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Abstract

In the fifth year of the pandemic, SARS-CoV-2 variants continue to unveil new insights into particular mechanism of human immunology but 
also new clues on the interaction of SARS-CoV-2 proteins with host proteins. Nearly all yet known SARS-CoV-2 variants had the ability to cause 
a post-infection disease termed the Long COVID (LC) syndrome. The LC syndrome encompasses various autoimmune diseases ranging from 
localized organ damage to systemic effects like the myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS). The complexity of these 
diverse disease conditions is challenging for physicians. Several studies indicate that SARS-CoV-2 infections may trigger the production of 
functional autoantibodies (fAAB’s), a fact that could well explain the yet known post-infection disease conditions. Therefore, the human target 
proteome of both SARS-CoV-2 viral proteases, NSP3/MPro and NSP5/3CLPro, was investigated. Based on these results, SARS-CoV-2 proteases 
target ~6,500 human proteins, while well-known common viruses were ranging only between 2 to less than 100 proteins. Thus, the capability 
of SARS-CoV-2 to generate reactogenicity against these neoantigens in infected cells is outstanding. Here, the hypothesis is posed that the 
neoantigen production during a SARS-CoV-2 infection is the major cause for the onset of the LC syndrome, which is currently affecting ~10% 
of all infected individuals worldwide.
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Introduction

The SARS-CoV-2 pandemic, which began in early 2020, 
evolved in distinct phases [https://www.worldometers.info/
coronavirus/]. In 2020, our limited knowledge about this novel 
virus in combination with severe hospitalized cases unleashed 
its lethal potential: hyper-inflammation, interferon signaling 
inhibition, and the emergence of functional autoantibodies 
causing widespread organ damage, vascular damage in 
combination with thrombotic events, and neurological 
symptoms [1]. In December 2020, a mortality rate around ~3% 
was observed globally. At the end of 2020, a new Alpha variant 
(B.1.1.7) was first observed in the UK, while the Beta variant 
(B.1.351) was diagnosed in Africa. 

In 2021, the introduction of four vaccines led to widespread 
inoculation efforts, with e.g. over 13 billion vaccinations 

worldwide. The observed vaccine side effects were 
manageable, such as myocarditis (21 events/million mRNA-
based jabs) and increased thrombotic events (37 events/
million vector-based jabs) [2]. In 2021 also new variants like 
the Gamma variant (B.1.1.28) in Brazil, while the Delta variant 
(B.1.1.7) was emerging in India, and later in Europe.

In 2022, the new Omicron variant (B.1.1.529) emerged from 
South Africa [3,4], possibly originating from an asymptomatic 
long-term infection in an immunosuppressed individual 
[5,6]. With a highly infectious yet less lethal nature, Omicron 
posed challenges due to immune evasion, leading to a first 
COVID_19 vaccine adjustment. Despite late arrival, bivalent 
vaccines targeting original and Omicron strains (BA.1/2, 
BA.4/5) were introduced in Sept 2022, but only a 2-3% of the 
population were using the newly arrived vaccines against the 
Omicron variants [7], and therefore, a significant portion of the 

https://www.worldometers.info/coronavirus/
https://www.worldometers.info/coronavirus/
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population worldwide became repeatedly infected (estimated 
between 50-60%).

In 2023, novel side effects of Omicron infections were 
observed, including prolonged or recurrent illnesses and 
immunosuppression. A first monovalent vaccine against 
novel Omicron subvariants was developed (XBB.1.5), though 
their usage diminished as the pandemic waned. Despite 
its reduced lethality (~0.46% worldwide), the permanently 
altering virus displays enhanced infectivity and compromised 
immune responses in infected individuals [8]. Studies revealed 
a heightened risk of Long COVID with repeated infections 
[9], though vaccination showed promise in mitigating this 
risk, emphasizing the importance of targeted vaccination 
strategies [10,11]. However, many questions concerning 
the molecular mechanism for the onset Long COVID are still 
unanswered.

In order to explain the LC syndrome, immunology offers 
several explanations that may seem straightforward, while 
treating physicians face a plethora of puzzling symptoms. 
Long COVID may manifests with a vascular system damage 
[12,13], involves nearly all organs [14], and displays clear 
signs of a dysregulated immune system. Patients exhibit 
systemic inflammatory responses driven by a misled innate 
immune system, particularly the complement system [15]. 
Quite worrying was the observed loss of CD8+ T cells and 
erratic humoral immune reactions [8,16]. Neurocognitive 
issues may stem from inhibitory effects of specific SARS-CoV-2 
proteins on the interferon signaling pathway [17], the surge 
in autoantibody production [18], and reactivation of latent 
Epstein-Barr viruses [19].

Where do all these autoantibodies originate? The first hint 
came from a study on SARS-CoV-2-infected hamsters in 2020 
but was later also observed for COVID-19 patients: 90% of 
all antibodies post-infection target the body's own proteins 
rather than viral proteins. This isn't a coincidence. The SARS-
CoV-2 virus carries two protease genes in its genome, NSP3 
and NSP5, encoding the two viral proteases MPro and 3CLPro, 
respectively [20]. Both proteases cleave the viral polyprotein 
into 16 individual proteins, crucial for viral replication. Their 
“consensus cleavage sites” (CCS), "L-GG•A/K" and "LQ•A/S", 
facilitate this process [21]. Consequently, cells expressing 
these viral proteases may not only cleave the viral polyprotein 
but also all host proteins that display these CCS in infected 
cells.

Material and Methods

Motif search

Using a bioinformatics tool (Motif Search), the consensus 
cleavage sequences (CCS) of these proteases were scanned 
against the human proteome (~72,387 proteins in human KEGG 
database; [24,25]). Motif Search is available from the website 

https://www.genome.jp/tools/motif/MOTIF2.html. By using 
the following parameters, the target proteome of all proteases 
listed in (Figure 1A) allowed us to determine precisely how 
many human proteins are potentially hydrolyzed by the 2 
SARS-CoV-2 proteases. These data have been exported from 
the website and used for further analysis. For further details, 
please see the Supplementary data file.

Results

The neoantigenic potential of SARS-CoV-2

To address this issue, the CCS of known proteases from 
various viruses (e.g., VZV, HSV1/2, HSV6/7, CMV, EBV) were 
used to compare it with the CCS of both proteases encoded by 
SARS-CoV-2. In addition, known proteases from rhinoviruses, 
flaviviruses, hepaciviruses, and parasitic protists like Plasmodia, 
Trypanosoma, and Leishmania were investigated. This 
provided an initial insight into the potential immunological 
threat posed by the two SARS-CoV-2 proteases. The gathered 
CCS are detailed in the Table shown in Figure 1A, with amino 
acid residues depicted as single letters and identified target 
proteins within the human proteome (KEGG database; 
~72,000 proteins) and listed as complete target proteome in 
the Supplementary Excel files.

This analysis unveils an intriguing contrast across various 
viral and human parasites. Latent viruses, typically well-
controlled by the immune system in healthy individuals, 
exhibit a very limited number of cellular proteins that are 
potentially hydrolyzed by corresponding proteases. For 
instance, EBV targets only 2 human proteins, HSV6/7 only 
3, and Herpesviridae 8 proteins (by the "release protease") 
or 50 proteins (by the "maturation protease"), while CMV 
targets 68 human proteins. The risk of dangerous neoantigen 
formation in these infections appears low, suggesting 
that "mimotopes" (viral protein fragments resembling 
human proteins) may play a much more significant role 
for autoimmune disease development, as seen e.g. in EBV-
associated autoimmune diseases (like e.g. systemic lupus 
erythematosus, Sjögren’s syndrome or symptoms associated 
with myalgic encephalomyelitis/chronic fatigue syndrome 
(ME/CFS). By contrast, the findings for SARS-CoV-2 are striking: 
NSP3/MPro protease targets 602 human proteins, while the 
main protease NSP5/3CLPro recognizes 6,439 human proteins 
(Figure 1B). This extensive targeting of human proteins likely 
contributes to the development of individual autoimmune 
diseases following SARS-CoV-2 infection.

This analysis is substantiated by a recently published study 
estimating approximately 4,460 human proteins as targets 
of SARS-CoV-2 proteases by using bioinformatic algorithms 
[25]. Conversely, rhinoviruses target around half of the human 
proteome (11,577 proteins), and flaviriae, hepaciviruses, and 
parasitic protists potentially target nearly the entire human 
proteome (15,133 to 20,516 proteins for the former, and 7,198 

https://www.genome.jp/tools/motif/MOTIF2.html
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to 20,453 for the latter), which likely serves as energy resource 
in their respective parasitic life cycles. Thus, a complete 
destruction of the proteome of infected cells likely diminishes 
the immunological significance of these proteolytic products, 
apart from periodical fever episodes upon the lytic disruption 
of these infected cells (Figure 1B).

Infections with SARS-CoV-2 lead to a critical scenario within 
infected cells: firstly, infected cells suffer from functional 
impairments of cellular processes due to the known actions of 
virus-encoded proteins and their specific interaction with host 
proteins [26]. However, functional impairment also occurs due 
to the loss of essential proteins which are hydrolyzed by the 
two viral proteases. When the “digested content” of cells is 
presented as neoantigens on the cell surface of infected cells, 
it will potentially be recognized as "foreign" by CD8+ T cells 
and also presented to CD4+ T cells by professional antigen-
presenting cells. Thus, an erroneous immune response is likely 
triggered, leading to organ damaging cytotoxic T-cells as 
well as autoantibody formation. Also, the fact that persistent 
SARS-CoV-2 viruses have been identified in Long COVID 
patients suggests a fundamental immunological challenge 

over extended periods, contributing to ongoing health issues 
[27,28].

The digested target proteome is listed in the accompanying 
Supplementary data files. The overlap between both target 
proteomes (602 vs. 6439) is rather small and comprises only 
few proteins, of which one is the IL-12Rß2 chain. IL-12Rß1 and 
IL-12Rß2 are forming the IL-12R, and IL12Rß2 and gp130 form 
the IL-35 receptor, both signaling either to STAT4 (via JAK2/
TYK) or to STAT4 and STAT1 (via JAK1/JAK2). STAT4 and JAK2 
are both targets of NSP5, while STAT1 is not. But the kinase 
TYK2 is target of both, NSP3 and NSP5, respectively. Thus, the 
important IL-12 signaling is compromised in infected cells. IL-
12 signaling represents the initial signal deriving from innate 
immune cells to trigger an appropriate systemic interferon 
response (type I and type II). This is just a simple example to 
demonstrate the importance of analyzing the target proteome 
of both proteases of SARS-CoV-2 in more detail. Figure 2A 
displays the scenario for the IL12 signaling pathway, but 
summarizes also some examples of other affected receptors, 
signal transducers and targeted transcription factors (Figure 
2B).

Figure 1. The neoantigen potential of proteases from various virus clades and parasitic protists. A. The CCS for different viruses and parasites 
are presented in the single-letter amino acid code, with hydrolysis occurring between the 2 amino acids separated by a vertical bar. If 
multiple amino acids were possible at one position, they were shown in square brackets. B. Target proteins of different proteases deriving 
either from different viruses or parasitic pathogens were categorized into 3 groups. Latent viruses with few target proteins (<100), and SARS-
CoV-2 displaying a large number of target proteins (602 and 6,439). Known proteases of rhinoviruses, flaviviruses, and hepaciviruses target 
many proteins, ranging from 11,598 to 20,520. Proteases of parasitic pathogens target between 7,205 and 20,541 proteins of the human 
proteome.
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Discussion

Based on these data, the LC syndrome is a clear autoimmune 
disorder that exhibits with various individual outcomes, most 
likely because of the different ability to present neoantigens 
on individual MHC’s. This makes it nearly impossible for 
treating physicians to find a standard operating procedure 
for the treatment of affected patients. What other options 
might be available for Long COVID patients? With the 
current knowledge, there are limited choices. Surprisingly, 
vaccination against the Omicron variant may not only prevent 
severe disease or death but also secondary conditions like 
LC syndrome [10,11], making them the most cost-effective 
preventive measure. Alternatively, an oral protease inhibitor 
like Paxlovid or other potent protease inhibitors designed 
against NSP3 or NSP5, like e.g. the preclinical drug ML2006a4 
developed at the Stanford University (CA, USA), can partially 
mitigate immune-damaging reactions post-infection. Another 
potential treatment stems from an ongoing clinical study 
with the aptamer BC007 from the company “Berlin Cures”. 
This small DNA aptamer blocks functional autoantibodies 
(fAABs) targeting G protein-coupled receptors (GPCRs), which 
are implicated in various autoimmune diseases and Long 
COVID [29]. By binding directly to the CDR loops of these 
autoantibodies, BC007 inhibits their agonistic effects on many 
human GPCRs, which regulate critical organ functions. The 
presence of fAABs can profoundly affect physiology and lead 

to diverse symptoms, including heart problems, high blood 
pressure, diabetes type II, dementia, and chronic fatigue 
syndrome. The outcomes of these studies will determine if 
BC007 offers relief or even a cure for these conditions, provided 
the existing damage is not irreversible.

In conclusion, preventing SARS-CoV-2 Omicron infections 
may help to prevent also the development of the LC syndrome. 
Several studies have shown that vaccinations after infections 
may lower the risk of developing such autoimmune diseases 
by roughly 50%. In case of an infection, the inhibition of the 
main protease NSP5 by small molecules will definitively help 
to lower also the risk for developing autoimmune diseases.

Besides the above-mentioned precautions before (variant-
specific Omicron vaccines) and during infection with SARS-
CoV-19 (inhibitors of proteases to block virus replication), 
there are only very few other possibilities. One potential 
treatment is the use of a small DNA aptamer named BC007 
which somehow neutralizes fAAB’s directed against G-protein 
coupled receptors (GPCR’s). There are currently two studies 
in Germany (Berlin Cure’s and the Charité in Berlin, Germany) 
which are trying to demonstrate the effectiveness of this 
small DNA molecule in Long COVID patients. A previous study 
has already demonstrated that BC007 is effective in several 
autoimmune diseases [29]. Apart from these studies there are 
currently only very few other options, e.g. to wash out these 

Figure 2. Exemplary effect of SARS-CoV-2 proteases MPro and 3CLPro. A. The IL-12 and IL-35 signaling pathways are classical pathways via the 
associated kinases JAK1, JAK2, and TYK2, involving the STAT factors STAT4 and STAT1. Except JAK1 and STAT1and gp130, all involved mole-
cules are targeted by the two SARS-CoV-2 proteases MPro and 3CLPro. B. Table summarizing in part the identified receptors, signal transducers 
and transcription factors for the two proteases MPro and 3CLPro, respectively. A complete list of targeted proteins is available in the Supple-
mentary data files “NSP3_602targets.xlsx” and NSP5_6439targets.xlsx”, respectively.
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fAAB’s from the blood (therapeutic apheresis), however, as 
the B-cells producing these fAAB´s are still in place, it is only 
a question of time when the Long-COVID disease phenotype 
will come back.

Observation studies with single individuals that were 
additionally vaccinated after Long COVID symptoms have 
already developed, showed a partial response in about 50% of 
the tested people. However, pre-existing co-morbidities may 
limit such a strategy to use vaccination (after prior infection) 
as a therapy.

Therefore, the best way to avoid Long-COVID are disease-
preventive strategies, which means that people have to 
vaccinate every year with novel vaccines directed against 
current omicron strains. This can be done either with the 
available mRNA vaccines or classical vaccines which are also 
on the market.

In conclusion, this pandemia is not yet over, as we still have 
the evolution of novel omicron strains (currently 4 per year), 
that are still infecting people with the consequence of dying 
patients or the development of individual autoimmune 
diseases. Thus, future vaccination strategies are the way of 
choice and may help to prevent the individual health damage 
in our societies and to reduce the costs for health systems and 
economics.
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