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1. Zusammenfassung 
Infektionen mit viralen Erregern sind weit verbreitet und können eine Vielzahl 

unterschiedlicher Krankheiten hervorrufen. Die globale Coronavirus disease 2019 (COVID-19) 

Pandemie hat eindrücklich gezeigt, welch tiefgreifenden Einfluss akute virale Infektionen auf 

die Gesundheit und die Gesellschaft nehmen können. Ein zentraler Aspekt im Kampf gegen 

virale Infektionen ist das Verständnis der viralen Pathogenese. Dafür ist ein tiefgreifendes 

Wissen über die Mechanismen erforderlich, durch die Viren eine Immunreaktion hervorrufen. 

Die angeborene Immunabwehr, angeführt von Inflammasomen, spielt dabei eine 

Schlüsselrolle, indem sie Pathogene erkennt und eine Immunantwort initiiert. Zahlreiche 

Studien zeigten, dass Viren Inflammasome aktivieren können, doch die spezifischen viralen 

Strukturen, die für diese Aktivierung verantwortlich sind, sind größtenteils noch unbekannt. 

Das Ziel der vorliegenden Arbeit war die Untersuchung von vier verschiedenen viralen 

Glykoproteinen als mögliche Auslöser der Aktivierung des Nucleotide-binding oligomerization 

domain, Leucine rich Repeat and Pyrin domain containing (NLRP) 3 Inflammasoms und der 

Pyroptose in THP-1-Makrophagen. Untersucht wurden das Spike-Protein (S-Protein) des 

Severe acute respiratory syndrome coronavirus (SARS-CoV) 1 und SARS-CoV-2, das 

Glykoprotein B (gB) des humanen Cytomegalievirus (HCMV) und E2 des Hepatitis-C-Virus 

(HCV). 

Unter Verwendung verschiedener Methodiken, einschließlich Enzyme-linked 

Immunosorbent Assays, Western-Blots und Immunofluoreszenz, wurden die Auswirkungen 

der Stimulation von THP-1-Makrophagen mit den genannten viralen Glykoproteinen 

untersucht. Im Fokus der Studie stand die Messung der Interleukin (IL)-1β-Sekretion, die 

Analyse der Expression von NLRP3 und des Apoptosis-associated speck-like proteins 

containing a caspase-recruitment domain (ASC) sowie die Untersuchung der Bildung von 

ASC-Specks, einem kritischen Schritt in der Aktivierung des Inflammasoms. Zusätzlich wurden 

NLRP3- und Gasdermin D (GSDMD) Knockout-Zellen eingesetzt, um die Rolle dieser Proteine 

in der beobachteten Immunantwort zu validieren. Der GSDMD-vermittelte pyroptotische 

Zelltod, als Folge der Inflammasom-Aktivierung nach Exposition mit Glykoproteinen, wurde 

anhand von Laktatdehydrogenase-Freisetzungsassays und Durchflusszytometrie untersucht. 

Die Stimulation der THP-1-Makrophagen mit den ausgewählten viralen Glykoproteinen 

resultierte in einer erhöhten Sekretion von IL-1β, einer Hochregulierung von NLRP3 und der 

Bildung von ASC-Specks. Die Deletion von NLRP3 oder GSDMD hatten eine signifikante 

Reduktion der IL-1β-Sekretion zur Folge. Zudem zeigten die Experimente, dass die Exposition 

gegenüber den viralen Glykoproteinen zu einem verstärkten Zelltod führte. 
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Die Ergebnisse legen nahe, dass die untersuchten viralen Glykoproteine als Auslöser 

des NLRP3-Inflammasoms, sowie der Pyroptose, in THP-1-Makrophagen fungieren können. 

Diese Studie leistet hierdurch einen Beitrag zum Verständnis der Mechanismen in der viralen 

Pathogenese. In zukünftigen Schritten sollten die Ergebnisse idealerweise in vivo bestätigt 

werden. Offene Fragen betreffen die Rezeptoren, an die die untersuchten Glykoproteine 

binden, um das NLRP3-Inflammasom in einem ersten Schritt zu aktivieren. Zudem bleibt zu 

klären, ob andere Inflammasome an der Immunantwort beteiligt sind. 
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2. Summary 
Infections with viral pathogens are a major global health concern, as highlighted by the 

Coronavirus disease 2019 (COVID-19) pandemic. Understanding the mechanisms of viral 

pathogenesis, including how viruses modulate the immune response, is a crucial component 

in the fight against viral infections. Inflammasomes, particularly the nucleotide-binding 

oligomerization domain, leucine rich repeat and pyrin domain containing (NLRP) 3 

inflammasome, play a pivotal role in innate immunity by detecting pathogens and initiating an 

immune response. Although multiple studies have shown that viruses can activate 

inflammasomes, the specific viral components responsible for this activation remain largely 

undefined. This study aimed to investigate the role of four viral glycoproteins, namely the spike 

protein (S-protein) of the severe acute respiratory syndrome coronavirus (SARS-CoV) 1 and 

SARS-CoV-2, glycoprotein B (gB) of the human cytomegalovirus (HCMV), and E2 of the 

hepatitis C virus (HCV), in triggering NLRP3 inflammasome activation and pyroptosis in THP-

1 macrophages, thereby offering new insights into viral pathogenesis. 

Employing a range of methodologies, including enzyme-linked immunosorbent assays, 

western blots, and immunofluorescence, this research investigated the stimulatory effects of 

these viral glycoproteins on THP-1 macrophages. The study focused on measuring interleukin 

(IL)-1β secretion, on the analysis of the expression levels of NLRP3 and apoptosis-associated 

speck-like protein containing a caspase-recruitment domain (ASC) proteins, and on examining 

the formation of ASC specks, a critical step in inflammasome activation. Furthermore, the 

research utilized NLRP3 and Gasdermin D (GSDMD) knockout cells to validate the role of 

these proteins in the observed immune response. GSDMD mediated pyroptotic cell death, as 

a consequence of inflammasome activation following glycoprotein exposure, was assessed 

through lactase dehydrogenase release assays and flow cytometry. 

The findings revealed that stimulation with the selected viral glycoproteins led to 

increased IL-1β secretion, upregulation of NLRP3, and formation of ASC specks. Notably, the 

absence of NLRP3 or GSDMD significantly reduced IL-1β secretion. Additionally, exposure to 

viral glycoproteins resulted in enhanced cell death.  

This study contributes to the field by identifying specific viral glycoproteins that can 

trigger the NLRP3 inflammasome and pyroptosis in THP-1 macrophages, thereby advancing 

our understanding of the complex interactions between viral pathogens and the host immune 

system. The research underscores the need for further investigations into the cellular receptors 

that these glycoproteins bind to initiate inflammasome activation. Moreover, it highlights the 

importance of exploring whether other inflammasomes are involved in the immune response 

to viral infections. Future research should aim to confirm these findings in vivo to expand our 
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knowledge of the molecular mechanisms underlying inflammasome activation by viral 

pathogens.  
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3. Introduction  
Infectious diseases pose a significant threat to human health, arising from pathogens 

such as viruses, bacteria, fungi, and parasites. The human body has evolved multiple defense 

strategies against these pathogens, encompassing mechanical, chemical, and microbial 

barriers, alongside cellular and humoral immune responses. This study specifically 

concentrates on viral infections, with a particular focus on the interactions between four viral 

glycoproteins and the nucleotide-binding oligomerization domain, leucine rich repeat and pyrin 

domain containing (NLRP) 3 inflammasome as part of the innate immune system. 

3.1. Innate immune system  
The immune system can be divided into the innate and the adaptive immune system. 

The innate immune system identifies pathogens through conserved molecular patterns known 

as pathogen-associated molecular patterns (PAMPs) [1]. Recognition of PAMPs by pattern 

recognition receptors (PRRs) initiates several responses, including phagocytosis, cell 

movement, pathogen or cell destruction, and cytokine production. Key effector cells within the 

innate immune system are phagocytes, such as neutrophils, monocytes, macrophages, and 

natural killer cells. Macrophages play a critical role during infections through the recognition 

and phagocytosis of pathogens or infected cells, and by producing various cytokines like 

interleukins (ILs) and tumor necrosis factor [1, 2]. The adaptive immune system, in contrast, 

targets pathogens with specificity through cellular and humoral responses, involving T-

lymphocytes, B-lymphocytes, and antibodies. The formation of long-lived T and B cells creates 

an immune memory, enabling a faster response upon subsequent exposure to the same 

pathogen [1].  

Historically considered non-specific and incapable of memory, newer research suggests 

that the innate immune system can exhibit trained innate immunity, characterized by adaptive 

features and memory-like capabilities. This phenomenon involves temporary, long-term 

functional reprogramming of cells, including bone marrow progenitors and macrophages, 

driven by epigenetic and metabolic changes, with lasting effects up to a year. Such 

reprogramming leads to an enhanced response to repeated stimuli. However, trained innate 

immunity can also provoke exaggerated immune responses, potentially resulting in tissue 

damage [2, 3].  

3.2. Inflammasomes 
Inflammasomes are a crucial component of the innate immune system and play a pivotal 

role as mediators of the immune response. Although various types of inflammasomes exist, 

they share common features. These multiprotein complexes assemble in response to 

activation signals, initiating a tightly regulated process. Through this process, the effector 
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protein caspase-1 is activated, leading to the activation and release of interleukins. 

Additionally, caspase-1 induces pyroptotic cell death, resulting in cellular lysis and the release 

of cytokines and other cellular contents. The proper activation of inflammasomes and the 

subsequent immune cascade are essential for protecting the body against infections. 

Conversely, dysregulation of inflammasomes can lead to hyperinflammation and tissue 

damage, potentially benefiting specific pathogens. Unrestricted inflammasome mediated 

inflammation is also associated with a range of pathogen independent pathologies, including 

autoinflammatory diseases, neurodegenerative disorders, and cancer [4, 5].  

Inflammasomes can be activated through two main pathways: direct and indirect. Direct 

activation occurs when immune receptors interact directly with PAMPs or damage-associated 

molecular patterns (DAMPs). Indirect activation, on the other hand, involves the detection of 

damage or infection signals through cellular changes, such as alterations in ion fluxes, 

mitochondrial dysfunction, or the release of endogenous danger signals. Both mechanisms 

ensure a versatile and responsive defense system, capable of sensing a wide range of 

microbial threats or cellular injuries [4, 6]. 

3.2.1. NLRP1 inflammasome 
The activation of the NLRP1 inflammasome is associated with several pathogens, 

including Bacillus anthracis, Shigella flexneri, Toxoplasma gondii, and Listeria monocytogenes 

[7, 8]. Furthermore, a role of the NLRP1 inflammasome has been postulated in monogenetic 

skin disorders [8].  

Unlike other inflammasomes, the NLRP1 inflammasome features a domain with 

protease activity for self-cleavage, known as the function-to-find domain. However, self-

cleavage of NLRP1 alone is not sufficient for its activation, as the carboxy-terminal effector 

domain remains inhibited by its interaction with the amino-terminal NLRP1b fragment. Studies 

in murine models have demonstrated that the amino-terminal NLRP1b fragment undergoes 

proteolytic cleavage, allowing for its ubiquitination and subsequent degradation. The 

mechanism of this process in human NLRP1 inflammasomes remains incompletely 

understood. Once the inhibitory domain is degraded, the carboxy-terminal effector domain 

initiates apoptosis-associated speck-like protein containing a caspase-recruitment domain 

(ASC) speck formation, a process where the adaptor protein ASC is recruited and ASC 

molecules oligomerize. These specks acts as a platform for the recruitment and activation of 

caspase-1 [4, 5, 8].  
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3.2.2. NLRP3 inflammasome 
The NLRP3 inflammasome, the most extensively investigated inflammasome, plays a 

critical role in the defense against bacteria, viruses, and fungi. It is also implicated in chronic 

inflammatory diseases such as diabetes, atherosclerosis, and Alzheimer's disease [9].  

Activation of the NLRP3 inflammasome involves a two-step process. Initially, a priming 

signal, comprising either PAMPs or DAMPs recognized by PRRs, is necessary. This step 

activates the transcription factor nuclear factor kappa-light-chain-enhancer of activated B cells 

(NFkB), which then upregulates the expression of NLRP3 and pro-IL-1β. Subsequently, a 

second activation signal is required. Known activators include adenosine triphosphate (ATP), 

pore-forming toxins, lysosomal damage, mitochondrial reactive oxygen species (mROS), 

nucleic acids, and invading pathogens. Exposure to these signals triggers the oligomerization 

of the adaptor protein ASC, leading to the assembly of the inflammasome. This assembly 

activates the protease caspase-1, which processes IL-1β for release into the extracellular 

environment. Additionally, Gasdermin D (GSDMD) and IL-18 are cleaved. GSDMD is activated 

to its N-terminal form (GSDMD-N), forming pores in the cell membrane and inducing pyroptotic 

cell death  [4, 9, 10]. 

Figure 1: NLRP3 inflammasome priming and activation. The first signal, priming, consists of PAMPs that are 
recognized by PRRs. Through this interaction, the transcription factor NFkB is activated and upregulates the 
transcription of NLRP3 and pro-IL-1ß. A variety of second signals for NLRP3 inflammasome activation are known. 
PAMPs and DAMPs can lead to the production of mROS. Crystalline structures, such as uric acid, can lead to 
lysosomal damage and the release of cathepsins. Extracellular adenosin triphosphate (ATP) and consequent 
potassium efflux can trigger inflammasome formation through a specific receptor. Furthermore, aberrant ion 
concentrations through potassium efflux or calcium influx are known activation signals. All these signals lead to the 
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recruitment of ASC and the oligomerization of NLRP3. Once the inflammasome is assembled, activated caspase-
1 proteolytically cleaves pro-IL-1ß and GSDMD into their active forms. GSDMD-N form pores in the cellular 
membrane, which leads to pyroptosis and the release of the pro-inflammatory cytokine IL-1ß. (Created with 
BioRender.com) 

3.2.3. NLRC4 inflammasome 
Research has demonstrated that the nucleotide-binding oligomerization domain-like 

receptor family caspase activation and recruitment domain-containing protein 4 (NLRC4) 

inflammasome plays an important role in the defense against enteric pathogens, such as 

Salmonella typhimurium, Shigella flexneri, and Escherichia coli. It also contributes to protection 

against pathogens like Listeria monocytogenes and Pseudomonas aeruginosa. Additionally, 

the NLRC4 inflammasome has been implicated in certain human pathologies, with two NLRC4-

associated disorders identified: infantile enterocolitis and recurrent macrophage activation 

syndrome both of which are characterized by excessive inflammation and dysregulated 

immune responses [4, 11]. 

Activation of the NLRC4 inflammasome occurs through ligand binding of PAMPs. It 

employs specific proteins to detect pathogenic components. These proteins, upon recognizing 

bacterial flagellin or proteins from the Type III secretion system, recruit NLRC4 to assemble 

the inflammasome complex. This complex directly interacts with caspase-1, triggering its 

activation and the subsequent inflammatory response [4, 11].  

3.2.4. AIM2 inflammasome  
The Absent in melanoma 2 (AIM2) inflammasome plays a vital role in the defense against 

bacterial, fungal, protozoan, and viral infections. It has also been implicated in a range of 

autoinflammatory diseases, including arthritis, psoriasis, atopic dermatitis, colitis, Sjögren’s 

syndrome, and systemic lupus erythematosus [12]. 

Activation of the AIM2 inflammasome occurs through the direct recognition of 

cytoplasmic double-stranded deoxyribonucleic acid (DNA), originating either from dying host 

cells or invading pathogens. This interaction prompts the activation of caspase-1, which in turn 

proteolytically processes IL-1β, IL-18, GSDMD, leading to inflammatory responses and 

pyroptosis [5, 12].  

3.2.5. Pyrin inflammasome  
The pyrin inflammasome serves as an innate immune sensor, detecting bacterial toxins 

that downregulate Rho guanosine triphosphatases. Mutations in the MEFV gene, which 

encodes pyrin, result in the overactivation of the pyrin inflammasome and contribute to the 

development of the autoinflammatory disorder known as familial mediterranean fever [13]. 

In its resting state, the pyrin inflammasome is kept inactive through phosphorylation. 

However, bacterial toxins that inactivate RhoA lead to dephosphorylation and subsequent 
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activation of the inflammasome. This activation induces caspase-1, which then cleaves IL-1β, 

IL-18, and GSDMD, driving the inflammatory response [4, 13].  

3.3. Pyroptosis  
Pyroptosis is a pro-inflammatory form of programmed cell death. Although it shares 

characteristics with apoptosis, such as chromatin fragmentation and nuclear condensation, 

pyroptosis is distinct from apoptosis due to pore formation in the plasma membrane and the 

release of inflammatory intracellular contents [14]. Unlike accidental necrosis, which involves 

the uncontrolled release of cell contents due to cell rupture, pyroptosis is a regulated form of 

necrotic cell death [15]. 

Pyroptosis is induced through the cleavage of GSDMD by caspases. GSDMD consists 

of two domains. The C-terminal domain acts as a repressor while the N-terminal domain has 

the ability to oligomerize and create membrane pores. These pores allow pro-inflammatory 

cytokines such as IL-1β and IL-18 to exit the cell into the extracellular space, while the influx 

of water leads to cell swelling, membrane rupture, and lysis [14, 16].  

There are multiple molecular pathways leading to pyroptosis. The canonical pathway 

begins with inflammasome activation via PRRs, leading to caspase-1-mediated cleavage of 

GSDMD. In the non-canonical pathway, caspases 4 and 5 are directly activated by intracellular 

lipopolysaccharide, cleaving GSDMD to form pores. Additionally, research indicates that 

certain chemotherapeutic drugs can prompt caspase-3-mediated pyroptosis [14, 16].  

Pyroptosis plays a role in the host defense against various pathogens, including 

Salmonella and Shigella. Its involvement in numerous diseases, such as cardiovascular 

diseases and certain cancers, has also been documented [15].  

3.4. PAMPs and DAMPs – triggers of immune responses 
PAMPs are conserved molecules specific to certain pathogens and absent in the host. 

Examples include microbial ribonucleic acid (RNA) and DNA, surface glycoproteins, 

lipoproteins, and membrane components [10, 17]. On the other hand, DAMPs are endogenous 

signals that indicate cellular distress or tissue damage, arising from changes in cellular 

homeostasis. DAMPs can originate from the extracellular matrix, such as biglycan or 

fibrinogen, or from intracellular sources including the cytosol, nucleus, mitochondria, 

endoplasmic reticulum, or the plasma membrane. Molecules such as ATP, uric acid, RNA, 

DNA, mitochondrial DNA and defensins can function as DAMPs [17, 18].  

Both PAMPs and DAMPs can trigger an immune response upon recognition by PRRs 

expressed by cells of the innate immune system. These receptors are located on the cell 

surface, in the cytosol, or in the nucleus, with membrane-bound PRRs detecting extracellular 

pathogens and intracellular PRRs sensing internal cellular distress [19]. PRRs are generally 
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categorized into five main groups: toll-like receptors (TLRs), nucleotide-binding oligomerization 

domain-like receptors (NLRs), retinoic acid-inducible gene-I-like receptors, C-type lectin 

receptors, and AIM2-like receptors [17]. The binding of PAMPs or DAMPs to these receptors 

can stimulate the release of pro-inflammatory molecules such as interferons, chemokines, and 

cytokines, and may also lead to the activation of the adaptive immune response [10, 17, 20].  

3.4.1. Viral glycoproteins  
This study specifically examines viral glycoproteins due to their key role in both cellular 

entry and in the recognition of pathogenic patterns. Viral glycoproteins, present on the surface 

of enveloped viruses such as the human cytomegalovirus (HCMV), the hepatitis C virus (HCV), 

the severe acute respiratory syndrome coronavirus (SARS-CoV) 1, and SARS-CoV-2 facilitate 

the initial contact with host cells by binding to specific receptors. Following receptor binding, 

some viral glycoproteins trigger the fusion of the viral envelope with the host cell membrane, 

allowing the viral genome to enter the host cell and enabling viral replication [21].  

  
Figure 2: Simplified scheme of virus and host cell interaction. The enveloped virus is made up of a viral genome, 
the capsid, and glycoproteins on the outer membrane. Glycoproteins are responsible for the interaction with host 
cell receptors. (Created with BioRender.com) 

In HCMV infections, viral glycoproteins are crucial for cellular entry. The glycoprotein 

M/N complex is needed for attachment to host cells, while the glycoprotein H/L complex, along 

with glycoprotein B (gB), is essential for membrane fusion. Potential receptors for gB include 

the epidermal growth factor receptor, platelet-derived growth factor receptor alpha, and 

integrins, though gB may also mediate fusion without a receptor [22]. For HCV, viral entry 

occurs through the interaction between viral glycoproteins E1/E2 and host cell receptors. 

Glycosaminoglycans and low-density lipoprotein receptors are required for the initial 
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attachment. Four specific receptors have been identified to play a role in cellular entry: 

scavenger receptor class B type 1, CD81, claudin-1, and occludin [23]. During infections with 

SARS-CoV-1 and SARS-CoV-2, the spike protein mediates viral entry through its interaction 

with the angiotensin-converting enzyme 2 receptor. The spike protein consists of two subunits: 

S1, the receptor-binding subunit, and S2, the membrane-fusing subunit. The transmembrane 

serine protease 2 is necessary for cellular entry by cleaving the spike protein into the S1 and 

S2 subunits [24]. 

In addition to facilitating cellular entry, viral glycoproteins play a critical role in immune 

evasion by altering glycosylation patterns, thereby masking viral polypeptide epitopes to evade 

antibody detection. Furthermore, viral glycoproteins contribute to cell-to-cell transmission, 

allowing viruses to spread directly between adjacent cells, thereby avoiding extracellular 

immune defenses, such as neutralizing antibodies [25, 26]. 

3.5. Research question and objectives  
Viruses pose a significant threat to global health, a fact highlighted by the recent 

Coronavirus disease 2019 (COVID-19) pandemic. There is a critical need for a deeper 

understanding of the immune response mechanisms against viral pathogens to facilitate the 

development of new medications and vaccines. This research aimed to investigate the 

interactions between various viral glycoproteins and the NLRP3 inflammasome in 

macrophages. Specifically, the study focused on four glycoproteins, namely the spike protein 

(S-proteins) of SARS-CoV-2 and SARS-CoV-1, gB of HCMV, and E2 of HCV, encompassing 

a wide spectrum of viral infections. The research not only concentrated on the activation of the 

NLRP3 inflammasome but also examined the induction of cell death, particularly pyroptosis. 

To test the hypothesis that viral glycoproteins trigger the NLRP3 inflammasome in 

macrophages, we conducted in vitro experiments using THP1 monocytes, a human monocytic 

cell line. 
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4. Publication 
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Rybniker, J. Viral Glycoproteins Induce NLRP3 Inflammasome Activation and Pyroptosis in 

Macrophages. Viruses. 2021 Oct 15;13(10):2076, doi: 10.3390/v13102076.  

Reprinted with the publisher’s permission. 
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5. Discussion 
Viral infections pose a significant global health threat. Pathogenic viruses can cause a 

variety of diseases, ranging from acute respiratory infections to chronic hepatitis. The course 

of an infection is largely determined by the interaction between the virus and the immune 

system. However, viral pathogenesis and the associated immune responses are often poorly 

understood. The global COVID-19 pandemic has highlighted the importance of in-depth 

research for adequate patient care and prevention strategies, such as vaccine design. In this 

study, four different viral glycoproteins were analyzed to determine if they function as PAMPs 

and thus induce an inflammasome-dependent innate immune response in macrophages. 

5.1. Viral glycoproteins and innate immunity  
This study shows that the viral glycoproteins gB of HCMV, E2 of HCV, and the S-protein 

of SARS-CoV-1 and SARS-CoV-2 can prime the NLRP3 inflammasome in THP-1 

macrophages. Consequently, the pro-inflammatory cytokine IL-1ß is released and the cell 

undergoes pyroptotic cell death. To contextualize these results within viral pathogenesis, the 

following chapter addresses previous research on the studied viruses and innate immune 

responses. 

Negash et al. show that patients chronically infected with HCV have elevated IL-1ß 

serum levels, suggesting HCV dependent inflammasome activation in vivo. Furthermore, they 

show that the NLRP3 inflammasome is activated in macrophages after exposure to the virus 

in vitro [27]. Although studies suggest that human hepatocytes are not the primary source of 

IL-1β secretion, one in vitro study indicates that the NLRP3 inflammasome is still activated 

after HCV infection and may contribute to liver inflammation. However, the mechanisms behind 

this activation remain poorly understood [27, 28]. While previous studies show NLRP3 

inflammasome activation after exposure to the whole virus, this study indicates that the E2 

protein functions as a priming signal in this process, which could be important for further 

research. 

Inflammasome activation has been discussed in the context of COVID-19 associated 

inflammation. Early studies have shown elevated lactase dehydrogenase serum levels in 

COVID-19 patients, as a marker for cell destruction and pyroptosis. In addition to lactase 

dehydrogenase, pro-inflammatory cytokines were elevated in patient serums [29]. A more 

recent study detected inflammasome associated specks in blood monocytes from COVID-19 

patients. Interestingly, NLRP3 inflammasome activation is associated with the severity of 

COVID-19 [30]. Theobald et al. demonstrate that the spike protein primes NLRP3 

inflammasome activation in peripheral blood mononuclear cells (PBMCs) derived from COVID-
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19 patients, but not in healthy individuals, suggesting a role of trained innate immunity in this 

process [31].  

Several studies have shown that SARS-CoV-1 activates the NLRP3 inflammasome in 

vitro. The ORF3a protein activates the inflammasome by changing the potassium ion 

permeability of the plasma membrane and by the production of mROS. The envelop protein 

causes changes in calcium permeability, leading to inflammasome activation [30, 32]. In 

contrast, we found that the S-protein functions as a PAMP, inducing NLRP3 inflammasome 

activation via caspase-1. 

Studies on HCMV and the NLRP3 inflammasome are limited. One study reports 

elevated levels of NLRP3 mRNA in blood samples from critically ill patients with CMV viremia 

and sepsis. However, the authors note that the small sample size means these results should 

be considered preliminary [33].  

Taken together, these results support our study and highlight the role of viral 

glycoproteins in innate immune responses. As our work included only THP-1 macrophages, 

the next step could be to perform experiments with patient-derived material. Stimulating 

patient-derived PBMCs with viral glycoproteins would allow us to analyze inflammasome 

activation more accurately. Additionally, in vivo experiments are necessary to strengthen our 

findings. Developing a mouse model could help analyze the effects of viral glycoproteins or 

whole viruses on NLRP3 inflammasome expression, activation, and cytokine release. Using 

NLRP3 knockout mice could further elucidate the role of the inflammasome in innate immune 

responses to these viruses.  

5.2. The role of viral glycoproteins and inflammasomes in vaccine-induced 
immunity 

5.2.1. Short overview of vaccine development 
The goal of vaccines is to protect the body from infections by creating specific 

antimicrobial immunity in the host. Vaccines designed against viral infections usually induce 

the production of antibodies that target immunogenic viral proteins, preventing the virus from 

entering and infecting host cells [34]. Besides antibodies, T cells are crucial for vaccine 

efficacy, by forming memory T cells that respond rapidly to subsequent encounters with the 

vaccine or pathogen [35]. 

 Traditionally vaccine development focused on whole viruses, either live-attenuated or 

inactivated, or virus-like particles. However, this approach is not effective for all viral infections 

or might be too time-consuming. In recent decades, structure-based vaccine design has 

become a research focus. This approach studies viral proteins with immunogenic properties 

as potential vaccine constructs, identifying vulnerable sites for neutralizing antibody 
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attachment. A deep mechanistic understanding of the respective proteins is crucial for this 

approach to vaccine development [34]. To enhance immunogenicity in structure-based 

vaccines, adjuvants, such as aluminum salts, are often used to modulate the immune response 

to specific antigens [36]. Most recently, during the COVID-19 pandemic, the first mRNA 

vaccines were approved. These vaccines deliver a small, non-infectious segment of the virus 

mRNA into human cells, which then produce and express a viral antigen, in this case the S-

protein, triggering an immune response [37].  

5.2.2. Glycoproteins and inflammasomes as potential targets 
In our research, we analyzed the impact of four different viral glycoproteins on the innate 

immune system. All four glycoproteins induced NLRP3 inflammasome activation and 

pyroptosis, demonstrating their immunogenic properties and potential as vaccine targets. 

Previous studies have highlighted the importance of B and T cell responses against these viral 

glycoproteins, underscoring their suitability for vaccine research [38-42]. Notably, the S-

proteins of SARS-CoV-2 has been pivotal in COVID-19 vaccine development, with all 

approved vaccines targeting the S-protein to elicit neutralizing antibodies that inhibit viral entry 

[43]. Our research extends the understanding of the immune response to the S-protein, 

emphasizing its role in inducing a robust immune response. 

Inflammasomes, particularly the NLRP3 inflammasome, play a crucial role in mediating 

immune responses, which can influence vaccine efficacy. Studies show that aluminum 

hydroxide, a common vaccine adjuvant, activates the NLRP3 inflammasome to induce the 

secretion of IL-1β and IL-18 [36, 44]. While NLRP3 is critical for aluminum-mediated IL-1β 

secretion, research on its importance for adjuvant activity in vivo shows mixed results. Li et al. 

report an impaired antibody response to aluminum-containing vaccines in NLRP3 knockout 

mice, while other studies present contradictory data [36, 44]. Other adjuvants, such as QuilA 

and chitosan, also induce NLRP3 inflammasome activation, implying a broader significance of 

the NLRP3 inflammasome in vaccine efficacy [36]. However, the immune response to the 

Pfizer-BioNTech BNT162b2 mRNA vaccine appears independent of NLRP3 inflammasome 

activation and various TLR pathways, suggesting that different vaccine platforms may utilize 

distinct innate immune mechanisms [37]. These findings underscore the complexity and 

variability of viral glycoproteins and inflammasomes in vaccine-induced immunity, emphasizing 

the need for further research into their roles in vaccine efficacy.  

5.3. Immunological consequences and other potential pathways 
An immune response to pathogens involves a complex interplay of various immune 

signals and responses. This complexity poses a challenge in understanding viral 

pathogenesis. This study demonstrates that viral glycoproteins can activate the NLRP3 
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inflammasome in macrophages, leading to the release of pro-inflammatory cytokines and 

pyroptotic cell death. While these findings are a step toward deciphering virus-host immune 

interactions, they represent only a small part of a complex system. The following chapter will 

address knowledge gaps and explore additional inflammatory pathways that may be activated 

beyond the NLRP3 inflammasome.  

5.3.1. Receptors for cellular entry and immune response 
Cells express a variety of different receptors. Some are used by viruses for cellular entry, 

others can detect pathogens and trigger an immune response. The interaction between viral 

pathogens and cellular receptors remains largely unknown. Understanding how host cell 

receptors recognize viral PAMPs to trigger innate immune responses is crucial for developing 

antiviral or host-directed immune modulatory treatments and vaccines. 

To detect pathogens, cells use a variety of different PRRs. NLRs, such as NLRP1, 

NLRP3, and NLRC4, are the sensors for inflammasome complexes [19]. While this study 

shows the activation of the NLRP3 inflammasome through viral glycoproteins, the receptors 

involved in the priming and activation process remain largely unknown. TLRs have an 

important role in sensing pathogens and activating the immune system. Cell-surface TLRs 

mainly bind to proteins, lipids, and lipoproteins, while intracellular TLRs detect nucleic acids or 

microbial components derived from endolysosomal degradation. TLR2, expressed on the cell 

surface, has been described to detect gB of HCMV and consequently activate NFkB, leading 

to pro-inflammatory cytokine production [45]. Studies suggest that HCV RNA binds to TLR7, 

triggering an immune response in various cell types [46]. Knockdown of TLR7 significantly 

reduces IL-1ß messenger RNA expression in HCV-exposed cells, suggesting that TLR7 

mediates one of the priming signals for the NLRP3 inflammasome [27]. TLR4 binds 

lipopolysaccharide, a major component of the outer membrane of gram-negative bacteria. 

Research however also describes a role in the detection of viral glycoproteins, such as, the 

fusion protein of the respiratory syncytial virus and the S1 subunit of the spike protein of SARS-

CoV-2 [45]. Interestingly, Theobald et al. show that TLR2 is upregulated in PBMCs isolated 

from COVID-19 patients compared to healthy controls, suggesting a role for TLR2 in COVID-

19 pathogenesis [31]. When considering the entire virus, other TLRs might come into play. 

Sartorius et al. suggest that TLR7 and TLR8 could be involved in sensing the single-stranded 

RNA of SARS-CoV-2 [45].  

The interaction between TLRs and viral PAMPs often activates interferon signaling 

cascades [45]. In HCMV infections, the NFkB/interferon-mediated signaling pathway is a well-

described innate immune response [47]. Further analysis of inflammasome-independent 

pathways in viral pathogenesis could enhance the understanding of viral-host interactions.   
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Analyzing PRRs in experiments could uncover specific mechanisms of viral recognition 

and immune activation, potentially revealing new targets for antiviral therapies and vaccine 

adjuvants. These experiments might involve gene knockout or knockdown techniques to 

assess the impact of individual receptors on immune responses and cytokine release. 

Techniques such as CRISPR-Cas9 or RNA interference, through small interfering RNA, could 

be used to precisely manipulate receptor expression and function, allowing for detailed 

dissection of their roles in innate immunity. 

5.3.2. NLRP3 inflammasome activation – signal 1 and signal 2 
NLRP3 inflammasome activation requires two signals: a priming signal and an activation 

signal. This study analyzes four viral glycoproteins as priming signals, using nigericin to 

provide the second signal. Nigericin induces potassium efflux, resulting in abnormal ion 

concentrations within the cell. Identifying the physiological second signal that triggers NLRP3 

assembly during infections with SARS-CoV-1, SARS-CoV-2, HCV, and HCMV requires further 

research. 

 For SARS-CoV-2 infections, the nucleocapsid protein (N-protein), which is involved in 

viral RNA packaging, has been suggested as a possible second signal. Pan et al. demonstrate 

that the N-protein directly interacts with NLRP3 and promotes ASC binding, facilitating 

inflammasome assembly. This interaction induces IL-1β secretion and triggers an immune 

response [48].  

 Chen et al. show that the viroporin 3a of SARS-CoV-1 activates the NLRP3 

inflammasome through potassium efflux [32]. Viroporins, which form ion channels in host cell 

membranes, disrupt cellular homeostasis and facilitate viral replication and pathogenesis [49].   

Changes in membrane ion permeability are a well-known second signal for inflammasome 

activation [32].  

 Negash et al. analyze the effect of HCV infection on liver macrophages, showing that the 

intact virus is required for processing pro-IL-1β. The study demonstrates that HCV-induced 

potassium efflux serves as a second signal for NLRP3 inflammasome activation. However, 

although the HCV p7 protein, a transmembrane cation channel, was discussed as a potential 

cause, the specific protein responsible for this potassium efflux was not identified [27]. 

 Next steps could be to employ danger signals, such as ATP or uric acid, as second 

signals to further enhance the experimental design, replacing nigericin in future studies. 

Additionally, the analysis of other viral proteins, particularly viroporins, could provide valuable 

insights.  
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5.3.3. Other inflammasomes 
In our research, we focused on the most studied inflammasome, the NLRP3 

inflammasome. However, it is conceivable that the viruses investigated in our study trigger 

other inflammasomes as well. 

Research shows that HCMV infections activate the AIM2 inflammasome in THP1 

macrophages, leading to the release of IL-1β and induction of cell death. AIM2-deficient cells 

exhibit significantly lower levels of cleaved caspase-1 and mature IL-1β in the initial hours post-

infection, suggesting a critical role of the AIM2 inflammasome. Interestingly, the secretion of 

mature IL-1β in AIM2-deficient cells increased after 24 hours, suggesting the involvement of 

other inflammasomes at this later stage [47]. In vivo studies are needed to understand the 

relevance of these findings. 

Rossi et al. studied liver biopsies from HCV-positive patients and compared them to 

those from patients with metabolic chronic liver diseases, such as non-alcoholic fatty liver 

disease and non-alcoholic steatohepatitis. The NLRP3 inflammasome was expressed in all 

biopsies but to a greater extent in HCV-positive patients, where it was localized in migrating 

macrophages. The AIM2 inflammasome was almost exclusively expressed in HCV-positive 

biopsies and was localized in Kupffer cells, suggesting a role for AIM2 in HCV infections and 

indicating that inflammasome activation may be cell-type dependent. However, as mentioned 

by the authors, these results were not compared to biopsies from healthy controls, and the 

cohort size was relatively small, necessitating confirmation in future research [50]. Negash et 

al. demonstrate that an NLRP3 knockdown in THP-1 macrophages resulted in the loss of IL-

1β maturation after HCV exposure, suggesting that the NLRP3 inflammasome is a primary 

driver of IL-1β release, potentially ruling out a prominent role for other inflammasomes [27].  

Pan et al show that the N-protein of SARS-CoV-2 failed to activate the NLRP1, NLRC4, 

or AIM2 inflammasome, suggesting that the N-protein specifically triggers NLRP3 [48].  

 This study utilizes NLRP3 knockout cells to highlight the crucial role of the NLRP3 

inflammasome in response to viral glycoproteins. Stimulated knockout cells exhibited minimal 

IL-1β secretion after 6 hours. These findings suggest that, in this specific cell type and time 

frame, the NLRP3 inflammasome is the primary driver of IL-1β maturation and secretion. 

Notably, the AIM2 inflammasome is activated by direct binding of DNA, and in some cases 

RNA, rather than glycoproteins, which were the focus of our experiments. Additionally, the 

activation of other inflammasomes may be triggered by different viral structures and could vary 

based on time or cell type. Therefore, it could be valuable to stimulate NLRP3 knockout cells 

with whole viruses to determine if IL-1β is released, potentially indicating the involvement of 

other inflammasomes or other viral glycoproteins.  
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5.4. Outlook 
This study demonstrates the immunogenic properties of the viral glycoproteins E2 of 

HCV, gB of HCMV, and the S-protein of SARS-CoV-1 and SARS-CoV-2, as they prime the 

NLRP3 inflammasome for activation in THP-1 macrophages. These findings underscore the 

importance of these glycoproteins in viral pathogenesis and the host immune response. 

However, further research is needed to elucidate the underlying mechanisms. Future studies 

could aim to identify macrophage-derived receptors that bind these viral glycoproteins to 

trigger the observed innate immune response. Furthermore, the second physiological signal 

required for NLRP3 inflammasome activation remains to be determined. This signal could 

originate from the virus itself or be an intrinsic molecule released upon viral infection. 

This study was conducted with cell lines in vitro. While inflammasome activation can aid 

the host by facilitating viral clearance, it can also cause harm through hyperinflammation and 

tissue destruction. Delineating these inflammasome mediated effects in viral infections 

requires in vivo or ex vivo studies. However, these studies are often limited due to the lack of 

suitable animal models for the respective viral disease [51]. 

 
Figure 3: Summary of results and outlook. On top the results of this study are shown, being NLRP3 
inflammasome activation and IL-1ß release (A), as well as pyroptotic cell death (B). The bottom part shows the 
outlook with important aspects being the stimulation with whole viruses (A), the identification of involved receptors 
(B), the detection of second signals for inflammasome activation (C), the role of other inflammasomes in the 
activation of innate immune responses concerning viral infections with HCMV, HCV, SARS-CoV-1 and SARS-
CoV-2 (D), and in vivo experiments (E). (Created with BioRender.com)  
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