Interestingly, their production can begin early in 
infancy, and they are found in all patients with autoimmune poly-
endocrine syndrome type-1 (APS-1), due to germline mutations of AIRE. 
They are also found in patients with hypomorphic mutations of RAG1 or 
RAG2, in men with mutations of FOXP3 and immunodysregulation 
polyendocrinopathy enteropathy X-linked (IPEX), in women with het-
erozygous null mutations of X-linked NEMO and incontinentia pigmenti 
[7], in thymoma, and in patients with myasthenia gravis. Given the anti- 
viral role of type I IFNs and the finding that inborn errors of type I IFN 
immunity could underlie life-threatening COVID [8], it was anticipated 
that autoantibodies to type I IFNs might be causal to the development of 
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severe COVID-19, even in patients without APS-1 or other genetic cause 
underlying these autoantibodies. 

First, a large international cohort of patients was tested in 2020 for 
autoantibodies neutralizing IFN-α2 and/or -ω. Surprisingly, at least 10% 
of patients with life-threatening COVID-19 pneumonia carried these 
neutralizing autoantibodies, while none were found in the individuals 
with asymptomatic or pauci-symptomatic infection [7]. These autoan-
tibodies were found mostly in men (95%) and in the patients over 65 
years old. These findings were later replicated world-wide. APS-1 pa-
tients are at very high risk of developing severe or critical COVID-19 
pneumonia, although with incomplete penetrance, and should benefit 
from early vaccination and prompt treatment in case of infection before 
vaccination [40]. 

Next, it was examined if more patients might have lower neutralizing 
titers of autoantibodies. New assays were set-up to test lower titers of 
autoantibodies and neutralization, in plasma diluted 1:10, against 100 
pg/mL of type I IFNs. It appeared that 13.6% of patients of all ages were 
positive for neutralizing autoantibodies against type I IFNs. Of note, 
some of them were only detectable by the neutralization assay. The 
prevalence increased with age with >20% in individuals older than 80 
years, and included about 20% of all deceased individuals. The odds- 
ratios (OR) of having the autoantibodies showed that they confer a 
very high risk of having severe disease. Indeed, the highest odds ratios 
were those of having autoantibodies neutralizing IFN-α2 and IFN-ω at 10 
ng/mL and 100 pg/mL (67, P < 7.8 × 10− 13 and 54, P 〈 10− 13), while the 
presence of autoantibodies against IFN-α2 (45 at 10 ng/mL, P < 7.8 ×
10− 13 and 23 at 100 pg/mL, P < 10− 13) and against IFN-α2 and/or IFN- 
ω, or IFN-ω were lower, albeit highly significant. Furthermore, autoan-
tibodies against IFN-β were found in about 1.3% of critically ill patients 
(OR = 5, P = 0.043), mostly in those without autoantibodies against 
IFN-α2 and/or IFN-ω. Autoantibodies neutralizing only IFN-β can un-
derlie life-threatening COVID-19, as can autoantibodies to IFN-α2 or to 
IFN-ω. Importantly, in all patients tested, the autoantibodies against 
type I IFNs were present before SARS-CoV-2 infection, as in patients 
with APS-1 [8,40]. 

Finally, it was investigated if the increase in the elderly was also seen 
in the uninfected population. We thus recruited a much larger cohort of 
uninfected adult individuals, of all ages. Strikingly, the prevalence of 
autoantibodies in the general population neutralizing 10 ng/mL (and 
100 pg/mL) of type I IFNs, increases importantly and significantly with 
age, with 0.17% (1.1%) of positive individuals before the age of 70 
years, and more than 1.4% (4.4%) positive individuals after the age of 
70 years. These autoantibodies were most likely clinically silent until 
SARS-CoV-2 infection. Interestingly, these autoantibodies to type I IFNs 
can also underlie severe adverse events following vaccination with the 
yellow-fever live-attenuated vaccine [41]. 

Overall, autoantibodies to type I IFNs underlie life-threatening 
complications in a fifth of individuals over 80 years old and in a fifth 
of fatal COVID-19. They can be detected before infection, including in 
convalescent plasma which could then be excluded from donation [42]. 
Positive individuals should be vaccinated as early as possible, although 
not with a live attenuated vaccine [41] and should be managed 
promptly in case of infection. It is also likely that these autoantibodies 
neutralizing type I IFNs underlie other viral diseases, especially in the 
elderly. 

5. Discussion 

In this review multiple key presentations given at the 15th Dresden 
Symposium on Autoantibodies are summarized. With respect to the 
plethora of autoantibodies that have been associated with COVID-19, 
there are many remaining questions. For most autoantibodies it is not 
known if these autoantibodies already pre-existed before SARS-CoV-2 
infection, it is not known if they persist after recovering from the dis-
ease, and if so, whether they will cause autoimmune disease upon 
follow-up. It can be anticipated that if millions of people become 

infected within a relatively short time-span, a substantial number of 
infected individuals will simultaneously develop autoimmune diseases. 
Furthermore, patients in intensive care units appear to have widespread 
autoimmune reactions, irrespective of being infected by the SARS-CoV- 
2. Therefore, a solid causal relation needs to be established. Molecular 
mimicry might explain such a causal relation [2,43], but as described 
above this causal relation was not confirmed in the work of Bogdanos 
et al. Also, with respect to the thrombotic complications in severe 
COVID-19, there was no evident association with the presence of the 
classical aPL. However, even low level aPL or non-classical aPL may 
become pathogenic in a patient with systemic inflammation resulting in 
extensive damage to the endothelial layer and, eventually, thrombus 
formation. In light of a causal relation between COVID-19 and autoim-
munity, also reversed causality is to be considered, i.e., patients with 
subclinical autoimmunity, might be more prone to infection with SARS- 
CoV-2. Actually, this concept is supported by the finding of autoanti-
bodies neutralizing type I IFNs resulting in novel type of acquired im-
munodeficiency prior to the development of life-threatening COVID-19 
pneumonia in more than 15% of patients. On the other hand, the un-
covered new Kawasaki-like syndrome in children (MIS-C), being char-
acterized with novel autoantibodies, directly linked COVID-19 with 
MIS-C. Similarly, the occurrence of TTP due to autoantibodies reactive 
with PF4 was related to vaccination with adenovirus vectored vaccines, 
but potential causality and pathogenicity remain to be further 
investigated. 

Based on the above, and as summarized in the presentation of Marvin 
Fritzler, the following considerations are suggested in understanding the 
rapidly expanding literature linking COVID-19 to autoimmunity:  

1. Controls used for any given study are critical to interpretation of the 
results. Although observations of autoantibodies among severe 
COVID-19 patients were correlated with certain clinical features 
suggesting a possible causal link, the null hypothesis that COVID19+
individuals have the same autoimmune phenomena as similarly ill 
critical patients was not disproven. In numerous other published 
studies, lack of proper contemporaneous controls has hindered this 
determination. Many studies used apparently healthy controls, while 
others stratified COVID-19 cohorts according to disease severity 
(mild, moderate, severe). Although this may provide interesting 
comparisons of biomarkers associated with disease severity, it does 
not demonstrate that the biomarkers of interest are specific for SARS- 
CoV-2 infection nor does it provide evidence of a specific role of 
SARS-CoV-2 as a specific inducer of SARD or other autoimmune 
diseases.  

2. Autoimmune phenomena (autoantibodies, dysregulated cytokines) 
are not equated to autoimmune disease. This is also true of autoan-
tibodies such as anti-dsDNA and aPL that may be pathogenic in some, 
but not all situations  

3. Longitudinal studies dating from disease onset, admission and, 
preferably, long term prospective studies of apparently healthy 
people that develop COVID-19 are important to understanding the 
evolution of autoimmune disease in COVID-19.  

4. The temporal appearance of a SARD that developed during the 
pandemic in an individual should not be equated to causality. An 
important consideration for assessing autoimmune phenomena 
among critically ill patients is the need for longitudinal sampling and 
clinical follow-up because the development of autoantibodies is time 
dependent. Therefore, a “snapshot” at arbitrary times (e.g., cross- 
sectional studies) is unable to capture this process.  

5. Confounding factors such as medications, pre-existing autoimmune 
illnesses, and other comorbidities need to be taken into 
consideration. 

6. Many publications identify ‘limitations’ of their study but this typi-
cally appears near the end of the discussion. Readers must pay close 
attention to the limitations of the study, preferably before reading 
the entire manuscript. Indeed, if the limitations are taken in the 
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context of the discussion of the results, much of the discussion may 
be moot. 

In conclusion, the 15th Dresden Symposium on Autoantibodies was 
an excellent podium to exchange current knowledge on autoimmunity in 
the SARS-CoV-2 era. Unfortunately, this review could not cover the 
whole spectrum of presentations on this topic because the research data 
underlying some of the presentations were not yet published. This 
included presentations on the potential role of autoantibodies directed 
against G-protein coupled receptors (GPCR) [44] and autoantibodies to 
the angiotensin converting enzyme (ACE)2 [45,46]. It can be speculated 
that the first are involved in the clinical manifestations associated with 
Long-COVID because clinical manifestations resemble diseases, like fi-
bromyalgia and silicon-induced autoimmunity, due to an autoantibody- 
mediated dysregulation of the autonomic nervous system [47,48]. The 
autoantibodies to cell-surface bound ACE2 may either interfere with the 
binding to and infection of airway epithelial cells by SARS-CoV-2 or 
result in disturbance of the renin-angiotensin system that may be asso-
ciated with the intrinsic effects of SARS-CoV-2 infection. Altogether, it is 
evident that further research is needed to answer the many remaining 
questions regarding the association between a plethora of autoanti-
bodies and COVID-19. Nevertheless, SARS-CoV-2 is considered a strong 
stimulator of both the innate and adaptive immune system and, there-
fore, it can be anticipated that in a selected cohort of individuals the 
odds, based on genetics and environmental factors, are against main-
taining immune homeostasis and tolerance enabling autoimmune dis-
eases to develop on the short or long term. 
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