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Abstract 

The NOD-like receptor family pyrin domain containing (NLRP) 3 inflammasome is 

an important component of the innate immune response activated by pathogens and 

cellular damage. It serves as an activation platform for caspase-1, which controls 

the bioactivity of interleukin (IL)-1β. Classical activation of the NLRP3 

inflammasome requires a priming step, followed by a subsequent signal, such as K+ 

efflux, to induce NLRP3 activation and inflammasome assembly. Upon activation, 

caspase-1 cleaves gasdermin D (GSDMD) leading to the formation of membrane 

pores which serve as conduits for IL-1β release and induce pyroptosis. However, 

primary human monocytes engage an alternative pathway upon stimulation of toll-

like receptor (TLR) 4. This pathway involves caspase-8 dependent NLRP3 

activation leading to the release of IL-1β independently of K+ efflux and pyroptosis. 

The focus of this study was to explore the mechanism of the activation of the NLRP3 

inflammasome in primary human monocytes to investigate if the alternative pathway 

was also activated by other TLRs, as it has only been described for TLR4. The 

alternative pathway was shared by TLR2, 4, 5 and 7/8, where TLR stimulation could 

induce IL-1β release without a second signal and in the absence of pyroptosis. This 

process was dependent on caspase-1 and caspase-8 activation, both of which were 

constitutively active in primary human monocytes. IL-1β release was dependent on 

membrane permeabilisation, as inhibition of GSDMD oligomerisation in the 

membrane could inhibit IL-1β release.  

The NLRP3 inflammasome has been implicated in the pathogenesis of many 

inflammatory diseases. Initially, this work aimed to explore the role of the NLRP3 

inflammasome in rheumatoid arthritis (RA) and to investigate the regulation of sterile 

α and HEAT/Armadillo motif containing protein (SARM1), a negative regulator of 
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NLRP3. However due to the COVID-19 pandemic and consequently a lack of 

access to RA samples, the project moved to investigate the expression of host 

response genes in convalescent COVID-19 participants, where NLRP3 was found 

to be elevated in monocytes 3-6 months following SARS-CoV-2 infection.  

In summary, the alternative NLRP3 inflammasome pathway is shared by TLR family 

members in primary human monocytes. Furthermore, these data indicate that 

despite an absence of pyroptosis, TLR-induced IL-1β is potentially released through 

low level GSDMD pore formation. Consequently, monocytes remain functionally 

active enabling them to sustain the immune response supporting the clearance of 

an infection. Furthermore, elevated NLRP3 expression following SARS-CoV-2 

infection may alter the inflammatory threshold for activation of monocytes in 

individuals recovered from COVID-19. 

 

  



4 

List of Contents 

 

Abstract ................................................................................................................. 2 

List of Contents ..................................................................................................... 4 

List of figures ........................................................................................................ 8 

List of tables ........................................................................................................ 10 

Abbreviations ...................................................................................................... 12 

Acknowledgments .............................................................................................. 18 

Declaration .......................................................................................................... 19 

1 Chapter One: Introduction ........................................................................... 20 

1.1 Inflammation and the immune system ............................................................... 20 

1.2 The innate immune response ............................................................................ 22 

1.1.1 Innate immune memory .............................................................................. 24 

1.3 Toll-like receptors .............................................................................................. 26 

1.3.1 The TLR family ........................................................................................... 26 

1.3.2 TLR signalling ............................................................................................. 28 

1.4 The Interleukin-1 family ..................................................................................... 30 

1.4.1 IL-1β ........................................................................................................... 30 

1.4.2 IL-18 ........................................................................................................... 31 

1.5 The inflammasome ............................................................................................ 33 

1.5.1 Inflammasome types .................................................................................. 33 

1.5.2 Activation of the NLRP3 inflammasome ...................................................... 35 

1.5.2.1 Canonical NLRP3 inflammasome activation ............................................ 35 

1.5.2.2 Assembly of the NLRP3 inflammasome .................................................. 41 

1.5.2.3 Non-canonical NLRP3 inflammasome activation ..................................... 42 

1.5.2.4 Alternative NLRP3 inflammasome pathway ............................................ 43 

1.6 Release of IL-1β ................................................................................................ 45 

1.6.1 Gasdermin D: A mediator of pyroptosis and IL-1β release .......................... 45 

1.7 Regulation of NLRP3 inflammasome activation ................................................. 46 

1.8 SARM1: a regulator of the immune response and cell death ............................. 48 

1.8.1 Activation of SARM1 ................................................................................... 49 

1.8.2 Involvement of SARM1 in inflammation and cell death ............................... 49 

1.8.3 SARM1 as negative regulator of the NLRP3 inflammasome ....................... 50 

1.9 NLRP3 inflammasome in diseases .................................................................... 51 

1.9.1 Rheumatoid Arthritis ................................................................................... 52 



5 

1.9.1.1 Epidemiology .......................................................................................... 52 

1.9.1.2 Clinical presentation and diagnosis ......................................................... 53 

1.9.1.3 Pathogenesis .......................................................................................... 53 

1.9.1.4 Current management of RA and therapeutic approaches ........................ 57 

1.9.2 COVID-19 ................................................................................................... 62 

1.9.2.1 SARS-CoV-2 ........................................................................................... 63 

1.9.2.2 Clinical presentation, epidemiology and diagnosis of COVID-19 ............. 65 

1.9.2.3 Immunopathogenesis of COVID-19 ......................................................... 68 

1.9.2.4 Clinical management and treatment modalities ....................................... 72 

1.9.2.5 Long-COVID and Post-COVID-19 syndrome .......................................... 74 

1.10 Synopsis and purpose of the study .................................................................... 77 

2 Chapter Two: Materials and Methods ......................................................... 79 

2.1 Ethical Approvals, Patients and Recruitment ..................................................... 79 

2.2 Common buffers and media ............................................................................... 81 

2.3 Isolation of cells and serum ............................................................................... 83 

2.3.1 Peripheral Blood Mononuclear Cells (PBMCs) isolation .............................. 83 

2.3.2 Isolation of monocytes by iso-osmotic Percoll gradient centrifugation ......... 84 

2.3.3 Isolation of monocytes from PBMCs via MACS .......................................... 84 

2.4 Cell culture ........................................................................................................ 85 

2.4.1 Primary monocytes stimulation ................................................................... 85 

2.5 Limulus Amebocyte Lysate (LAL) Chromogenic Endotoxin assay...................... 88 

2.6 Endotoxin removal from the full-length spike protein .......................................... 88 

2.7 CellTiter-blue Cell Viability Assay ...................................................................... 89 

2.8 LDH Cytotoxicity Assay ..................................................................................... 89 

2.9 Caspase-1 Activity Assay .................................................................................. 90 

2.10 Caspase-8 Activity Assay .................................................................................. 90 

2.11 Flow Cytometry .................................................................................................. 90 

2.12 Enzyme linked immunosorbent assay (ELISA) .................................................. 91 

2.13 Nucleic acid purification and processing ............................................................ 92 

2.13.1 RNA Isolation ............................................................................................. 93 

2.13.2 cDNA synthesis .......................................................................................... 94 

2.13.3 Real-time PCR............................................................................................ 95 

2.13.3.1 Relative quantification ......................................................................... 95 

2.13.4 NanoString nCounter assay ........................................................................ 98 

2.13.4.1 RNA preparation .................................................................................. 99 

2.13.4.2 NanoString nCounter assay ................................................................. 99 

2.13.4.3 Data normalisation ............................................................................... 99 



6 

2.13.4.4 Gene ontology and pathway enrichment analysis .............................. 100 

2.14 Western Blotting .............................................................................................. 101 

2.14.1 Sample preparation and quantification of protein concentration ................ 102 

2.14.2 SDS-PAGE and transfer ........................................................................... 102 

2.14.3 Blocking, antibodies and imaging ............................................................. 103 

2.15 Statistical Analysis ........................................................................................... 104 

3 Chapter Three: Primary human monocytes release IL-1β via the 

alternative NLRP3 inflammasome pathway .................................................... 106 

3.1 Toll-like receptor stimulation alone induces IL-1β release ................................ 107 

3.2 TLR-induced IL-1β release is dependent on NLRP3 and caspase-1 ................ 108 

3.3 Activation of NLRP3 amplifies TLR-induced IL-1β release ............................... 113 

3.4 K+ efflux is not required for TLR-induced IL-1β secretion ................................. 116 

3.5 TLR-induced IL-1β release requires caspase-8 ............................................... 120 

3.6 Constitutively active caspase-1 is sufficient for the release of mature IL-1β from 

LPS and R-848 stimulated monocytes ....................................................................... 124 

3.7 Discussion ....................................................................................................... 126 

4 Chapter Four: IL-1β is released via GSDMD independently of pyroptosis 

in the alternative pathway ................................................................................ 134 

4.1 TLR-induced IL-1β release depends on membrane permeability ..................... 134 

4.2 TLR-induced IL-1β is released independently of pyroptosis ............................. 139 

4.3 TLR7/8 activation triggers the cleavage of GSDMD ......................................... 141 

4.4 TLR-induced IL-1β is released via GSDMD ..................................................... 142 

4.5 Discussion ....................................................................................................... 145 

5 Chapter Five: The role of SARM1 in rheumatoid arthritis ....................... 152 

5.1 PYCARD expression is higher in monocytes from ACPA negative RA patients .....

  ........................................................................................................................ 153 

5.2 LPS stimulation upregulates SARM1 protein expression ................................. 157 

5.3 The effect of cytokines on SARM1 expression ................................................. 160 

5.4 Discussion ....................................................................................................... 162 

6 Chapter Six: Monocyte mediated immune response to SARS-CoV-2 ... 167 

6.1 SARS-CoV-2 peptides do not activate an IL-1β and TNF response in primary 

human monocytes ...................................................................................................... 169 

6.2 SARS-CoV-2 induces sustained changes in the basal expression of monocyte 

host response genes .................................................................................................. 171 

6.3 Differentially expressed genes induced by COVID-19 are involved in the innate 

anti-viral response ...................................................................................................... 187 

6.4 Monocytes from convalescent COVID-19 donors exhibit signatures of a 

tolerogenic response .................................................................................................. 193 



7 

6.5 Basal SOCS3 expression is upregulated in monocytes from convalescent 

COVID-19 donors ....................................................................................................... 196 

6.6 COVID-19 donor monocytes exhibit an elevated constitutive secretion of IP-10 ....

  ........................................................................................................................ 197 

6.7 Discussion ....................................................................................................... 198 

7 Chapter Seven: Conclusion ....................................................................... 207 

7.1 Primary human monocytes require GSDMD for the release of IL-1β via the 

alternative NLRP3 inflammasome pathway ................................................................ 207 

7.2 LPS and R-848 stimulation upregulate SARM1 expression to induce a negative 

feedback loop ............................................................................................................. 210 

7.3 Exposure to SARS-CoV-2 induces alterations of the host response in monocytes 

which is evident 3-6 months after infection ................................................................. 212 

7.4 Limitations and future experiments .................................................................. 215 

7.5 Concluding remarks ......................................................................................... 217 

8 References .................................................................................................. 219 

Appendices........................................................................................................ 242 

 

  



8 

List of figures 

Figure 1.1: Trained Immunity vs. Immune tolerance. ........................................... 24 

Figure 1.2: The TLR and IL-1R Signalling Network. ............................................. 29 

Figure 1.3: Two signal model for classical activation of the NLRP3 inflammasome.

 .............................................................................................................................. 37 

Figure 1.4: The alternative NLRP3 inflammasome pathway. ............................... 44 

Figure 1.5: Key pathological changes in the synovium in rheumatoid arthritis. .... 54 

Figure 1.6: Structure of SARS-CoV-2. ................................................................. 63 

Figure 2.1: Nanostring analysis of COVID-19 donors and healthy controls. ...... 101 

Figure 3.1: TLR stimulation directly induces IL-1β release. ............................... 108 

Figure 3.2: NLRP3 mediates TLR-induced IL-1β release. ................................. 110 

Figure 3.3: Caspase-1 is required for TLR-induced IL-1β release. .................... 112 

Figure 3.4: Activation of K+ efflux elevates TLR-induced IL-1β release. ............ 115 

Figure 3.5: Inhibition of K+ efflux does not affect TLR-induced IL-1β secretion. . 117 

Figure 3.6: TNF secretion was unaffected upon inhibition of K+ efflux. .............. 118 

Figure 3.7: Cell viability is unchanged upon inhibition of K+ efflux. .................... 119 

Figure 3.8: Cl- efflux is not required for TLR-induced IL-1β secretion. ............... 120 

Figure 3.9: IL-1β secretion is caspase-8 dependent. ......................................... 122 

Figure 3.10: Caspase-8 is constitutively active in primary human monocytes. .. 123 

Figure 3.11: Caspase-1 is constitutively active in primary human monocytes. .. 125 

Figure 3.12: TLR4 and 8 stimulation leads to the release of mature IL-1β......... 126 

Figure 4.1: Plasma membrane permeabilisation is required for alternative IL-1β 

release. ............................................................................................................... 136 

Figure 4.2: TLR1/2 and 2/6-induced TNF is inhibited by punicalagin. ................ 138 

Figure 4.3: Cell viability is unaffected upon punicalagin treatment. .................... 139 

Figure 4.4: TLR-induced IL-1β is released independent of pyroptosis. .............. 141 

Figure 4.5: TLR-induced IL-1β is released in a GSDMD-mediated mechanism. 143 

Figure 4.6: TNF secretion is unaffected by NSA treatment. ............................... 144 

Figure 4.7: Inhibition of GSDMD pore formation prevents cell death. ................ 145 

Figure 5.1: Expression of PYCARD and CASP1 are similar between RA and HC 

monocytes........................................................................................................... 154 

Figure 5.2: PYCARD and CASP1 expression are not associated with disease 

activity. ................................................................................................................ 155 



9 

Figure 5.3: ACPA-negative rheumatoid arthritis patients exhibit higher PYCARD 

expression compared to ACPA-positive patients. ............................................... 156 

Figure 5.4: SARM1 protein expression increases upon TLR4 stimulation. ........ 159 

Figure 5.5: Stimulation with IFNγ upregulates SARM1 mRNA expression. ....... 161 

Figure 5.6: Cytokines do not increase SARM1 expression. ............................... 162 

Figure 6.1: Stimulation of primary human monocytes with SARS-CoV-2 peptides 

does not induce a robust IL-1β and TNF secretion. ............................................ 171 

Figure 6.2: No separate clustering of the different patient groups was observed.

 ............................................................................................................................ 173 

Figure 6.3: Differentially expressed gene analysis of convalescent COVID-19 

donors compared to healthy controls (HC). ........................................................ 174 

Figure 6.4, page 1-3: Relative gene expression of upregulated genes in 

monocytes from convalescent COVID-19 donors. .............................................. 179 

Figure 6.5: Relative gene expression of downregulated genes in monocytes from 

convalescent COVID-19 donors. ......................................................................... 182 

Figure 6.6: Heatmaps showing hierarchical clustering using Euclidean distance 

and average linkage of DEGs in (A) mild Covid-19 donors vs healthy controls (HC) 

and (B) severe Covid-19 donors vs healthy controls (HC). ................................. 184 

Figure 6.7: Differentially expressed genes in monocytes from mild vs. severe 

COVID-19 donors. .............................................................................................. 186 

Figure 6.8: Gene ontology and pathway enrichment analysis of upregulated 

genes. ................................................................................................................. 188 

Figure 6.9: Gene ontology and pathway enrichment analysis of downregulated 

genes. ................................................................................................................. 190 

Figure 6.10: Protein interaction analysis of differentially expressed genes from 

severe COVID-19 donors. ................................................................................... 192 

Figure 6.11: Convalescent COVID-19 donors show reduced cytokine secretion 

upon stimulation. ................................................................................................. 195 

Figure 6.12: SARM1 and TNFAIP3 expression is similar in convalescent COVID-

19 donors and healthy controls. .......................................................................... 196 

Figure 6.13: Constitutive IP-10 levels are higher in convalescent COVID-19 

donors. ................................................................................................................ 198 

 

  



10 

List of tables 

Table 2.1: Demographics, clinical data and treatment modalities of participants in 

the rheumatoid arthritis study. ............................................................................... 80 

Table 2.2: Characteristics of participants in COVID-19 study. .............................. 81 

Table 2.3: TLR ligands and concentration used for monocyte stimulation. .......... 86 

Table 2.4: Description of inhibitors and activators used in cell culture experiments.

 .............................................................................................................................. 87 

Table 2.5: SARS-CoV-2 peptides and BSA and their used working concentration.

 .............................................................................................................................. 87 

Table 2.6 Antibodies and standards used for ELISA. ........................................... 92 

Table 2.7: Sample dilution used for ELISA from human monocytes stimulated for 

24 hours. ............................................................................................................... 92 

Table 2.8: Cytokines and their concentrations used for monocyte stimulation. .... 93 

Table 2.9: High-capacity cDNA Reverse Transcription 2X master mix ................. 94 

Table 2.10: Reverse transcription thermal cycling conditions ............................... 95 

Table 2.11: Taqman gene expression assays. ..................................................... 96 

Table 2.12: Tris-glycine gels for western blot. .................................................... 103 

Table 2.13: Western Blot - blocking buffers and antibodies. .............................. 104 

Table 6.1: Upregulated genes in recovered COVID-19 donors with mild symptoms 

(n=8) compared to HCs (n=7). ............................................................................ 175 

Table 6.2: Downregulated genes in recovered COVID-19 donors with mild 

symptoms (n=8) compared to HCs (n=7). ........................................................... 176 

Table 6.3: Upregulated genes in recovered COVID-19 donors with severe 

symptoms (n=8) compared to HCs (n=7). ........................................................... 177 

Table 6.4: Downregulated genes in recovered COVID-19 donors with severe 

symptoms (n=8) compared to HCs (n=7). ........................................................... 178 

Table 6.5: Differentially expressed genes in recovered COVID-19 donors with 

severe symptoms (n=8) compared to donors with mild symptoms (n=8). ........... 185 

Supplemental Table S1: The most significantly enriched KEGG pathways of 

upregulated genes from severe COVID-19 donors compared to healthy controls.

 ............................................................................................................................ 242 



11 

Supplemental Table S2: The most significantly enriched functional biological 

processes of upregulated genes from severe COVID-19 donors compared to 

healthy controls. .................................................................................................. 245 

Supplemental Table S3: The most significantly enriched functional molecular 

processes of upregulated genes from severe COVID-19 donors compared to 

healthy controls. .................................................................................................. 274 

Supplemental Table S4:The most significantly enriched KEGG pathways of 

downregulated genes from severe COVID-19 donors compared to healthy controls.

 ............................................................................................................................ 277 

Supplemental Table S5: The most significantly enriched functional biological 

processes of downregulated genes from severe COVID-19 donors compared to 

healthy controls. .................................................................................................. 278 

Supplemental Table S6: The most significantly enriched functional molecular 

processes of downregulated genes from severe COVID-19 donors compared to 

healthy controls. .................................................................................................. 285 

 

  



12 

Abbreviations 

ACE2 Angiotensin-converting enzyme 2 

ACPAs Anti-citrullinated protein antibodies  

ACR American College of Rheumatology  

ADPR Adenosine diphosphate-ribose 

AIM2 Absent in melanoma 2  

ALR AIM2-like receptor  

AP-1 Activator protein-1 

APCs Antigen-presenting cells 

ARDS Acute respiratory distress syndrome  

ARM Armadillo repeat motif  

ASC 
 

Apoptosis-associated speck-like protein containing a CARD 

domain 

ATP Adenosine triphosphate  

B cells B lymphocytes 

BCG Bacille Calmette-Guerin  

bDMARDs Biological disease-modifying antirheumatic drug  

BRCC BRCA1/BRCA2-Containing Complex 

BSA Bovine serum albumin  

CAPS Cyropin-associated periodic syndrome 

CARD Caspase activation and recruitment domain 

CBLB Casitas B-lineage lymphoma proto-oncogene-b 

CCL C-C motif ligand 

CCR C-C chemokine receptor 

CD Cluster of differentiation 

CIA Collagen-induced arthritis  

CLICs Chloride intracellular channels 

CNF Content Normalisation Factor 

COVID-19  Coronavirus disease 2019 

CRP C-reactive protein 

csDMARD Conventional synthetic disease-modifying antirheumatic drug  

Ct  Threshold cycle 

CTB CellTiter-blue  



13 

CX3CL1 C-X3-C motif ligand 

CX3CR C-X3-C motif chemokine receptor 

CXCL C-X-C motif ligand  

DAMPs Damage-associated molecular patterns 

DAS28 Disease activity score using 28 joint counts  

DCs Dendritic cells 

DEGs Differentially expressed genes 

DMARDs Disease-modifying antirheumatic drugs 

DMSO Dimethyl sulfoxide 

ds Double-stranded 

E Envelope 

EDTA Ethylenediaminetetraacetic acid  

ELISA Enzyme linked immunosorbent assay  

ER Endoplasmic reticulum 

ESR Erythrocyte sedimentation rate  

EULAR European League Against Rheumatism 

FADD FAS-associated death domain protein  

FBS Foetal Bovine Serum  

FBXL2 F-box/LRR-repeat protein 2 

FDA Food and Drug Administration  

FIIND Function-to-find domain  

FLS Fibroblast-like synoviocytes  

FL-S Full-length spike protein 

FPR1 Formyl peptide receptor 1 

FSL-1 Pam2CGDPKHPKSF 

FWB Flow Cytometry Wash Buffer  

GAPDH Glyeraldehyde 3-phosphat dehydrogenase  

G-CSF Granulocyte colony-stimulating factor  

GM-CSF Granulocyte macrophage colony-stimulating factor 

GO  Gene ontology 

GOI Gene of interest 

GSDMD Gasdermin D  

GSDMD-

NT/CT 

Gasdermin D N-terminal/C-terminal fragment 
 



14 

GTP Guanosine triphosphate 

HBSS Hanks Buffered Salt Solution  

HC Healthy control 

HIN-200 
 

Hematopoietic interferon-inducible nuclear proteins with a 200-

amino-acid repeat 

HLA Human leukocyte antigen  

HPRT1 Hypoxanthineguanine phosphoribosyltransferase-1 

Hsp Heat shock protein 

IAA94 Indanyloxyacetic acid-94 

ICU Intensive care unit 

IFN Interferon 

Ig Immunoglobulin 

IKK Inhibitor of kappaB kinase  

IL Interleukin 

IL-1R IL-1 receptor  

IL-1RAcP IL1-1R accessory protein  

IL-18R IL-18 receptor 

IP-10 IFN-inducible protein-10 

IRAK IL-1R-associated kinase 

IRF Interferon regulatory factor  

JAK Janus kinase  

JNK Jun N-terminal Kinase 

KCl Potassium chloride 

KEGG Kyoto Encyclopedia of Genes and Genomes  

LAL Limulus Amebocyte Lysate  

LBP LPS-binding protein 

LDH Lactate dehydrogenase  

LILRA3 Leukocyte immunoglobulin-like receptor A3 

Log2FC Log2 fold change 

LPS Lipopolysaccharide 

LRR Leucine-rich repeats  

M Membrane 

MACS Magnetic-activated cell sorting  

MAL MyD88-adaptor-like  



15 

MAMPs Microbe-associated molecular patterns 

MAPK Mitogen-activated protein kinase  

MBL Mannose-binding protein 

MCP Monocyte chemoattractant protein  

MD-2 Lymphocyte antigen 96 

MDA5 Melanoma differentiation-associated gene 5 

MDP Mitochondrial depolarisation  

MERS-CoV Middle East respiratory syndrome coronavirus 

MHC Major histocompatibility complex  

miR MicroRNA 

MKK MAP kinase kinase  

mRNA Messenger RNA 

MTX Methotrexate 

MyD88 Myeloid differentiation primary response 88  

N  Nucleocapsid 

Na2+ Sodium 

NACHT NBD and caspase recruitment domain 

NADPH Nicotinamide adenine dinucleotide phosphate 

NAIPs NLR family apoptosis inhibitory proteins  

NBD Nucleotide-binding domain 

Nek NIMA-related kinase  

NETs Neutrophil extracellular traps 

NF-κB Nuclear factor- κB  

NICE National Institute for Health and Care Excellence NICE 

NLRC NLR family CARD domain-containing protein  

NLRP NOD-like receptor family pyrin domain containing   

NLRs NOD-like receptors  

NSA Necrosulfonamide 

NSAIDs Nonsteroidal anti-inflammatory drugs  

ORF Open reading frame 

Pam3 PAM3CSK4 

PAMPs Pathogen-associated molecular patterns 

PBMCs Peripheral Blood Mononuclear Cells  

PBS Phosphate-buffered saline 



16 

PCA Prinicipal component analysis 

PKR RNA-dependent protein kinase 

PNF Positive Normalisation Factor 

PRR Pattern recognition receptors 

PYD Pyrin domain  

qPCR Quantitative polymerase chain reaction  

RA Rheumatoid arthritis 

RBD Receptor binding domain  

RCC Reporter Code Count 

RF Rheumatoid factor  

Rho Ras homologous 

RIG Retinoic acid-inducible gene  

RIG-I Retinoic-acid inducible gene I 

RIP receptor interacting protein 

RIPK Receptor-interacting protein kinase 

ROS Reactive oxygen species 

RPMI Roswell Park Memorial Institute 

RT Room temperature 

S  Spike 

SAM Sterile α motif  

SARM1 Sterile α and HEAT/Armadillo motif containing protein 

SARS-CoV Severe acute respiratory syndrome coronavirus  

SD  Standard deviation 

SDS-PAGE Sodium dodecyl sulphate poly-acrylamide gel electrophoresis  

SEM Standard error of the mean 

SGT Suppressor of the G2 allele of skp  

SOCS Suppressor of cytokine signaling 

ss Single-stranded 

STAT Signal transducer and activator of transcription 

T cells T lymphocytes 

TAB TAK1 binding protein 

TAK TGF-β-activated kinase 

TBK TANK-binding kinase 

TBS Tris-buffered saline  



17 

TBS-T TBS-Tween  

Th T helper 

TIR Toll/IL-1R  

TIRAP TIR-associated protein  

TLR Toll-like receptor 

TMPRSS2 Transmembrane serine protease 2 

TNF Tumour necrosis factor-α  

TNFAIP3 Tumour necrosis factor-α inducible protein 3  

TRADD TNFR1-associated death domain 

TRAF TNF receptor-associated factor 

TRAM TRIF-related adaptor molecule  

TRIF TIR-domain-containing adaptor protein-inducing IFN-β 

TRIM Tripartite motif containing 

TRP Transient receptor potential 

WHO World Health Organisation  

 

  



18 

Acknowledgments 

I would like to express my sincere gratitude to my supervisors Prof. Sandra Sacre, 

Dr. Melanie Flint and Dr. Lisa Mullen for their consistent support, expertise and 

guidance throughout my PhD. Special thanks goes to Prof. Sandra Sacre for being 

a tremendous mentor for me. I am very grateful for her continuous encouragement 

and valuable advice which allowed me to grow as a research scientist. 

I would like to acknowledge our study participants who consented for their blood 

samples to be used for this project. Also, thanks to everyone who was involved in 

the participant recruitment. Thanks to Dr. Oliver (University of Sussex) for gifting us 

the SARS-CoV-2-derived peptides and Dr. Cooper (University of Queensland) for 

the MCC950. I would also like to thank the University of Brighton for the funding of 

my PhD. 

I was very fortunate for having many lovely colleagues and friends in the Medical 

Research Building who made my PhD experience much more enjoyable. I would 

especially like to thank Eleni, Tom, Emma, Helen, Risat, Corinna, Katie, Elisa and 

Aaron for always being up for a chat, some banter, lunch-break tennis, a weekend 

coffee or a walk.  

I would also like to express my greatest gratitude to my family and friends for 

continually supporting me with their love and encouragement throughout all my 

years of study and beyond. Finally, a massive thanks to my boyfriend Abdalla for 

his unconditional love, understanding and emotional support. Thank you for always 

believing in me.  

  



19 

Declaration 

I declare that the research contained in this thesis, unless otherwise formally 

indicated within the text, is the original work of the author. The thesis has not been 

previously submitted to this or any other university for a degree and does not 

incorporate any material already submitted for a degree.  

 

Sarah Unterberger 

02.05.2022 

 

  



20 

1 Chapter One: Introduction 

1.1 Inflammation and the immune system 

Inflammation is initiated by our immune system following tissue injury and microbial 

infections. The main purpose of this mechanism is to facilitate the elimination of 

pathogens or repair tissue damage to bring the body back to a healthy homeostatic 

state (1). Typically, upon inflammation five main characteristics appear: redness, 

swelling, heat, pain, and in the longer term, loss of tissue function. These signs 

reflect an acute inflammatory reaction inside the body. This involves a cascade of 

multiple cellular and molecular events coordinating a network of pro- and anti-

inflammatory mediators such as cytokines or chemokines, as well as several types 

of blood leukocytes, such as neutrophils, monocytes, T lymphocytes (T cells) or B 

lymphocytes (B cells). The efficient interaction of all these key players mitigates 

injury and infection, helps to recover tissue homeostasis, and mediates clearance 

of the acute inflammation. However, failure in the regulation of an inflammatory 

response drives the pathogenesis of chronic inflammatory disorders and 

autoimmune diseases (2, 3).  

The immune system is organised in two distinct arms, the innate and adaptive 

immune response each characterised by specific features. Innate immunity 

represents the first line of defence against invading pathogens. First, anatomical, 

and physiological barriers, including the epithelial barriers, vigorous mucociliary 

clearance mechanisms, low stomach pH and bacteriolytic lysozyme in tears, saliva 

and other secretions, prevent the invasion of foreign molecules and pathogens. 

Moreover, with a rapid response of cellular and humoral compartments recognising 

a broad range of conserved molecular features, an innate immune response can be 

activated immediately or within hours of encountering a foreign molecule (4). 
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Humoral elements, including complement proteins, mannose-binding protein (MBL), 

C-reactive protein (CRP) and other anti-microbial peptides are present in the body 

in order to sense microbes and perform effector mechanisms to enhance the 

inflammatory response and support resolution of the infection. The cellular response 

of the innate immune system is performed by monocytes, which further differentiate 

into macrophages or dendritic cells (DCs), neutrophils, eosinophils, mast cells, 

natural killer cells, natural killer T cells and epithelial cells. With invariant, germline-

encoded receptors, these cells recognise conserved microbial components and 

cellular debris and induce a protective inflammatory response within minutes of 

pathogen exposure (4). Moreover, monocytes, macrophages, DCs and neutrophils 

are among dedicated innate immune cells which have phagocytic properties. The 

cells can sense particles such as microbial pathogens or apoptotic cells with 

phagocytic receptors, internalise them inside the phagosome which then fuses with 

lysosomes to become a phagolysosome which contains proteolytic enzymes (5). 

If the innate immune response is unable to eliminate an infectious pathogen, the 

adaptive immune system becomes activated. Central in this process are antigen-

presenting cells (APCs), such as DCs, which use major histocompatibility complex 

(MHC) proteins to present antigenic peptides to naïve cluster of differentiation 

(CD)4+ or CD8+T cells. These recognise and bind foreign antigens with their T cell 

receptor which is characterised by a high diversity allowing them to bind specifically 

to foreign antigens (6). The efficient engagement of T cells with APCs, which is also 

dependent on the interaction of T cell co-receptors with their specific ligand on 

APCs, drives an intracellular signalling cascade which, dependent on environmental 

signals such as cytokines or chemokines, leads to the differentiation into effector T 

cells (7, 8). The activation of the B cell response is initiated by the detection and 
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binding of an antigen with the B cell receptor. However, for full B cell activation, 

assistance of an antigen-specific T helper (Th) cell is required which eventually 

drives the production of immunoglobulin antibodies (9). As these multiple steps take 

several weeks until an effective response is induced, the adaptive immune system 

builds an immunological memory to respond more effectively and faster upon a 

repeated exposure to an infection, in some examples years after the first encounter 

which is mediated by numerous subpopulations of memory T and B cells (10). 

1.2 The innate immune response 

Cells of the innate immune system are activated upon recognition of evolutionally 

conserved structural motifs characteristic of pathogens, termed pathogen-

associated molecular patterns (PAMPs) or microbe-associated molecular patterns 

(MAMPs). In addition, cells can also sense endogenous molecules released from 

damaged cells, called damage-associated molecular patterns (DAMPs). These cells 

recognize PAMPs and DAMPs via germ-line-encoded pattern recognition receptors 

(PRRs). The receptors can be expressed on the cell surface, in the cytoplasm and 

intracellular compartments, or secreted into the bloodstream and tissue fluids. There 

are several families of PRRs; toll-like receptors (TLRs) and C-type lectin receptors 

are transmembrane proteins, whereas the Retinoic acid-inducible gene (RIG)-I-like 

receptors, NOD-like receptors (NLRs) and cytosolic DNA sensors are located in the 

cytoplasm (11, 12). Upon activation of PRRs, the transcriptional upregulation of 

genes involved in the inflammatory response is induced, resulting in the production 

of pro-inflammatory cytokines, such as tumour necrosis factor-α (TNF), interleukin 

(IL)-6, IL-1β, and type I interferons (IFN), alongside antimicrobial proteins. These 

mediators play a major role in driving an immune response, regulating cell death, 
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modifying vascular endothelial permeability, recruiting other immune cells to 

inflamed tissues and inducing the acute-phase response (13).  

Monocytes are the one of the first cells recruited to the site of infection to eliminate 

pathogens. Through phagocytic properties and the production of large amounts of 

effector molecules, including pro-inflammatory cytokines and superoxide, they 

induce inflammation and modulate T cell responses (14). Human blood monocytes 

are non-proliferating cells which originate from hematopoietic stem cell-derived 

progenitors and circulate in blood, bone marrow and spleen (15). They can be 

divided into three different subsets according to the expression of the membrane 

receptors CD14, which is a co-receptor for lipopolysaccharide (LPS) binding and 

CD16, a Fc receptor. Classical monocytes express CD14 at high levels but do not 

express CD16 (CD14++CD16-) and account for about 90% of all monocytes. 

Nonclassical monocytes have low expression of CD14 and high expression of CD16 

(CD14+CD16++). This subset account for only 10% of all monocytes. During an 

infection, an increase of intermediate monocytes occurs with cells expressing high 

levels of CD14 and low levels of CD16 (CD14++CD16+) (16). Monocytes are 

equipped with PRRs, such as TLRs, and scavenger receptors which facilitate the 

recognition of PAMPs or DAMPs and the removal of pathogens or dying cells via 

phagocytosis. Through expression of chemokine- and adhesion receptors 

monocytes migrate from the blood to the site of infection or injury. During 

inflammation, monocytes can infiltrate into tissue where they differentiate into either 

DCs or macrophages (14). Depending on the tissue environment, macrophages can 

display different inflammatory properties. Although it is generally accepted that 

macrophages polarise into either the proinflammatory M1 phenotype or the anti-

inflammatory M2 phenotype, it was demonstrated that when the cytokine 
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environment changes, the pattern of macrophage can functionally adapt, making 

macrophages capable of displaying a range of diverse functional phenotypes (17). 

1.1.1 Innate immune memory 

In recent years, cumulating evidence suggests that innate immune cells can build a 

nonspecific immune memory. A primary stimulus can induce a functional change in 

the response upon a secondary challenge which can result in an increased effector 

function, also known as trained immunity, or a decreased immune response, called 

immune tolerance (Figure 1.1, adapted from (18)) (19).  

 

Trained immunity was originally observed in plants and invertebrates which are 

lacking an adaptive immune response (20). For example, plants use constitutive 

resistance mechanisms, including waxy cuticular skin layers or preformed anti-

microbial compounds as passive protection against microorganisms (21). In 

addition, upon an encounter with a pathogen, plants induce a so-called systemic 

acquired resistance which spreads from the infection side throughout the tissue of 

the plant. This gives them a long-lasting, non-specific protection against subsequent 

Figure 1.1: Trained Immunity vs. Immune tolerance. 

A primary stimulus can induce a temporary non-specific innate immune memory, which 

can lead to an enhanced or a lowered immune response in immune cells. 
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infections with a range of pathogens. This is based on the increased expression of 

pathogenesis-related genes, which encode for proteins with anti-microbial 

properties (22). Similarly, in mammals, cells of the innate immune system show an 

increased pro-inflammatory state after the training period in response to a 

secondary challenge towards the same or a different microorganism due to 

functional reprogramming (23). This was first observed upon training of murine 

monocytes with Candida albicans and β-glucan which exhibited an enhanced TNF 

and IL-6 response upon re-stimulation 2 weeks after the training period (24). Also, 

the malaria pathogen Plasmodium falciparium and the hepatitis B virus were found 

to induce trained immunity in innate immune cells (25, 26). Similarly, following 

tuberculosis vaccination with Bacille Calmette-Guerin (BCG), human monocytes 

induced an increased cytokine response upon re-stimulation which was evident for 

up to 3 months following vaccination. This effect was based on epigenetic 

modifications. The trimethylation of histone 3 lysine at position 4 was associated 

with the induction of a trained phenotype (27). This led to changes in their 

transcriptional profile which could alter the immune response to a subsequent 

stimulus (23). Interestingly, it was found that through access to the bone marrow, 

the BCG vaccine induced epigenetic reprogramming in hematopoietic stem cells 

leading to the generation of epigenetically modified monocytes (28). Conversely, the 

generation of an immune tolerance was observed upon the stimulation of murine 

macrophages with LPS which resulted in a lowered response to re-stimulation with 

LPS (29). The induction of endotoxin tolerance may be mediated by several 

functions. In endotoxin tolerant cells, TNF expression was repressed through gene 

silencing due to epigenetic changes at the promotor disrupting the recruitment of 

the transcription factor (30). In addition, several negative regulators, such as sterile 

α and HEAT/Armadillo motif containing protein (SARM1) and IL-1R-associated 



26 

kinase (IRAK)-M, were suggested to mediate a tolerogenic response by inhibiting 

TLR downstream signalling (31). 

1.3 Toll-like receptors 

The TLR family is the most extensively studied class of PRRs. TLRs are 

evolutionarily conserved and play a central role in the innate immune system. They 

are type I integral membrane receptors, characterised by an N-terminal ligand 

recognition domain, an ectodomain containing leucine-rich repeats (LRR), a single 

transmembrane α-helix and a C-terminal cytosolic signalling domain, containing a 

conserved Toll/IL-1R (TIR) homology domain, shared with the IL-1 receptor (IL-1R) 

family (32).  

1.3.1 The TLR family 

To date, 10 members of the TLR family have been identified in humans. These 

receptors are expressed on several immune cells, such as macrophages, DCs and 

B cells, as well as on non-immune cells such as fibroblasts and epithelial cells. 

TLR1, 2, 4, 5 and 6 are located at the cell surface and mainly respond to products 

found in the microbial membrane, including lipids, lipoproteins, and proteins (33). 

TLR2 senses a broad variety of microbial components which include lipoproteins 

from Gram-negative bacteria, mycoplasma, peptidoglycan and lipoteichoic acid 

from Gram-positive bacteria, as well as zymosan from fungi. Ligand recognition by 

TLR2 involves cooperation with other TLR family members which allows 

discrimination among different microbial components. It functionally associates with 

TLR6 to detect microbial diacylated lipopeptides or TLR1 to recognise triacylated 

lipopeptides (34). TLR4 mediated signalling is activated via the detection of LPS, as 

well as by various endogenous ligands such as heat shock proteins (Hsp). 

Recognition of LPS depends on the complex formation with several other proteins. 
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Initially, LPS binds to the LPS-binding protein (LBP) present in serum. For efficient 

signal transduction, the LPS-LBP complex transfers LPS to CD14 which is 

expressed as soluble, or membrane bound protein in monocytes, macrophages and 

neutrophils. As CD14 does not have an intracellular signalling domain, it associates 

with TLR4. Physical proximity between CD14 and TLR4 subsequently induces the 

TLR4 signalling pathway, which then is enhanced by lymphocyte antigen 96 (MD-

2), a molecule associated with TLR4 (35). TLR5 is activated in response to flagellin, 

a protein found in bacteria flagella, which serves as apparatus providing motility for 

pathogens such as Listeria monocytogenes or Salmonella (36-38).   

TLR3, 7, 8, 9 and 10 are predominantly located on membranes of intracellular 

compartments like endosomes and lysosomes to recognise nucleic acids derived 

from bacteria and viruses but also self-nucleic acids (33, 39). TLR3 is preferentially 

expressed in mature DCs (40). It responds to double-stranded (ds) RNA which is 

expressed by many viruses during viral replication (41). TLR9 is essential for the 

detection of unmethylated CpG DNA, which is uncommon in vertebrate genome but 

a prototypic molecular pattern to recognise bacteria (42). TLR7 and TLR8 are 

phylogenetically similar to TLR9, however these TLR family members respond to 

purine-rich single-stranded (ss) RNA to induce immune responses to pathogens that 

are located in the endosome, but can also detect small molecules such as 

imiquimod and resiquimod (R-848) (43, 44). The role of TLR10 is less characterised 

and has been suggested to have a variable function. TLR10 is predominantly 

localised in endosomes and functions as a nucleotide-sensing receptor by detecting 

dsRNA. It was shown that it also can sequester dsRNA from TLR3, thereby inhibiting 

TLR3 signalling (39). Moreover, in epithelial cells and macrophages, TLR10 induces 

an inflammatory response against Listeria monocytogenes (45).  
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1.3.2 TLR signalling 

Activation of TLRs initiates signal transduction cascades, results in the upregulation 

of pro-inflammatory genes. Upon ligand binding, TLRs dimerise, either forming 

homo- or heterodimers, and undergo a conformational change bringing the TIR 

domains into proximity. This then permits the recruitment of adaptor molecules 

essential for onward transmission of the signal, including Myeloid differentiation 

primary response 88 (MyD88), TIR-associated protein (TIRAP) (also known as 

MyD88-adaptor-like (MAL)), TIR-domain-containing adaptor protein-inducing IFN-β 

(TRIF), and TRIF-related adaptor molecule (TRAM) (33). SARM1 was suggested to 

be the fifth member of the TLR adaptor family but was later revealed to be an 

inhibitor of the TRIF-dependent signalling pathway through a direct interaction with 

TRIF (46).  

Generally, TLR signalling pathways are classified into MyD88- or TRIF-dependent 

pathways depending on the adaptor recruitment (Figure 1.2, adapted from (47)) 

(33). The TRIF-dependent pathway is activated by TLR3 and TLR4 stimulation (48). 

TRIF recruits a signalling complex which activates the interferon regulatory factor 

(IRF)3, thereby inducing the expression of type I IFN genes. In addition, activation 

of TRIF can also lead to the production of inflammatory cytokines via nuclear factor- 

κB (NF-κB)- or mitogen-activated protein kinase (MAPK) mediated pathways 

(reviewed in (47)). The MyD88 dependent signalling pathway is used by all TLRs 

with the exception of TLR3 (49). The association of the TIR domains of both TLR 

and MyD88 induce signal transduction, activating the inhibitor of kappaB kinase 

(IKK)- or the MAP kinase kinase (MKK) complex, leading to the activation of the NF-

κB-dependent or MAPK-dependent pathway, respectively, which then induce the 

production of pro-inflammatory cytokines, including IL-1β, IL-6 or TNF (50)).  
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Figure 1.2: The TLR and IL-1R Signalling Network. 

Upon the activation of TLRs and IL-1R by their respective ligands, the receptors dimerise 

and recruit adaptor proteins. The MyD88-dependent pathway is used by IL-1RI and all 

TLRs, apart from TLR3, and is responsible for the production of inflammatory cytokines. 

MyD88 is recruited to the receptors directly, except for TLR2 and 4 which use the 

adaptor MAL to connect MyD88 with the receptor. Subsequently, the IRAK family 

members are recruited, leading to the phosphorylation of IRAK4 and IRAK1/2. In the 

following, IRAK1 or IRAK2 associate with TRAF6 which then forms a complex with 

TAK1, TAB1, TAB2 or TAB3. Activated TAK1 phosphorylates the IKK complex or 

MAPKs and thereby activates the transcription factor NF-κB or AP-1, respectively. TRIF-

dependent signalling, which can be inhibited by SARM1, is induced upon stimulation of 

TLR3 and 4. Of note, TLR4 uses the adaptor TRAM to recruit TRIF. An interaction with 

TRAF3, which undergoes polyubiquitation, induces complex formation with TBK1 and 

IKKε. Next, the activation of IRF3 via phosphorylation induces the production of type-I 

IFNs. The transcription of inflammatory cytokines can also be induced in the TRIF-

dependent pathway through the activation of TAK1 either via the involvement of TRAF6 

or by the complex formation of RIP1 and TRADD. In addition, the stimulation of TLR7, 

8, 9 and 10 can lead to the activation of IRF7 to induce the transcription of type-I IFN 

inducible genes. 

Abbreviations: TLR, toll-like receptor; IL-1R, Interleukin-1 receptor; MyD88, myeloid 

differentiation primary response 88; MAL, MyD88-adaptor-like; IRAK, IL-1R-associated 

kinase; TRIF, TIR-domain-containing adaptor protein-inducing IFN-β; TRAF, TNF 

receptor-associated factor; TAK, TGF-β-activated kinase; TAB, TAK1 binding protein; 

IKK, IκB kinase; MAPK, mitogen-activated protein kinase; NF-κB, nuclear factor κB; 

AP-1, activator protein-1; SARM1, sterile α and HEAT/Armadillo motif-containing 

protein; TRAM, TRIF-related adaptor .molecule; TBK, TANK-binding kinase; IRF, 

Interferon regulatory factor; IFN, interferon; RIP, receptor interacting protein; TRADD, 

TNFR1-associated death domain. 
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1.4 The Interleukin-1 family  

The IL-1 family members are highly associated with acute and chronic inflammation. 

IL-1 was discovered in the late 1970s as a small endogenous protein causing fever 

(51). The IL-1 family comprises a total of 11 members. Their role in inflammation is 

fairly diverse, involving pro-inflammatory (IL-1α, IL-1β, IL-18, IL-33, IL-36α, -β, -γ) 

and anti-inflammatory (IL-37) properties, and some members function as a receptor 

antagonist (IL-36Ra, IL-38, IL-1Ra) (52). Several members of the IL-1 family are 

expressed as a pro-form, some of which require processing to be secreted as a 

bioactive molecule. In case of IL-1β and IL-18, this maturation process is induced 

upon the activation of the inflammasome (52).  

1.4.1 IL-1β 

IL-1β is produced by several cell types, including monocytes, macrophages, DCs, 

B-cells and natural killer cells, as a 31kDa, biologically inactive molecule which 

needs to be proteolytically processed to a 17kDa mature and active molecule before 

it can be released from the cell (53, 54). This process is performed by 

inflammasomes, multi-protein platforms that were first described by Tschopp and 

colleagues as a high-molecular-weight protein complexes assembled in response 

to PAMPs and DAMPs. The inflammasome is characterised by the activation of 

inflammatory caspases (55). In particular, the IL-1β converting enzyme, nowadays 

better known as caspase-1, is required for the cleavage of the inactive pro-IL-1β into 

the biologically active form (56).  

Once released, IL-1β binds the IL-1 receptor type 1 (IL-1RI) which contains three 

extracellular immunoglobulin (Ig) domains including receptors and accessory 

proteins for IL-1, and a cytoplasmic TIR domain. The binding of IL-1β to the 

extracellular part of IL-1RI initiates the formation of a complex with a second 
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receptor chain named IL1-1R accessory protein (IL-1RAcP) (57). Forming a trimeric 

complex, IL-1β, IL-1RI, IL-1RAcP recruit MyD88 which then interacts with the IRAK 

family. The IL-1RI downstream signalling engages the same molecule network as 

in the MyD88-dependent TLR signalling pathway, leading to the activation of IRAKs 

and TRAF6, eventually activating the downstream NF-κB– or MAPKs signalling 

pathways (Figure 1.2) (58). 

A broad spectrum of local and systemic inflammatory responses induced by IL-1β 

are crucial for controlling and resolving infections. IL-1β promotes the differentiation 

of monocytes into DCs and macrophages, supports the proliferation of activated B 

cells and the differentiation into plasma cells. In addition, it also influences T cell 

function by contributing to the differentiation process of Th cells (59, 60). 

Furthermore, IL-1β stimulates the production of mediators, including prostaglandin 

E2, nitric oxide, chemokines, cytokines and adhesion molecules. In chronic 

inflammatory diseases these effects are harmful to the host stimulating the 

production of matrix metalloproteinases, synoviocytes or chondrocytes which cause 

cartilage destruction in rheumatoid arthritis (RA) and osteoarthritis (61). Thus, it is a 

key contributor in the pathogenesis of several inflammatory disorders such as 

familial Mediterranean fever and RA. The blockade of IL-1β has proven beneficial 

for a number of auto-inflammatory diseases and therapy options are available such 

as canakinumab, a fully human anti-IL-1β monoclonal antibody, or with anakinra, an 

IL-1β-receptor antagonist, for treating inflammatory diseases such as the cyropin-

associated periodic syndrome (CAPS) and type 2 diabetes (reviewed in (62)). 

1.4.2 IL-18 

Originally, IL-18 was isolated from murine serum following intraperitoneal injection 

of endotoxin and described as an “IFN-inducing factor” (63). Similar to IL-1β, IL-18 
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is expressed in an inactive pro-form which requires cleavage by caspase-1 upon the 

activation of the inflammasome from a 24kDa molecule to an 18kDa biologically 

active protein (64, 65). However, unlike pro-IL-1β which requires transcriptional 

upregulation, pro-IL-18 is constitutively expressed in monocytes, macrophages, 

DCs, endothelial cells, keratinocytes and intestinal epithelial cells (66, 67). 

Upon binding the IL-18 receptor (IL-18R), which consists of the ligand-binding chain 

IL-18Rα and the co-receptor chain IL-18Rβ responsible for the signal-transduction, 

IL-18 activates the NF-κB- and MAPK signalling pathway via MyD88 similar to the 

IL-1R downstream signalling cascade (68). IL-18-mediated signalling induces 

diverse inflammatory responses in both innate and adaptive immune cells. In 

synergy with IL-12, IL-18 drives the production of IFNγ from Th1 and natural killer 

cells. In addition, IL-18 upregulates the cytotoxic activities of these cells through a 

perforin-dependent mechanism and Fas ligand-mediated killing effect as well as for 

CD8+ T cells. Moreover, IL-18 has the potential to initiate the differentiation from 

naïve CD4+ T cells to Th2 cells (69). In response to IL-18, basophils and mast cells 

induce the production of IL-4, IL-13 and histamine (70). Additionally, IL-18 enhances 

chemokine production by macrophages or synovial fibroblasts, expression of cell 

adhesion molecules, including vascular cell adhesion molecule-1 on synovial 

fibroblasts, and nitric oxide synthesis (66). IL-18 also plays a role in the 

pathogenesis of several autoimmune diseases and inflammatory disorders 

(reviewed in (71)). For example, in RA, high levels of IL-18 were found in the 

synovial fluid from patients which trigger the production of IFNγ and sustain the Th1-

mediated inflammatory response (72). 
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1.5 The inflammasome 

Inflammasomes serve as a scaffold for recruitment of the inactive zymogen pro-

caspase-1. The assembly of this multi-protein platform leads to the activation of 

caspase-1 via an auto-proteolytic cleavage (55). Several sensing receptors can 

trigger the formation of inflammasome complexes which are categorised into two 

main groups: the NLR and the absent in melanoma 2 (AIM2)-like receptor (ALR). 

1.5.1 Inflammasome types 

Generally, the NLR family members contain a central nucleotide-binding domain 

(NBD) (also called NBD and caspase recruitment domain (NACHT)), and most 

members possess a C-terminal LRR domain and a variable N-terminal domain 

which consists of a pyrin domain (PYD) or a caspase activation and recruitment 

domain (CARD). Several members of the family are able to form inflammasomes, 

in particular NOD-like receptor family pyrin domain containing (NLRP)1, NLRP3, 

and NLR family CARD domain-containing protein (NLRC)4, whereas other 

members like NLRP6 are considered to be putative inflammasome sensors (73).  

The first cytosolic receptor identified which is able to form a caspase-1 activating 

platform was NLRP1 (55). Human NLRP1 is composed of the canonical structural 

features, including a NBD, a LRR, a PYD and CARD domain, and in addition it 

possess a function-to-find domain (FIIND) (73). In humans, NLRP1 gets activated 

via stimulation with muramyl dipeptide a structure found in peptidoglycan, forming 

the cell wall in bacteria, and serves as sensor for diverse viral proteases (74, 75). 

NLRC4 is stimulated by Salmonella as well as bacterial flagellin and other 

components of the bacterial type III secretion systems. For the interaction with its 

activators, NLRC4 uses sensors, termed NLR family apoptosis inhibitory proteins 

(NAIPs), to recognise the ligand and induce the activation of the NLRC4 
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inflammasome (73). Like other members of the NLR family, NLRC4 contains a NBD, 

a LRR domain and a CARD for activating pro-caspase-1 (76). In contrast to the 

other known inflammasomes, the NLRP3 inflammasome is formed in response to a 

wide range of infectious and endogenous ligands. These include microbial 

stimulants such as Gram-positive and Gram–negative bacteria, as well as RNA and 

DNA viruses, environmental triggers such as asbestos and endogenous danger 

signals like adenosine triphosphate (ATP) (77). Due to the highly diverse structures 

of these stimuli, it is unlikely that direct ligand-receptor interaction drives NLRP3 

activation. It appears that these stimulants cause intracellular damage resulting in a 

cellular stress response which is then sensed by NLRP3 (73). Structurally, NLRP3 

contains a C-terminal LRR, a central NACHT and an N-terminal PYD of which the 

latter is important for the recruitment of the adaptor molecule apoptosis-associated 

speck-like protein containing a CARD domain (ASC) through a PYD-PYD interaction 

facilitating the association with pro-caspase-1 (78).  

Another group of sensor proteins able to induce inflammasome assembly is the ALR 

family. At the N-terminal, ALR family members possess a PYD and at the C-terminal 

contain a DNA-binding hematopoietic interferon-inducible nuclear proteins with a 

200-amino-acid repeat (HIN-200) domain (73). One of these sensors is AIM2 which 

detects cytoplasmic dsDNA and then triggers inflammatory responses via the 

activation of caspase-1. The recognition of dsDNA is mediated by the HIN-200 

domain and upon DNA binding, the PYD, which is responsible for downstream 

signalling, interacts with the adaptor ASC, resulting in the assembly and activation 

of the inflammasome (79). Activation of the AIM2 inflammasome is critical for the 

defence against DNA viruses and bacteria that replicate in the cytosol, however it 

has been implicated with the pathogenesis of numerous sterile inflammatory 
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diseases, such as psoriasis, where AIM2 also responds to host DNA released 

through cellular damage (80).   

Besides NLRs and ALRs, pyrin was also shown to regulate caspase-1 activation 

and consequently IL-1β secretion. The pyrin inflammasome gets assembled upon 

sensing pathogen virulence activity. Pyrin detects modifications such as 

glycosylation or adenylylation of Ras homologous (Rho) guanosine triphosphate 

(GTP)ases, induced by bacterial toxins from Clostridium difficile or Vibrio 

parahemolyticus, as well as pertussis toxin. Moreover, pyrin has been associated 

with the autoinflammatory disorder called Familial Mediterranean fever (73).  

1.5.2 Activation of the NLRP3 inflammasome  

Among the NLR inflammasomes, NLRP3 is the most intensively studied because of 

its involvement in immune functions, including the response against bacterial, viral 

and fungal pathogens as well as its critical role in many chronic inflammatory 

diseases. A hallmark of NLRP3 is that it can be activated via several distinct 

pathways (81).  

1.5.2.1  Canonical NLRP3 inflammasome activation 

It is widely accepted that activation of the NLRP3 inflammasome involves a two-

signal model. This classical pathway includes a priming step which is induced by 

pathogens or endogenous molecules detected by TLRs or cytokine receptors and a 

second step triggered by the induction of cellular imbalances, which stimulates the 

assembly and activation of the inflammasome (Figure 1.3, adapted from (82)) (83).  

The priming signal is induced by microbial components stimulating PPRs or upon 

receptor stimulation with endogenous molecules including IL-1β or TNF. This step 

is indispensable for a robust IL-1β release, as pro-IL-1β is not constitutively 
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expressed. Hence, the priming signal induces the transcriptional upregulation of 

both pro-IL-1β and NLRP3 via the activation of the transcription factor NF-κB (67, 

84). Basal NLRP3 expression is generally considered to be insufficient for 

inflammasome formation, instead requiring transcriptional upregulation, as 

observed in mouse bone marrow derived macrophages (67).  

Subsequently, a second signal mediates assembly of the NLRP3 inflammasome 

complex. As NLRP3-activating stimuli are presented by a wide group of chemically 

and structurally distinct molecules, it is uncertain if NLRP3 is physically interacting 

with the activating molecules. It is more likely that NLRP3 senses a common 

intracellular signal induced in response to NLRP3 stimulators. Various exogenous 

and endogenous molecules, as well as molecular and cellular events have been 

implicated in NLRP3 activation and are associated with three main mechanisms: ion 

fluxes, mitochondrial dysfunction and lysosomal leakage (83). However, it is not 

completely understood which trigger is required, sufficient or dispensable for NLRP3 

activation to serve as second signal. It might be depending on cell type, priming 

signal but also differences between species were observed (85-87). 

Recently, a study reported that in primary human monocytes priming is not required 

for NLRP3 inflammasome activation (88). Moreover, also transcriptional-

independent priming was demonstrated in murine macrophages. Within ten 

minutes, TLR4 stimulation led to a rapid activation of the NLRP3 inflammasome at 

basal expression levels. NLRP3 is partially ubiquitinated, which suppresses the 

inflammasome formation, however, ATP-induced deubiquitination may be sufficient 

to activate the assembly process (89).  

The activation signal leads to the oligomerization and activation of the NLRP3 

inflammasome, a multi-protein complex containing the proteins NLRP3, ASC and 
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pro-caspase-1. This assembly induces the processing of pro-caspase-1, leading to 

the cleavage of pro-IL-1β to its biologically active form (83). Caspase-1 also cleaves 

gasdermin D (GSDMD) which initiates a form of cell death called pyroptosis that is 

characterised by the formation of membrane pores. Also, IL-1β was suggested to 

be released through these pores, as it lacks a signal peptide necessary for secretion 

via the conventional endoplasmic reticulum (ER)-Golgi route (90-92).  

 

 

Figure 1.3: Two signal model for classical activation of the NLRP3 inflammasome. 

Signal 1 (priming) is provided through TLR stimulation via PAMPs or DAMPs, inducing 

the expression of NLRP3 and pro-IL-1β via the activation of NF-κB. Signal 2 leads to 

NLRP3 inflammasome assembly and activation of the complex. This process is driven 

by various stimuli including K
+ 

efflux, Ca
2+

 signalling, mitochondrial dysfunction, and 

lysosomal rupture. After activation, pro-caspase-1 is cleaved to its active form. Caspase-

1 processes pro-IL-1β and GSDMD via enzymatic cleavage, resulting in pyroptosis and 

IL-1β release.  

Abbreviations: TLR, toll-like receptor; PAMPs, pathogen associated molecular patterns; 

DAMPs, damage associated molecular patterns; NF-κB, nuclear factor-κB; NLRP3, 

NOD-, LRR-, and pyrin domain-containing protein3; IL, interleukin; casp1, caspase-1; 

ASC, apoptosis-associated speck/like protein containing a CARD; GSDMD, gasdermin 

D; GSDMD-NT, N-terminal domain of GSDMD; ROS, reactive oxygen species. 
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Ion fluxes: potassium (K+ ) efflux and calcium (Ca2+ ) mobilisation 

NLRP3 can be considered as a sensor of membrane and cellular integrity. During 

cellular homeostasis, gradients across the plasma membrane are generated by a 

sodium (Na2+)-K+ ATPase maintaining a high intracellular K+ and high extracellular 

Na2+ concentrations (~140mM) and low intracellular Na2+ and low extracellular K+ 

concentrations (~10mM) (93). However, breakdown of the membrane integrity can 

result in K+ efflux which triggers the activation of the NLRP3 inflammasome (94). 

Numerous NLRP3 activators such as ATP, nigericin or pore forming toxins are 

known to target plasma membrane permeability by inducing a decline in intracellular 

K+ concentration as an upstream event for the activation of the NLRP3 

inflammasome. Consistently, high extracellular concentrations of K+ (to prevent K+ 

efflux) were shown to inhibit NLRP3 activation by these stimuli (94, 95). The efflux 

of K+ has been shown to be induced by phagocytosis of particulate matter such as 

calcium pyrophosphate crystals, silica and aluminium hydroxide (94). Moreover, 

extracellular ATP activates efflux of K+ through stimulating the P2X7 receptor (94, 

96). Also the ionophore nigericin, which exchanges K+ for hydrogen across the 

plasma membrane, is generally used in experimental approaches to induce K+ efflux 

(94). However, the mechanism of how NLRP3 inflammasome formation is induced 

upon K+ efflux is not completely clear. The NIMA-related kinase (Nek)7 has recently 

been identified as an NLRP3-binding protein which regulates the NLRP3 

inflammasome formation and activation dependent on K+ efflux (97). Thus, Nek7 

could be the missing link which promotes inflammasome assembly in murine bone-

marrow-derived macrophages. Opposing to that, Schmacke et al. suggested that 

Nek7 is not required for NLRP3 inflammasome activation in human myeloid cell 

lines, primary human macrophages and murine macrophages (98). Conversely, a 



39 

recent study demonstrated K+ efflux-independent NLRP3 inflammasome activation 

upon treatment with imiquimod and CL097, ligands which activate TLR7, and TLR7 

and TLR8, respectively. Instead, cell activation with these ligands resulted in a burst 

of mitochondrial ROS which induced NLRP3 activation via Nek7 (87). 

In addition to K+ efflux, Ca2+ mobilisation and Ca2+ mediated signalling have also 

been linked to the activation of the NLRP3 inflammasome. Several studies have 

suggested that IL-1β release is dependent on an increase of intracellular Ca2+, which 

is released from ER stores upon activation of the P2X7 receptor (99). This in turn 

activates the influx of extracellular Ca2+ through a process called store-operated 

Ca2+ entry. Other NLRP3 activating molecules such as nigericin and monosodium 

uric acid crystals have also been demonstrated to mobilise Ca2+, eventually 

promoting mitochondrial damage which is also considered to be a critical 

inflammasome activating factor (99, 100). Conversely, other studies argue against 

an involvement of Ca2+ mobilisation in NLRP3 activation due to several reasons: 1) 

Increasing levels of intracellular Ca2+ were not necessary or sufficient to activate the 

NLRP3 inflammasome during stimulation with ATP or nigericin, 2) agents triggering 

Ca2+ influx did not activate the NLRP3 inflammasome and 3) high extracellular Ca2+ 

forms particulate matter which then triggers K+ efflux (94, 101).  

Mitochondrial dysfunction and ROS 

The role of mitochondrial dysfunction and ROS in the activation of NLRP3 is not 

completely understood (102, 103). Mitochondrial production of ROS increases in 

response to several cellular stress conditions, such as increased metabolic rates or 

membrane damage. ROS are free radicals, mainly generated as a by-product of 

oxygen metabolism in the electron transport chain within the mitochondria, but also 

by the activity of cellular enzymes such as nicotinamide adenine dinucleotide 
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phosphateoxidases (NADPH). These molecules are highly reactive and although 

they are essential for cell signalling, continuous production of ROS can cause cell 

damage (104). Extracellular ATP has been suggested to trigger the production of 

ROS, which consequently activates caspase-1 and induces the secretion of IL-1β 

(105). NLRP3 activators, including ATP and nigericin, are known to also cause 

mitochondrial dysfunction, causing the release of oxidized mitochondrial DNA which 

associates with NLRP3 and thereby induces inflammasome activation (106). 

Furthermore, upon oxidative stress, the thioredoxin-interacting protein, has been 

shown to get activated and then directly binds the LRR of NLRP3 resulting in 

inflammasome assembly (107). In contrast, other studies suggest that NLRP3 

inflammasome activation can occur independently of mitochondrial ROS, such as in 

TLR2-primed monocytes which released IL-1β independently from ROS upon 

treatment with monosodium urate, a common activator of the NLRP3 inflammasome 

(108). Similarly this was observed in ROS-deficient cells from patients with chronic 

granulomatous disease (109). Also, Muñoz-Planillo and colleagues excluded 

mitochondrial perturbations and ROS production as the driving force of NLRP3 

activation. It was demonstrated that some but not all inflammasome activators 

induce mitochondrial perturbation, moreover ROS inducing agents, such as 

rotenone and antimycin A, did not trigger NLRP3 activation and scavengers of ROS 

also did not effect on the activation of NLRP3 (94).  

Lysosomal damage 

A further route to NLRP3 inflammasome activation is initiated via lysosomal rupture. 

Phagocytic cells can engulf particles including microorganisms and apoptotic 

bodies. These particles are internalised and sequestered within a phagosome which 

fuse with lysosomes becoming mature phagolysosomes which eventually degrade 
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phagocytosed particles by using an acidic lumen and hydrolytic enzymes (5). 

Several inflammasome activators, such as phagocytosed silica and aluminium salt 

crystals cause swelling and damage of lysosomes leading to NLRP3 inflammasome 

activation (110). This inflammasome activation mechanism also plays a central role 

in the pathogenesis of Alzheimer’s disease in which phagocytosis of amyloid-β, a 

fibrillary peptide, drives the activation of NLRP3 due to lysosomal damage (111). 

Lysosomal membrane damage was suggested to cause K+ efflux from the cell which 

eventually triggers NLRP3 activation (94). However, it has also been proposed that 

NLRP3 activation is dependent on cathepsin B, a lysosomal protease which gets 

released and activated upon lysosomal leakage. The inhibition of cathepsin B with 

the pharmacological inhibitor CA074-Me led to a significant reduction in IL-1β 

release and caspase-1 activation in murine macrophages (112).  

1.5.2.2  Assembly of the NLRP3 inflammasome 

In 2004, Agostini et al. first demonstrated that NLRP3 associates with ASC and 

caspase-1 to form an inflammasome via the interaction of the PYD of NLRP3 with 

the N-terminal PYD of ASC (113). In response to pro-inflammatory stimuli, ASC 

assembles to a supramolecular complex, called the pyroptosome or ASC speck, 

associating with pro-caspase-1 via their CARD domains eventually leading to 

activation of caspase-1 (114). The localisation of the inflammasome components is 

crucial for the assembly of the inflammasome during activation. Pro-caspase-1 and 

NLRP3 migrate independently to mitochondria and mitochondria-associated 

membranes after priming, which appeared to be dependent on mitochondrial ROS. 

Whereas, ASC was recruited to the mitochondria after inducing K+ efflux with 

nigericin and in a Ca2+ dependent manner (115).  
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Several models for the formation of the NLRP3 inflammasome have been 

suggested. The most widely accepted structure is the heptameric spoke model, 

comparable to the NLRC4 and NLRP1 inflammasome, showing similarity with a 

bicycle wheel. The LRR domain is localised at the edge, caspase-1 is forming the 

centre, whilst ASC is placed in between these two elements (116). Although electron 

microscopy experiments have yet to confirm this model for NLRP3, bioluminescence 

resonance energy transfer analysis suggested that NLRP3 pre-assembles to an 

inactive complex, and upon cell swelling and decrease of K+, the NLRP3 

inflammasome undergoes a conformational change. The reduction of intracellular 

K+ and Cl- promoted the decrease of volume mediated by a transient receptor 

potential (TRP) channel. This study also suggests that the activation of TRP 

channels modulates intracellular Ca2+ which then appears to be important for TAK1 

activation, a kinase required for caspase-1 activation and IL-1β processing (117). 

1.5.2.3  Non-canonical NLRP3 inflammasome activation 

Gram-negative bacteria, such as Escherichia coli or Vibrio cholerae, induce a 

distinct signalling pathway for inflammasome activation, termed the non-canonical 

inflammasome activation, which is conducted by caspase-11 in mice, or caspase-4 

and 5 in humans (118). In mice, it has been suggested that the initiation of non-

canonical inflammasome signalling is dependent on a priming signal which is 

activated by Gram-negative bacteria through TLR4. Since caspase-11 is not 

expressed in resting cells, its transcription must be upregulated via the activation of 

the Janus kinase (JAK)/ signal transducer and activator of transcription proteins 

(STAT) pathway (119, 120). In contrast, in humans, caspase-4 is constitutively 

expressed, thus no transcriptional priming is necessary. The intrinsic activation of 

caspase-11, 4 and 5 is then triggered by intracellular LPS which directly binds the 

CARD domain of these caspases, inducing their oligomerisation and activation 
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(121). However, processing and secretion of IL-1β requires caspase-1, NLRP3 and 

ASC. But how the caspase-4 and 5 and its murine homolog caspase-11 are linked 

with NLRP3 and how the inflammasome gets activated in the non-canonical 

inflammasome pathway is poorly understood. Recent studies indicate that caspase-

11 function upstream of the canonical NLRP3 inflammasome. Caspase-11 cleaves 

the pannexin-1 channel leading to ATP release. This in turn triggers P2X7 to induce 

K+ efflux what activates NLRP3 triggering the canonical NLRP3 inflammasome 

assembly (122, 123). 

1.5.2.4  Alternative NLRP3 inflammasome pathway 

Unlike macrophages, primary human monocytes are capable of releasing mature 

IL-1β upon TLR4 activation with LPS alone (86). Recently, the alternative NLRP3 

inflammasome pathway was reported as a species-specific pathway in human 

monocytes as it was not observed in murine cells. It is characterised by the release 

of IL-1β upon TLR4 stimulation without providing a second signal. The mechanism 

was independent of K+ efflux or the formation of the pyroptosome which are distinct 

features of the canonical inflammasome activation model. Moreover, a novel 

signalling pathway involving TLR4, TRIF, receptor-interacting protein kinase 

(RIPK)1, FAS-associated death domain protein (FADD) and caspase-8 to initiate 

activation of NLRP3 was discovered in BLaER1 cells, a human B-cell precursor 

leukaemia cell line transdifferentiated and used as a human monocyte model 

(Figure 1.4, adapted from (124)). However, the molecular mechanism linking 

caspase-8 to NLRP3 has not been identified. NLRP3 was shown to be necessary 

for IL-1β processing but no evidence was found to indicate that caspase-8 can 

directly cleave IL-1β in this pathway, leaving the possibility that caspase-8- activates 

an intermediate protein that drives the activation of the NLRP3 (85). Furthermore, 

the same group reported that alternative inflammasome activation proceeded 
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independently of GSDMD cleavage and pyroptosis, creating uncertainty as to how 

IL-1β is released from the cell (124).  

 

Figure 1.4: The alternative NLRP3 inflammasome pathway. 

Human monocytes engage a phenotypically distinct signalling pathway than the classical 

activation of the NLRP3 inflammasome to induce IL-1β release. LPS triggers a TLR4-

TRIF-RIPK1-FADD-CASP8 signalling axis which leads to the activation of NLRP3 via 

the cleavage of an unknown substrate of caspase-8. This mechanism is activated 

without the requirement of a second signal and K
+
 efflux. The structure of the alternative 

NLRP3 activation complex is distinct from the typical pyroptosome and structurally 

unknown, nevertheless, caspase-1 becomes activated and cleaves pro-IL-1β to the 

biologically active form. IL-1β is then secreted by a GSDMD- and pyroptosis-

independent mechanism.  

Abbreviations: TLR, toll-like receptor; TRIF, TIR-domain-containing adaptor protein-

inducing IFN-β; RIPK1, receptor-interacting protein kinase 1; FADD, FAS-associated 

death domain protein; NLRP3, nucleotide-binding domain (NOD)-like receptor protein-

3; IL, interleukin; CASP, caspase; ASC, apoptosis-associated speck/like protein 

containing a CARD; GSDMD, gasdermin D. 
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1.6 Release of IL-1β 

As the inflammasome is formed, pro-caspase-1 gets activated and proteolytically 

cleaves pro-IL-1β into its mature form (55). However, IL-1β does not leave the cell 

via the conventional ER-Golgi route due to lacking a single sequence (91). Initially 

expressed as an inactive form, pro-IL-1β accumulates in the cytosol until the cell 

receives a specific signal for its maturation and unconventional secretion. Previously 

to the discovery that GSDMD pores facilitate the release of IL-1β, several 

mechanisms have been proposed to mediate the cellular release of IL-1β including 

passive release by dying cells, vesicular mechanism via secretory lysosomes or 

autophagy, release via exosomes or translocation across the plasma membrane. 

However, some of these methods remain controversial (125).  

1.6.1 Gasdermin D: A mediator of pyroptosis and IL-1β release 

In 2018, it was suggested by Evavold et al. and Heilig et al. that IL-1β is released 

through GSDMD pores formed in the plasma membrane which has since then 

evolved as the generally accepted mechanism of IL-1β release (92, 126). Upon 

activation of pro-inflammatory caspases, including caspase-1, 4, 5 and 11, GSDMD 

gets cleaved into an GSDMD N-terminal (GSDMD-NT) and a C-terminal (GSDMD-

CT) fragment. GSDMD-CT is suggested to have an inhibitory action on the GSDMD-

NT, however, once processed at the aspartate 275 cleavage site, GSDMD-NT forms 

pores in the cell membrane through oligomerisation and binding to phosphatidyl 

serine and cardiolipin (127-129). Moreover, this triggers pyroptosis, a form of 

inflammatory cell death, characterised by swelling and osmotic lysis of the cell, the 

release intracellular components, leading to an inflammatory response (Figure 1.3) 

(127).  
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Recently, several studies proposed that under pharmacological or pathogen-

induced inhibition of the kinase TAK1, GSDMD is processed independently of 

caspase-1 and 11 but cleaved in a caspase-8-dependent way leading to pyroptosis 

and IL-1β release (130, 131). In addition, GSDMD is cleaved by the apoptotic 

caspase-3 and 7, which are activated by caspase-1, at aspartate 87 generating a 

p43 fragment, instead of a p30 fragment generated upon a pyroptotic stimulus. The 

proteolysis at aspartate 87 inactivates GSDMD and makes it incapable of triggering 

pyroptosis (132).  

1.7 Regulation of NLRP3 inflammasome activation 

A key feature of the NLRP3 inflammasome is its ability to respond to a wide array 

of stimuli, therefore playing a crucial role in mediating an immune response against 

microbial infections and cellular damage to protect the host. However, increased 

activation of the NLRP3 inflammasome has been implicated in the development of 

several inflammatory diseases (133). Hence, NLRP3 activity must be highly 

regulated to prevent uncontrolled inflammation leading to host damage.  

The regulation of NLRP3 starts with transcriptional priming. As NLRP3 expression 

is low in most resting cells, to induce activation and assembly of the inflammasome 

the upregulation of NLRP3 expression is required (67). In murine macrophages and 

dendritic cells, transcriptional priming of NLRP3 is controlled by the endogenous 

microRNA (miR)-223 which suppress the expression of NLRP3 through binding to 

the 3’-untranslated region of NLRP3 messenger RNA (mRNA) (134). Furthermore, 

both FADD and caspase-8 play a part in upregulating NLRP3 expression by 

mediating the activation of the NF-κB pathway (135).  
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Following transcription, NLRP3 is held in an inactive conformation due to 

posttranslational modifications such as phosphorylation within the PYD at serine 5 

that inhibits its activation. Dephosphorylation by protein phosphatase 2A enables 

NLRP3 to assemble the inflammasome (136). Protein tyrosine phosphatase non-

receptor 22 can also directly interact with NLRP3 and dephosphorylate the tyrosine 

at amino acid 861, promoting robust NLRP3 activation and IL-1β secretion (137). In 

addition, phosphorylation mediated by Jun N-terminal kinase (JNK)1 at position 

serine 198 is also required for the activation of NLRP3 (138). Furthermore, the 

ubiquitination state of NLRP3 has also been demonstrated to regulate its activation. 

TLR stimulation triggers the degradation of the ubiquitinase F-box/LRR-repeat 

protein 2 (FBXL2), resulting in the decline of a FBXL2-mediated ubiquitination at 

position lysine 48 of NLRP3, preventing degradation (139). By contrast, tripartite 

motif containing (TRIM)31, an E3 ubitquitin ligase, directly binds NLRP3, enhances 

lysine 48-linked polyubiquitination and induces proteasomal degradation of NLRP3 

(140). However, ubiquitination makes the NLRP3 incapable of oligomerisation, thus 

when inactive, free cytosolic NLRP3 is present in an ubiquitinated state (141). Upon 

sensing an activation signal, the deubiquitinase BRCA1/BRCA2-Containing 

Complex (BRCC)3 (and its human homolog BRCC36) promote NLRP3 

deubiquitation at the LRR domain resulting in NLRP3 activation (142).  

The molecular chaperone Hsp90 and its co-chaperone, the ubiquitin ligase-

associated protein suppressor of the G2 allele of skp (SGT) 1, are crucial to control 

the priming threshold of the NLRP3 inflammasome activation. These molecules 

interact with the LRR domain of NLRP3, thereby maintaining it in an inactive but 

signalling competent state. On receipt of an activation signal, SGT1, and possibly 

Hsp90, dissociate from NLRP3 so it can undergo a conformational change which 
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enables the interaction with other inflammasome components such as ASC and 

caspase-1 (143). Also, the double-stranded RNA-dependent protein kinase (PKR) 

plays a major role regulating the assembly of the inflammasome. It interacts 

physically with NLRP3, being important for caspase-1 activation and IL-1β cleavage 

(144). Furthermore, the human guanylate binding protein 5 has been identified as a 

stimulating regulator of the NLRP3 inflammasome assembly in response to 

pathogenic bacteria (145). In murine macrophages, Nek7 associates with NLRP3 

upon a NLRP3-activating stimulus which is dependent on K+ efflux, and promoted 

ASC oligomerization and ASC speck formation (97).  

1.8 SARM1: a regulator of the immune response and cell 
death 

Recently, a novel role was described for SARM1 as a regulator of the NLRP3 

inflammasome(146). SARM1 is a member of the TIR-domain-containing adaptor 

family and is highly conserved across Caenorhabditis elegans, Drosophila 

melanogaster to mammals. Although possessing a TIR domain, SARM1 does not 

facilitate TLR signalling and therefore is functionally different from the other adaptor 

proteins MyD88, MAL, TRIF and TRAM. Instead, SARM1 was initially discovered to 

be an inhibitor of TRIF-induced NF-κB and IRF7 activation (46). In addition, it was 

found that SARM1 is also an essential mediator of axon degeneration (147). Only 

recently was it observed to also suppress activation of NLRP3 (146). Structurally, 

the human SARM1 protein consists of 724 amino acids, containing two N-terminal 

armadillo repeat motif (ARM) domains followed by two sterile α motif (SAM) domains 

and a C-terminal TIR domain. It is predominantly associated with mitochondria, 

however, it is also present in the cytoplasm (148). SARM1 is also highly abundant 

in neurons, mostly located in axons associated with mitochondria, microtubules and 

JNK3 (149).  
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1.8.1 Activation of SARM1 

The activation mechanism of SARM1 has been an intense area of research in recent 

years but is still not completely understood. The N terminus has an inhibitory effect 

on SARM1 through physical interaction with the SARM1 TIR domain (150). In the 

absence of the N terminal domain, the C terminal SAM and TIR domains of SARM1 

are sufficient for regulating TLR signalling and axon degradation (46, 147). Given 

the propensity of SAM motifs to multimerise, it has been suggested that activation 

of SARM1 depends on dimerization or oligomerisation of the protein (147). 

Additionally, it was emphasized that intracellular Ca2+ mobilisation is required for 

SARM1 activation (151). Carty and colleagues propose that an increase of 

intracellular Ca2+ may trigger unfolding of the autoinhibitory N terminal region, 

followed by SAM motif-mediated multimerisation of SARM1, leading to the activation 

of the protein (148).  

Once activated, SARM1 enables its nicotinamide adenine dinucleotide (NAD)ase 

activity. The SARM1-TIR domain possess an intrinsic NADase activity and is 

capable of cleaving NAD+ to adenosine diphosphate-ribose (ADPR), cyclic ADPR 

and nicotinamide. A glutamic acid E642 in the SARM1-TIR domain was suggested 

as a key catalytic residue within the active site being critically required for NAD+ 

cleavage (152).  

1.8.2 Involvement of SARM1 in inflammation and cell death 

In addition to the enzymatic activity of the SARM1 protein as NADase associated 

with axon degeneration, the protein also mediates the immune response and cell 

death (148, 152). Initially, SARM1 was described as an inhibitor of TLR signalling in 

the TRIF- and MyD88-dependent pathway (46, 153). Through the interaction 

between the SARM1-TIR domain with the TIR domain of TRIF and MyD88, SARM1 
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functions as negative regulator (154). Over the years, research showed that SARM1 

is involved in not only TLR signalling but is also required for key processes 

associated with inflammation and cell death. In response to viruses, mammalian 

SARM1 triggers neuronal death and the production of cytokines in the nervous 

system (155). Furthermore, SARM1 participates in mitophagy, the intracellular 

process to remove damaged mitochondria from cells. In this role, SARM1 stabilises 

the complex mediating mitophagy and thereby preventing an innate immune 

response if damaged mitochondria are not cleared up properly (156). In the 

periphery, SARM1 contributes to T cell termination following an infection to sustain 

T cell homeostasis. (157). These studies highlight the diverse roles of SARM1 in 

regulating inflammatory responses by balancing cytokine production and cell death. 

1.8.3 SARM1 as negative regulator of the NLRP3 inflammasome 

Recently, Carty et al. presented a novel role for SARM1 in controlling the balance 

between cell survival and IL-1β release upon NLRP3 inflammasome activation in 

murine macrophages. Direct interaction of SARM1 with NLRP3 via the TIR domain 

inhibits ASC complex formation and caspase-1 activation, thereby negatively 

regulating NLRP3 to suppress the maturation of IL-1β. Consistently, in the absence 

of SARM1, inflammasome activation in primed cells leads to a robust IL-1β release 

(146). Interestingly, cells lacking SARM1 behaved similarly to hyperactivated cells: 

they secreted IL-1β but in the absence of pyroptosis after NLRP3 activation (92, 

146). However, by increasing SARM1 protein concentration in cells, NLRP3-

mediated lactate dehydrogenase (LDH) release, a characteristic marker for 

pyroptotic cells, was significantly enhanced, whereas reduced NLRP3-dependent 

IL-1β release was observed. Thus, SARM1 controls cell fate after NLRP3 

inflammasome activation by fine-tuning IL-1β release and pyroptosis (146).  
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Furthermore, reduced pyroptosis was not due to impaired GSDMD cleavage (127, 

146). Instead, Carty et al. discovered that SARM1 clusters at the mitochondria after 

nigericin mediated NLRP3 inflammasome activation and triggers mitochondrial 

depolarisation (MDP), which contributes to pyroptosis. In addition, it was reported 

that both the SAM and TIR domains of SARM1 are required to induce pyroptosis. 

Interestingly, peptidoglycan treatment, a hyperactivating NLPR3 agonist that 

triggers IL-1β release in absence of cell death, did not induce mitochondrial SARM1 

clustering and SARM1-dependent MDP. Thus, SARM1-dependent MDP 

distinguishes features of NLRP3 activators that trigger pyroptosis and cell lysis from 

those that do not (92, 146).  

1.9 NLRP3 inflammasome in diseases 

The activation of the NLRP3 inflammasome has been associated with the 

pathogenesis of several inflammatory and metabolic diseases. In some disorders 

the dysfunction of NLRP3 is associated with gain-of-function mutations in NLRP3, 

such as in patients with the systemic auto-inflammatory syndrome CAPS (158). In 

other cases, the presence or accumulation of endogenous danger signals in tissues 

may be detected by NLRP3 which can trigger sterile inflammatory responses and 

contribute to chronic inflammatory diseases (159). In RA patients, NLRP3 

inflammasome activity is enhanced in peripheral blood cells potentially mediating 

the processing and release of IL-1β which contributes to RA pathogenesis (160). 

More recently, it was suggested that the activation of the NLRP3 inflammasome is 

contributing to the inflammatory response against severe acute respiratory 

syndrome coronavirus (SARS-CoV)-2 which causes coronavirus disease 2019 

(COVID-19). Patients with severe symptoms showed high levels of IL-1β, because 

of inflammasome activation induced by SARS-CoV-2 (161).  
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1.9.1 Rheumatoid Arthritis 

RA is a chronic inflammatory disease characterised by persistent joint synovitis and 

systemic inflammation, causing destruction of cartilage and bone tissue, which 

eventually leads to disability if poorly treated (162). It is classified as an autoimmune 

disorder, due to autoantibodies being present in 60-70% of patients. Anti-

citrullinated protein antibodies (ACPAs), which are highly specific for RA, are 

antibodies against citrullinated autoantigens. Additionally, autoantibodies specific 

for self IgG-Fc, known as rheumatoid factor (RF), can be found in a high number of 

RA patients, however is less specific than ACPA for RA (163). These antibodies can 

be detected in the serum many years before disease onset and are often associated 

with increased inflammation and more severe symptoms (163, 164).  

1.9.1.1  Epidemiology 

RA affects up to 1% of the population in western countries and occurs predominantly 

in women with a female-to-male ratio of 3:1. The incidence of RA varies between 

populations but is estimated to be 20-50 per 100 000 new cases annually in Northern 

America and Northern Europe. RA is a multifactorial disease, meaning its 

development is associated with various risk factors driving the disease progression. 

About 50-60% of the risk for developing RA is genetic with more than 100 genetic 

loci associated with RA (165, 166). The strongest genetic association is specific 

class II human leukocyte antigen (HLA)-DRB1*01 and *04 allele in the MHC have a 

shared common motive, known as shared epitope, are highly associated with the 

risk of developing RA (162). Among other genetic loci with weaker disease 

association, the tyrosine-phosphatase gene PTPN22 polymorphism is a common 

RA susceptibility factor. A missense C-to-T substitution in the gene results to 

substitution of tryptophan for arginine. This leads to gain of function by altering the 

T cell receptor threshold during thymic selection which permits autoantigen-specific 
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T cells to escape clonal deletion (165). In addition to genetics, several environmental 

factors have been described to influence the risk of developing RA. These include 

microbial infections, particulate air pollution and smoking (167-169).  

1.9.1.2  Clinical presentation and diagnosis 

The key clinical features of RA are pain and synovial joint swelling, predominantly 

affecting joints of the hands and feet. This is typically accompanied by morning 

stiffness and tenderness. If untreated, RA can lead to inflammatory destruction of 

cartilage and bones, eventually resulting in severely comprised mobility (162, 170). 

RA is also associated with extra-articular manifestations including pulmonary, 

cardiac, cutaneous and neurological comorbidities (170).  

Early diagnosis is highly important, as prompt therapeutic intervention can improve 

the disease course, reduce joint damage and prevent erosive disease progression 

(171). The 2010 American College of Rheumatology (ACR) - European League 

Against Rheumatism (EULAR) classification criteria was therefore published to 

identify patients with definite RA. The diagnosis of RA is based on a scoring system 

which includes the recognition of symptoms and the duration history, the evaluation 

of joint involvement, antibody status via serological tests (RF or ACPA) and 

measurement of the acute phase response (erythrocyte sedimentation rate (ESR) 

or CRP) into its calculation (172).  

1.9.1.3 Pathogenesis 

Inflammation of the synovial joints is the hallmark feature of RA pathogenesis. 

Leukocyte infiltration and immune activation leads to swelling and tissue damage. 

RA joints become significantly expanded resulting in the formation of a pannus due 

to cellular infiltration and synoviocyte proliferation (Figure 1.5 (82)) (173). An 

interplay between innate and adaptive immune cells drives inflammatory processes 
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building up an immense cytokine and chemokine network which is implicated in 

sustaining the chronic inflammation. RA pathogenesis is driven through the complex 

interaction of CD4+ T cells, including Th1 cells, Th17 cells and Th2 cells, B cells, 

monocytes, mast cells, neutrophils, dendritic cells, synovial cells, including 

fibroblast-like synoviocytes (FLS) and resident macrophages, osteoclasts and 

chondrocytes (174).  

 

Increased levels of chemokines in RA synovial tissue and synovial fluid promote the 

recruitment and infiltration of inflammatory cells (175). Circulating monocytes can 

interact via their chemokine receptors C-C chemokine receptor (CCR)2 and C-X3-

C motif chemokine receptor (CX3CR)1 with chemokine C-C motif ligand (CCL)2 and 

Figure 1.5: Key pathological changes in the synovium in rheumatoid arthritis. 

In established RA, inflammation of the synovial membrane leads to the formation of a 

pannus due to leukocyte infiltration and proliferation of fibroblast-like synoviocytes. The 

inflammatory process within the joint is sustained by these highly activated cells which 

release pro-inflammatory mediators and autoantibodies. The damage of cartilage and 

osteoclast-mediated bone erosion results in the invasion of the pannus tissue resulting 

in irreversible deformation of the joint. Permission for reprint was granted by Dove Press 

(original publisher). 

Synovial membrane

Bone

Bone erosion

Synovial fluid

Cartilage

Osteoclast

Cell infiltration

Joint capsule

Cytokines

Autoantibodies

Pannus formation

Neutrophils

Cartilage damage

Fibroblast-like synoviocytes

Rheumatoid 

ArthritisHealthy



55 

C-X3-C motif ligand (CX3CL)1 produced by FLS, thereby triggering their recruitment 

and migration into the synovium. Monocytes have a central role in the pathogenesis 

of RA as they are a main source of several key inflammatory cytokines, including 

TNF, IL-1β and IL-6 (176). Compared to HC monocytes, circulating monocytes from 

RA patients exhibit a hyper-inflammatory signature following in vitro stimulation with 

LPS with enhanced expression of cytokines and chemokines. RA monocytes also 

showed increased mitochondrial respiration, biogenesis and changes in the 

morphology of mitochondria. Furthermore, metabolic reprogramming leading to the 

sustained induction of proinflammatory responses of monocytes was present in RA 

patients but also in individuals at risk developing the disease (177).  

Monocytes infiltrate the RA synovium and dependent on the tissue environment, 

they can exhibit variable responses ranging from pro-inflammatory to anti-

inflammatory properties (178). In RA, ACPAs can trigger the polarisation of a pro-

inflammatory phenotype (179). Moreover, the higher presence of this type of 

macrophages is a potent contributor to osteoclastogenesis (180). In the presence 

of receptor activator of NF-κB ligand (RANKL), which is expressed by synoviocytes, 

monocytes can also differentiate into osteoclasts (181). Through creating an acidic 

milieu leading to solubilization of calcium from the bone and by producing bone 

matrix degrading enzymes, osteoclasts can resorb the bone resulting in bone 

erosion (182). Synovial monocytes are also capable of driving pro-inflammatory Th1 

and Th17 cell responses in RA patients (183). In the peripheral blood, a higher 

frequency of intermediate monocyte (CD14++CD16+) population was present in RA 

patients. These cells produce high levels of proinflammatory cytokines and promote 

Th17 cell differentiation (184). The Th17 cell derived cytokine IL-17 is present at 
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high levels in RA synovial fluid and induces osteoclastogenesis, therefore being a 

key driver of bone destruction (185).  

TLRs expressed by monocytes also play a crucial role in promoting inflammation 

and contributing to the disease pathogenesis. TLR2 is highly expressed in RA 

peripheral blood monocytes (186). Endogenous molecules, such as the high-

mobility-group-protein B1 or the Hsp96, both of which were found at increased levels 

in RA patients, can activate TLR2 (187-189). Moreover, the activation of RA 

monocytes via TLR1/2 results in higher levels of IL-6 and TNF compared to HC 

monocytes (190). Additionally, other endogenous ligands which are abundantly 

expressed in RA patients may contribute to sustaining the inflammation by activating 

other TLRs. For example, tenascin-C and citrullinated fibrinogen-containing immune 

complexes are both expressed in RA and can activate TLR4 (191, 192).  

Additionally, the NLRP3 inflammasome was shown to be implicated in the 

pathogenesis of RA. Monocytes and macrophages in the synovia of RA patients 

were found to be the major source of active caspase-1 (193). Also, in the collagen-

induced arthritis (CIA) mice model of RA, NLRP3 protein expression is increased in 

synovial cells. Treatment with MCC950, a highly selective NLRP3 inflammasome 

inhibitor, effectively ameliorated arthritic symptoms and cartilage erosion in this 

model (193, 194). Various DAMPs which are highly expressed in RA patients are 

suggested to activate the NLRP3 inflammasome. Lately, it has been shown that 

ACPAs induce the activation of NLRP3 inflammasome. First, the upregulation of 

NLRP3 and pro-IL-1β expression is induced by ACPAs by promoting the interaction 

between CD147 and integrin β1 leading to the activation of the protein kinase B/NF-

κB signalling pathway. ACPAs then additionally trigger ATP release via pannexin 

channels which stimulate the P2X7 receptor to induce K+ efflux (195). Furthermore, 
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proinflammatory cytokines which are highly abundant in RA also promote NLRP3 

activation and IL-1β release. In FLS, TNF upregulates the expression of both NLRP3 

and IL1B, whilst calreticulin, an autoantigen present in early untreated RA, serves 

as an activation signal driving NLRP3 inflammasome activation (196). Moreover, 

pentraxin-3, which is elevated in RA, synergises with the complement component 

C1q to promote NLRP3 inflammasome over-activation and pyroptosis, leading to an 

excessive release of inflammatory cytokines in RA. In turn, IL-6 drives with 

pentraxin-3 and C1q the exaggerating NLRP3 activation and GSDMD-mediated 

pyroptosis in a positive feedback loop (197). Additionally, the RA susceptibility gene 

A20, (also known as tumour necrosis factor-α inducible protein 3 (TNFAIP3)) which 

is a negative regulator of the canonical NF-κB signalling pathway, may also 

contribute to the increased NLRP3 activity (198). A20 knockout mice developed an 

arthritic phenotype similar to RA patients. Macrophages derived from these mice 

exhibited increased NLRP3-mediated caspase-1 activation, IL-1β release and 

pyroptosis. It occurred that A20 negatively regulates the priming of NLRP3 and its 

substrate IL-1β (199). 

1.9.1.4 Current management of RA and therapeutic approaches 

To provide the optimal therapy for each patient, the assessment of disease activity 

is crucial in the follow-up of patients with RA. Therefore, numerical scales reflecting 

disease activity are used to assess the effect of the treatment. To measure disease 

activity, the disease activity score using 28 joint counts (DAS28) is used. This 

combines the number of tender joints, swollen joints, the CRP or ESR and the global 

health of the patient in its calculation. The scores are then classified into high (>5.1), 

moderate (>3.2 to ≤ 5.1) or low (2.6 to 3.2) disease activity or remission (<2.6) (200). 

As a curative treatment is still lacking in RA, treatment therapies target suppression 

of joint inflammation, relieving pain and aim to maximise joint function and prevent 
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joint destruction. Therapeutic approaches consist of combinations of 

pharmaceuticals, physical exercise, and patient education (201).  

Nonsteroidal anti-inflammatory drugs (NSAIDs) are generally used as first-line 

treatment. This includes the traditional non-selective fast-acting medication such as 

acetylsalicylate, naproxen, or ibuprofen. The mechanism of NSAIDs is to inhibit 

prostaglandins (in case of acetylsalicylate) or suppress the cyclo-oxygenase-2 

dependent synthesis of prostaglandin, prostacyclin, and thromboxane (201).  

The most common treatment strategy recommended by the 2016 update of the 

EULAR management recommendations for RA is methotrexate (MTX), a 

conventional synthetic disease-modifying antirheumatic drug (csDMARD). It is often 

prescribed in combination with corticosteroids due to their potent anti-inflammatory 

effect. However, steroids are only indicated for a short period of time as they come 

with many side effects (202). Treatment with disease-modifying antirheumatic drugs 

(DMARDs) was shown to be effective to slow or stop progression of joint destruction 

and deformity and promote remission. If MTX is poorly tolerated or no improvement 

has been achieved, other csDMARDs such as hydroxychloroquine or sulfasalazine 

can be applied instead of MTX or in addition (201, 202). These show a diverse 

mechanism of action, including reduction of cytokine production, inhibition of cell 

proliferation, promoting apoptosis in T cells, as well as inhibiting chemotaxis (203-

205). Recently, inhibitors for JAK1, JAK2 and JAK3, another class of synthetic 

DMARDs, have shown being effective in RA therapy as they target cytokine 

signalling pathways and thereby downregulate the production of cytokines (206, 

207).  

In the 1990s, targeting the complex network of cells and cytokines involved in RA 

pathogenesis became the major focus of research, in particular the inhibition of TNF 
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(208). This work led to the development of several biologic agents for treatment of 

RA, known as biological disease-modifying antirheumatic drug (bDMARDs). These 

drugs have diverse targets including B cells, T cells and pro-inflammatory cytokines, 

and are proven effective in delaying the progression of joint destruction (209). 

Additionally, combinational therapy with csDMARDs, such as MTX, is commonly 

used to increase treatment efficacy (210).   

Targeting TNF has been particularly effective in relieving joint inflammation and slow 

radiographic progression of joint damage in RA patients (211, 212). Increased levels 

of TNF in synovial fluid and serum are a hallmark of RA patients (213). TNF seem 

to have a major role in contributing to RA pathogenesis, as anti-TNF inhibits the 

production of other pro-inflammatory cytokines such as IL-1 and IL-6 (214). It is also 

strongly implicated in the disease pathogenesis by mediating inflammation and 

damage of the joints as well as bone erosion. TNF can trigger osteoclast 

differentiation or promote it indirectly by stimulating the expression of RANKL by 

synovial fibroblasts or T cells (215). Currently, anti-TNF agents are available as full-

length monoclonal antibodies (infliximab, adalimumab, and golimumab), as a 

soluble fusion protein (etanercept), or as a polyethylene glycol conjugated to a 

humanized antigen-binding fragment (certolizumab) for RA therapy (216). Although 

anti-TNF agents are reported as being highly effective in RA, 35-40% of the patients 

show no response to this treatment and need an alternative therapy option. Also, 

the usage of anti-TNF therapy comes along with a higher susceptibility to serious 

infections and may lead to the reactivation of latent tuberculosis or other infections 

(217). Moreover, some patients receiving anti-TNF therapy develop a resistance 

after the first 6 months of treatment (218).   

IL-6 is another main driver of RA pathogenesis. The pro-inflammatory cytokine 

induces activation, differentiation and proliferation of B and T cells. It is implicated 
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in the Th cell differentiation to IL-17 producing Th17 cells, which also play a major 

role in the disease development (219). In addition, IL-6 in RA synovial fluids induces 

osteoclastogenesis, leading to joint damage (220). These findings led to the 

development of tocilizumab, a humanized anti-IL-6 receptor monoclonal antibody, 

which is blocking IL-6 receptor mediated downstream signalling. Tocilizumab is a 

promising treatment modality, specifically for RA patients unresponsive to anti-TNF. 

Nevertheless, the use of tocilizumab, specifically in combination with MTX, might 

lead to hepatic dysfunction, decreased number of white blood cells and enhanced 

blood cholesterol levels (221).  

IL-1β is another hallmark cytokine which is known to contribute to RA pathogenesis. 

It is found at high levels in plasma and synovial fluids of RA patients (222).Through 

its ability of activating T and B cells, as well as inducing the expression of cytokines, 

chemokines and small inflammatory mediators (such as prostaglandins), it is a key 

mediator of synovial inflammation and pannus formation (223). IL-1β also induces 

the production of matrix metalloproteinases from synovial cells which promote the 

degradation of cartilage (224). Although IL-1β has a great impact on disease 

pathogenesis, IL-1β blockade with anakinra, a recombinant, non-glycosylated 

version of the human IL-1 receptor antagonist, showed only modest effect on 

reducing inflammation and suppressing bone erosion in RA patients compared to 

anti-TNF agents (225). A possible reason for the lack of efficiency might be the short 

biologic half-life of IL-1Ra as a pharmaceutical (226). Canakinumab, a fully 

monoclonal antibody against IL-1β, was also tested as a treatment modality for RA. 

However, as most currently available treatments were found superior in improving 

disease progression than canakinumab, the clinical development for RA was 

stopped for this drug (227).   

A relatively novel treatment modality for RA could be secukinumab, a high-affinity 
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fully human IgG1 monoclonal antibody selectively binding and neutralising IL-17A 

(228). IL-17 producing Th17 cells are elevated in the synovial tissue of RA patients, 

inducing cartilage damage due to activation of synoviocytes and bone erosion by 

driving osteoclastogenesis (229). Secukinumab is already used successfully for the 

treatment of psoriatic arthritis (230). In RA it was demonstrated that secukinumab is 

an effective efficient and safe alternative for patients with high disease activity who 

were nonresponsive to TNF inhibitors (231).   

In addition, non-cytokine biologic agents targeting T and B cells are commonly used 

in combination with MTX to effectively treat RA, in patients that fail to respond to 

anti-TNF therapy. Abatacept, a soluble recombinant fusion protein, formed by 

associating the extracellular domain of cytotoxic T-lymphocyte antigen-4 with a Fc 

fragment of human IgG1, inhibits of T cell activation, by competing with CD28 for 

interacting with CD80/86, thereby blocking the second co-stimulatory signal 

necessary for full T cell activation (232, 233). Another treatment modality is 

rituximab, a monoclonal anti-CD20 antibody, which binds CD20 on the surface of B 

cells and selectively depletes pre-B and mature B cells (234). B cells exhibit several 

pathogenic roles in RA, including the production of autoantibodies, cytokine 

secretion and the activation of T cells (235). Thus B cell depletion as therapy 

modality efficiently provides improvement of disease symptoms (234).  

Using pharmacological interventions to retard RA disease progression has a major 

and mostly beneficial impact on the disease development and on the quality of life 

for patients (217). However, although there is ongoing research on new treatment 

targets and constant development of novel therapies, due to the complexity of RA, 

controlling the disease is often challenging in many patients (217). Whilst biologic 

agents have widely improved the understanding of the disease pathogenesis, the 



62 

causes of disease development are still unknown and the pathways driving the 

chronic inflammation in RA need to be further explored.  

1.9.2 COVID-19 

In humans, zoonotic transmission of pathologic coronaviruses can cause severe 

respiratory infections. To date, three major coronavirus outbreaks have been 

reported making the emergence of new coronaviruses a serious concern of public 

health in the 21st century (236). In late 2002, the first cases of severe acute 

respiratory syndrome (SARS) were registered in China which emerged to a 

pandemic just a few months later due to the spread of the SARS coronavirus (SARS-

CoV) (237). However, the pandemic was brought under control in July 2003 with 

8096 confirmed cases and 774 reported deaths (238). About 10 years later, another 

coronavirus, the Middle East respiratory syndrome coronavirus (MERS-CoV), was 

isolated from a man in Saudi Arabia who died of acute pneumonia and renal failure 

(239). As of end of June 2021, with 2574 laboratory-confirmed cases of MERS-CoV 

and 886 deaths reported since April 2012, the virus has spread to 27 countries (240). 

Most recently, the outbreak of COVID-19, which is caused by a novel, highly 

transmissible and pathogenic coronavirus, designated as SARS-CoV-2, has 

become a substantial challenge to public health worldwide. The first cases of 

COVID-19 were reported in December 2019 in the city of Wuhan in China, however, 

with the virus rapidly spreading all over the world leading to escalating numbers of 

infected individuals and deaths due to COVID-19, the World Health Organisation 

(WHO) officially declared COVID-19 as a pandemic in March 2020 (241, 242). 

Almost 2 years after the first cases were described, over 250 million confirmed 

infections and more than 5 million deaths due to COVID-19 have been reported 

(243). 
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1.9.2.1 SARS-CoV-2 

SARS-CoV-2 is the causative agent of COVID-19. It belongs to the Betacoronavirus 

family, however, although being genetically related with 79% identity to SARS-CoV, 

the novel coronavirus forms a separate lineage within the Sarbecovirus subgenus 

(244). Early genome sequencing of SARS-CoV-2 indicated that the virus probably 

originates from bats, however, pangolins were also suggested as possible hosts 

(245, 246). Nevertheless, immediate animal hosts or progenitor viruses have not 

been clearly identified so far. SARS-CoV-2 is a single-stranded, positive sense RNA 

virus, with a genome size of 29.9kb. Its genomic RNA comprises two major open 

reading frames (ORFs), ORF1a and 1b, which encode for 16 non-structural proteins 

(nsp1-11 and 12-16, respectively), the four main structural proteins, including the 

glycosylated spike (S) protein, which can be subdivided into S1 and S2 subunit, 

nucleocapsid (N) protein, membrane (M) protein and envelope (E) protein (Figure 

1.6, adapted from (A) (247) and (B) (248)), as well as some accessory proteins 

(ORF3, 6, 7a, 7b, 8 and 9b) (249).  

 

Figure 1.6: Structure of SARS-CoV-2. 

(A) Schematic structure of SARS-CoV-2. (B) Domains of the SARS-CoV-2 derived 

Spike protein.  

Abbreviations: CD, connector domain; CH, central helix; CT, cytoplasmic tail; FP, fusion 

protein; HR, haptad repeat; NTD, N-terminal domain; RBD, receptor binding domain; 

S1, spike protein subunit 1; S2, spike protein subunit 2; S1/S2, S1/S2 protease cleavage 

site, S2’, S2 protease cleavage site; TM, transmembrane domain. 
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SARS-CoV-2 uses the S protein to enter the host cell via the angiotensin-converting 

enzyme 2 (ACE2) receptor. Fusion of the viral membrane with the host cell 

membrane requires a significant structural rearrangement of the S protein, a trimeric 

class I fusion protein. To bind to the ACE2 receptor, the receptor binding domain 

(RBD) of the S1 subunit needs to undergo several conformational changes. The 

binding to the receptor destabilises the trimeric protein, resulting in dissociation of 

the S1 subunit and transformation of the S2 subunit to a post-fusion conformation 

(248, 250). The S2 subunit serves as anchor of the S protein to the virion membrane 

and mediates the fusion of the membrane. For the fusion process, two proteolytic 

cleavage steps following ACE2 receptor engagement are necessary. First, furin 

cleaves the S1-S2 boundary.Then, the cellular transmembrane serine protease 2 

(TMPRSS2) at the host cell plasma membrane is required for the cleavage at the 

S2´site in the S2 subunit. In case the virus-receptor complex does not encounter 

TMPRSS2 and is internalised via endocytosis, cathepsin L in the endolysosome of 

the target cell mediates the cleavage of the S protein. This process exposes the 

fusion peptide and results in detachment of S1 from S2. Following conformational 

changes of the S2 subunit, the fusion peptide is driving the fusion of the viral and 

cellular membrane. By forming a fusion pore, the viral RNA is released into the 

cytoplasm of the host cell, leading to uncoating and replication (251). Following the 

fusion with the membrane and release of viral RNA into the cell, the host immune 

system recognises the virus and induces an inflammatory response.  

The presence of the invading virus is detected by PRRs. In intracellular 

compartments, such as the endosome, TLR3, 7 and 8 are activated through 

detecting viral RNA which were also suggested to act as sensor for SARS-CoV-2 

(252). Cytoplasmic SARS-CoV-2 derived RNA is sensed by retinoic-acid inducible 



65 

gene I (RIG-I) and the cytosolic receptor melanoma differentiation-associated gene 

5 (MDA5) (253, 254) . Additionally, studies have suggested that the S protein can 

also activate immune cells. An in silico study demonstrated that the S protein not 

only strongly associates with ACE2, but is also recognised by TLR4 as well as TLR1 

and TLR6 (255). Interestingly, the SARS-CoV-2 S1 subunit was also reported to 

activate TLR4 to strongly induce the production of pro-inflammatory mediators 

following activation in macrophages (256). Moreover, it was proposed that the 

activation of TLR4 through binding of the viral S protein increases the expression of 

ACE2 which facilitates the entry of SARS-CoV-2 into the cell (257). In addition, the 

S protein also activates the NF-κB pathway via stimulating TLR2 triggering in a pro-

inflammatory response (258).  

SARS-CoV-2 can also activate cells with other viroproteins, such as its accessory 

proteins which were proposed to induce a pro-inflammatory response. ORF7 was 

suggested to induce the expression of inflammatory cytokines through the 

upregulation of the NF-κB activity (259). Also ORF3a was identified as activator of 

the NLRP3 inflammasome through the activation of K+ efflux (259). Similarly, the 

viroporins derived from the genetically related SARS-CoV were suggested to 

activate the inflammasome such as ORF8b and ORF3a (260, 261). In addition, the 

SARS-CoV N protein activates the expression of IL-6 by binding to NF-κB regulatory 

elements on the IL-6 promotor (262). 

1.9.2.2  Clinical presentation, epidemiology and diagnosis of COVID-19 

COVID-19 can be considered as a multi-systemic infectious disease. Complications 

that occur during the acute phase of illness may be respiratory, thromboembolic, 

cardiovascular and renal among others (263). After initial exposure to SARS-CoV-

2, most individuals develop symptoms within 5-6 days. A mild-moderate disease 
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course generally lasts about 10 days, whereas patients who develop severe illness, 

often require hospitalisation about 7 days after symptom onset. In critical cases, 

intensive care unit (ICU) admission often follows a few days later (264). 

Transmission of SARS-CoV-2 predominantly happens via aerosols or respiratory 

droplets which contain virus particles that can be released by an infected person via 

coughing, talking or even breathing. Additionally, but to a smaller degree, the virus 

can spread through indirect transmission via skin contact of contaminated surfaces 

(265). Following transmission via respiratory aerosols, the virus infects epithelial 

cells in the upper respiratory tract. It replicates and propagates along with infecting 

ciliated cells in the hosts airways. This asymptomatic phase lasts for about a couple 

of days. During this time, infected individuals might already be highly infectious 

(266). Within 2-14 days after initial encounter, symptoms of COVID-19 can appear 

(267). Typical symptoms in individuals who experience a mild disease are fever, dry 

cough, joint pain, dyspnoea and tiredness among others. However, in cases of 

severe disease, the virus propagates towards the lower respiratory tract which 

triggers a stronger immune response (267). These patients develop serious 

pneumonia and mostly require hospitalisation, additionally, critical cases develop 

acute respiratory distress syndrome (ARDS) and require oxygen therapy and 

admission to ICU. Infected patients show elevated levels of infection-related 

biomarkers, such as CRP, and inflammatory cytokines, including IL-1β, IFNγ, TNF, 

IL-6 and monocyte chemoattractant protein (MCP)-1, with critical patients in ICU 

exhibiting even higher levels than those not requiring ICU, suggesting that a 

cytokine storm is contributing to disease severity (268, 269). Additionally, patients 

hospitalised with severe COVID-19 often develop extrapulmonary manifestations, 
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including acute kidney injury, myocardial dysfunction, thrombotic complications and 

neurologic illnesses (263).  

Generally, most infected individuals are asymptomatic or experience a mild to 

moderate disease progression. However, about 14% develop severe disease 

requiring hospitalisation, 2% need admission to intensive care and in about 5% of 

infected individuals, COVID-19 leads to death (270). In particular, infected 

individuals with underlying health conditions, such as cardiovascular disease, 

diabetes and chronic lung disease, develop a more severe disease, with 

hospitalisations and deaths being 6 times and 12 times higher, respectively, among 

these patients compared to those who are generally of good health. Additionally, 

patients aged ≥60 years are of greater risk of developing severe disease, requiring 

hospitalisations and intensive care, with death most commonly reported among 

individuals aged ≥80. Generally, prevalence of severe outcomes increases with age 

and underlying conditions. Although the prevalence of reported symptoms varies by 

age group, it was similar among males and females, however males have a higher 

risk of hospitalisation than females (270).  

The primary method for diagnosis of a SARS-CoV-2 infection can be performed by 

detecting viral RNA, applying quantitative polymerase chain reaction (qPCR) to 

upper respiratory samples collected by nasopharyngeal and oropharyngeal swabs 

(271, 272). Additionally, the detection of SARS-CoV-2 antigens can be used as a 

diagnosis tool. This test is designed to detect viral proteins in biological samples 

including nasopharyngeal secretions. A limitation of the antigen-test is the 

sensitivity, which is lower than that of qPCR tests; however, a great advantage is 

the fast turnaround time (10-30 min compared with hours for the qPCR test) (272). 

To diagnose a previous SARS-CoV-2 infection in a recovered individual, viral 
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serological testing can be used to detect serum IgM and IgG antibody levels (273). 

Several commercial immune assays are available targeting SARS-CoV-2 specific 

antibodies against viral proteins such as the N protein or the RBD within the S 

protein (Figure 1.6) (274). 

1.9.2.3  Immunopathogenesis of COVID-19 

In asymptomatic and mild COVID-19 cases, through the initial response of innate 

immune cells, the infection is probably kept under control. However, this response 

can also proceed to a specific acquired response relying on T cells to produce 

cytokines and B cells to generate antibodies supporting viral clearance (275). 

Nevertheless, impaired and uncontrolled inflammatory responses are a hallmark of 

infected individuals who develop severe and critical COVID-19. In these patients, 

specific immune patterns were observed, including lymphopenia, abnormal 

lymphocyte activation, granulocyte and monocyte abnormalities and an increased 

production of cytokines (269). 

Excessive inflammatory response 

Hyperinflammation is characteristic of patients with severe COVID-19. Increased 

levels of cytokines including IL-6, TNF, IL-1β, IL-8, granulocyte colony-stimulating 

factor (G-CSF), granulocyte macrophage colony-stimulating factor (GM-CSF), IFN-

inducible protein-10 (IP-10) and also of inflammatory chemokines such as CCL2, 

CCL3 and MCP-1 suggests the initiation of a cytokine storm (276). Circulating, 

highly activated monocytes, CD4+ and CD8+ T cells and natural killer cells in severe 

and critical COVID-19 donors may contribute to the development of this excessive 

inflammatory response (277-279). Another possible mechanism underlying the 

cytokine storm in severe COVID-19 may be the induction of high levels of pyroptosis 

by epithelial cells upon virus infection and replication. This could lead to the release 
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of cytosolic content which furthermore triggers the extensive activation of 

neighbouring lung epithelial cells and resident alveolar macrophages upon detection 

of DAMPs.  

The release of pro-inflammatory cytokines and chemokines may attract monocytes, 

macrophages and T cells to the site of infection, potentiating the inflammatory 

response (280). Infiltration of mononuclear inflammatory cells in the lungs triggers a 

continuous ongoing inflammatory response and release of cytokines which could 

eventually lead to ARDS (281). Indeed, diffuse alveolar damage accompanied by 

microthrombi in the pulmonary vessels are highly prevalent patterns of lung injury 

associated with severe COVID-19 (282). Autopsy studies have demonstrated a high 

pulmonary infiltration of CD4+ and CD8+ T cells which most likely contributed to the 

excessive cytokine storm and might be the reason for the lymphopenia observed in 

severe COVID-19 patients (283-285). Moreover, elevated neutrophils might 

contribute to ARDS in COVID-19. Severe cases showed an increased level of 

neutrophil extracellular traps (NETs) which are triggering immunothrombosis in 

these patients (286).  

Impaired IFN response 

Type I and type III IFNs are key cytokines that play a central role in the innate 

immune response to fight a viral infection. Although some studies reported a high 

IFN-I-driven response systemically as well as in lung tissue of severe COVID-19 

patients, others suggested an impaired IFN response in severe COVID-19 cases 

(287-289). Compared to mild or moderate cases, patients with severe COVID-19 

exhibit a dysregulation in their systemic IFN response which is associated with an 

increased viral load in plasma and excessive NF-κB-mediated inflammatory 

response (288). Moreover, patients with an impaired production of type I IFNs in the 
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upper respiratory airways are more likely to have a severe disease course, requiring 

hospitalisation or ICU admission. As this was not observed in mild COVID-19 

patients, this suggests that the production of type I IFNs has a protective effect 

against SARS-CoV-2. Conversely, some members of the type I and III IFN families 

were found overexpressed in the lower airways of severe and critical COVID-19 

patients which might also contribute to the cytokine storm (289). A retrospective 

study indicates that early IFN therapy may be beneficial for severe and critical 

COVID-19 patients as it was associated with reduced in-hospital mortality (290). 

Interestingly, SARS-CoV-2 has evolved mechanisms to inhibit the hosts immune 

response. The viral proteins ORF6, ORF8 and N-proteins potently inhibit the type I 

IFN signalling pathway, which could explain the dysregulated anti-viral response of 

some COVID-19 patients upon SARS-CoV-2 infection (291). In addition, a X-linked 

recessive TLR7 deficiency in men was suggested as a genetic risk factor for COVID-

19 pneumonia. Plasmacytoid DCs, which are main producers of type I IFNs, from 

patients carrying TLR7 variants did not respond to TLR7 activation and showed a 

reduced production of IFN-I in response to SARS-CoV-2 (292). 

Monocytes in COVID-19 

The excessive activation of monocytes and macrophages observed in severe 

COVID-19 patients is likely to contribute to the development of a cytokine storm. 

Inflammatory monocytes from COVID-19 patients undergo changes in their 

morphology and function which was found to be predictive of disease severity, 

length of hospital stay, likelihood of ICU admission and recovery (293). Circulating 

monocytes from COVID-19 patients undergo phenotypic changes, resulting in 

enhanced expression of activation markers and production of proinflammatory 

cytokines such as IL-6, TNF, and GM-CSF (277, 278). Also, bronchoalveolar fluid 
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from severe COVID-19 patients was observed to be enriched in the CCL2 and CCL7 

both of which are potent recruiters of monocytes (294). Accordingly, a highly pro-

inflammatory monocyte/macrophage environment was found in the lungs of severe 

COVID-19 patients (285). Infiltrating monocytes into the lung in severe and critical 

COVID-19 cases promote the development of a cytokine storm, which furthermore 

contributes to the tissue damage and severe lung pathology (295). Interestingly, a 

study showed that bronchoscopy infiltrates from COVID-19 patients with ARDS 

were enriched in inflammatory and activated monocytes, whilst a decreased 

frequency of monocytes in the peripheral blood of severe COVID-19 patients was 

observed, suggesting trafficking of proinflammatory monocytes to the lungs. This 

phenomenon was also associated with poor clinical outcomes (296). These hyper-

inflammatory responses from monocytes were found to be a key feature of COVID-

19 patients with pneumonia who develop severe respiratory failure (297). 

Interestingly, peripheral monocytes derived from healthy individuals and COVID-19 

patients were found to express ACE2, although levels of ACE2 from the COVID-19 

group were significantly lower than in the healthy group. Thus, SARS-CoV-2 may 

directly infect monocytes which could also contribute to the extensive changes in 

their inflammatory profile (293). Indeed, it was reported that SARS-CoV-2 can infect 

monocytes and monocyte-derived macrophages leading to the release of pro-

inflammatory cytokines including IL-6, IL-1β and TNF (298).  

The NLRP3 inflammasome in COVID-19 

Several studies showed that the NLRP3 inflammasome is contributing to severe 

COVID-19. Infection of primary human monocytes with SARS-CoV-2 led to the 

activation of NLRP3 inflammasome, inducing IL-1β production, GSDMD cleavage 

and lytic cell death. Interestingly, monocytes derived from critically ill COVID-19 
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patients showed elevated caspase-1 activation and higher lytic cell death compared 

to monocytes from healthy donors (161, 299). This was reflected in the peripheral 

blood and plasma of severe and critical COVID-19 patients where increased levels 

of the inflammasome-induced cytokines IL-1β and IL-18 were detected (161, 276, 

287). Additionally, active caspase-1 and IL-18 in serum of severe COVID-19 

patients positively correlated with inflammatory markers such as LDH and CRP, as 

well as with IL-6. Interestingly, high IL-18 levels in the serum on the day of 

hospitalisation were associated with the requirement of mechanical ventilation and 

lethality in patients. Moreover, the NLRP3 inflammasome was also highly abundant 

in post-mortem lung tissues of COVID-19 patients (161). The SARS-CoV-2-derived 

N protein was suggested to promote the activation of NLRP3 by inducing the 

assembly and activation of the inflammasome through direct interaction, resulting in 

the release of IL-1β (300). Interestingly, a study showed that therapy of COVID-19 

patients with ARDS and hyperinflammation with high-dose anakinra, an IL-1 

receptor antagonist, resulted in improvement of the clinical outcome in 72% of 

patients (301). 

1.9.2.4  Clinical management and treatment modalities 

In the early pandemic, the therapeutic management of COVID-19 was limited, thus 

experimental therapies and drug repurposing were routinely used to mitigate this 

new illness. However, significant progress has been made in the understanding of 

COVID-19 and its management. Whilst mild symptomatic disease can mostly be 

managed with over-the-counter analgesics, antipyretics, or antitussives, infected 

individuals who suffer from a severe disease often require hospitalisation, oxygen 

supplementation and additional pharmacologic therapy (302). 
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In severe COVID-19 cases, pneumonia leads to respiratory insufficiency. Thus, to 

reach an oxygen saturation of 92-96%, supplemental oxygen can be administered. 

However, a common complication in COVID-19 patients is acute hypoxemic 

respiratory failure, requiring high flow nasal cannulas or non-invasive positive 

pressure ventilation which was shown to provide beneficial respiratory support in 

these patients. Yet patients with moderate to severe hypoxaemia often require 

intubation, although this brings the risk of self-induced lung injury which could 

contribute to a poor outcome (303).   

Additionally, several anti-inflammatory and immunomodulatory agents are 

recommended for hospitalised patients with COVID-19. Treatment with the 

glucocorticoid dexamethasone, which is also recommended by National Institute for 

Health and Care Excellence (NICE) for COVID-19 patients requiring supplemental 

oxygen, results in a lower mortality among those receiving either invasive 

mechanical ventilation or oxygen therapy alone which was not observed in those 

not receiving respiratory support (302, 304). Critical COVID-19 patients who 

received a completed course of corticosteroids, can be treated with tocilizumab, a 

recombinant humanised anti-IL-6 receptor monoclonal antibody, as it improved the 

survival rate and clinical outcomes of hospitalised COVID-19 patients with hypoxia 

and high inflammatory markers (302, 305). Additionally, a variety of pharmacologic 

therapy options are explored to control the infection. This includes antiviral drugs, 

anti-SARS-CoV-2 monoclonal antibodies, anti-inflammatory drugs and 

immunomodulator agents. Several antiviral agents were investigated to reduce the 

viral replication in individuals infected with SARS-CoV-2. Remdesivir, an agent 

inhibiting the RNA-dependent RNA polymerase of coronaviruses, was shown 

superior to placebo in reducing the recovering time in adults hospitalised with 

COVID-19 (306-308). However, results from the interim WHO solidarity trial 
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suggested no significant improvement of mortality, initiation of ventilation and 

hospitalisation duration in COVID-19 patients (309). Although the WHO is not 

recommending to treat COVID-19 patients with remdesivir, it is the only drug 

approved from the U.S. Food and Drug Administration (FDA) for treatment of 

COVID-19 to date (310). Moreover, NICE recommend the use of remdesivir for 

COVID-19 pneumonia in adults who require low-flow supplemental oxygen (302). 

Recently, the antiviral drug molnupiravir, a potent ribonucleoside analogue inhibiting 

the replication of SARS-CoV-2, and ritonavir (Paxlovid), which inhibits the activity of 

the SARS-CoV-2-3CL protease resulting in the abortion of the replication process, 

were reported to decrease the risk of hospitalisation or death compared to the 

placebo group in non-hospitalised patients with mild to moderate COVID-19 in high-

risk adults infected with SARS-CoV-2 (311, 312).  

Moreover, treatment with the anti-SARS-CoV-2 S protein neutralising antibodies 

bamlanivimab and etesevimab was associated with a significant decrease in SARS-

CoV-2 viral load and COVID-19 related hospitalisations in comparison to placebo. 

(313). In addition, the FDA has given emergency use authorisation for bamlanivimab 

to treat mild to moderate COVID-19 (314).  

1.9.2.5 Long-COVID and Post-COVID-19 syndrome 

After clearance of the acute SARS-CoV-2 infection, many people report a range of 

sustained symptoms. This condition is termed long-COVID and is characterised by 

ongoing symptomatic COVID-19 beyond 4 weeks after initial infection, whereas if 

the symptoms persist for longer than 12 weeks, the condition is called post-COVID-

19 syndrome (315). Prevalence of affected individuals and patterns of persistent 

symptoms after recovering from COVID-19 is highly debated. A systematic study 

and meta-analysis indicates that more than 60% of individuals recovered from 

COVID-19 experience at least one sustained symptom for more than 30 days post-
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infection (316). Whereas, the UK Office for National Statistics suggests that about 

21% of convalescent COVID-19 patients exhibit long-COVID symptoms at about 5 

weeks after initial infection (317). The most commonly reported manifestations in 

long-COVID and the post-COVID-19 syndrome are fatigue and dyspnoea, but also 

chest tightness, cough, cardiovascular abnormalities and neuropsychological 

disorders along with many other symptoms are experienced by long-COVID patients 

(318, 319). The reason why some infected individuals suffer from long-COVID whilst 

others do not, is not completely understood. However, associated risk factors for 

developing long-COVID included the presence of a comorbidity, increasing age, 

minority ethnicity and female sex (320).  

Several factors including persistent presence of the virus due to weak or absent 

antibody response, relapse, inflammatory reactions, and mental factors such as 

post-traumatic stress, may contribute. (321, 322). Changes in the immune profile 

from immune cells derived from convalescent COVID-19 donors are still present 

weeks to months after recovery. It was reported that exposure to SARS-CoV-2 

modulate the immune response of monocyte-derived macrophages which can 

induce a NLRP3-dependent IL-1β response to the SARS-CoV-2-derived S protein 

which was not observed for macrophages from SARS-CoV-2 naïve healthy 

individuals. Moreover, this study also observed distinct gene expression signatures 

in macrophages from convalescent COVID-19 donors compared to macrophages 

derived from SARS-CoV-2 naïve individuals. Moreover, epigenetic histone 

modifications associated with myeloid cell activation and pro-inflammatory response 

indicated that SARS-CoV-2 possibly induces a trained innate immunity (323). 

Similarly, You et al. also demonstrated a trained immunity phenotypic program in 

monocytes derived from convalescent COVID-19 donors exhibiting increased 
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chromatin accessibility in both IL1B and chemokine genes which was associated 

with enhanced production of these cytokines upon stimulation (324). In addition, 

both CD4+ and CD8+ T cells derived from convalescent COVID-19 donors showed 

elevated production of pro-inflammatory cytokines which was specifically found in 

individuals with poorer recovery (325). Thus, it could be tempting to speculate if the 

enhanced responsiveness observed in immune cells after recovery from SARS-

CoV-2 infection might contribute to long-term symptoms reported in long COVID and 

post-COVID-19 syndrome.  

  



77 

1.10 Synopsis and purpose of the study 

Extensive research over the last few years has revealed that primary human 

monocytes engage an alternative NLRP3 inflammasome pathway upon TLR4 

activation, which is characterised by distinct features in contrast to the classical two-

signal activation model. This alternative NLRP3 inflammasome pathway has so far 

only been shown upon TLR4 stimulation and the associated pathway of activation 

was demonstrated in BLaER1 cells, a cell line used to model human monocytes 

(85). Thus, this study aimed to explore if the alternative pathway is common to 

activation of IL-1β by all TLRs and to validate the proposed mechanism of action in 

primary human monocytes. In the alternative pathway, the release of IL-1β is 

incompletely understood as it occurs independently of pyroptosis. Thus, this study 

set out to investigate the mechanism of TLR2, 4, 5 and 7/8 induced IL-1β release in 

primary human monocytes. 

Recently, Carty et al. identified SARM1 as negative regulator of the NLRP3 

inflammasome mediated IL-1β release in TLR4 activated murine monocytes (146). 

Previously, our research team had discovered an association of SARM1 with RA 

pathogenesis (326). Therefore, this present study sought to investigate the role of 

SARM1 in regulating TLR-induced IL-1β in primary human monocytes to better 

understand its involvement and regulation in RA.  

However, due to the COVID-19 pandemic, there has been no access to samples 

from RA patients. Thus, the study was expanded to investigate if exposure to SARS-

CoV-2 induced an innate immune memory leading to changes in the immune profile 

from primary human monocytes from convalescent COVID-19 donors. Furthermore, 

the response of monocytes to SARS-CoV-2 derived peptides was explored to 
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assess if increasing pro-inflammatory cytokine levels may relate to severity of 

COVID-19 symptoms. 

Knowledge generated from this research will improve the current understanding of 

the mechanisms in IL-1β release from primary human monocytes and the role of the 

NLRP3 inflammasome as well as the regulation of SARM1 in RA patients. Moreover, 

this study will contribute to the understanding of how infection with SARS-CoV-2 

changes the immune response of primary human monocytes after recovery from 

COVID-19. 
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2 Chapter Two: Materials and Methods 

2.1 Ethical Approvals, Patients and Recruitment 

Recruitment of participants for this study was approved by National Research Ethics 

Service Committee Northwest-Lancaster under the project reference number 

14/NW/1114 and the Brighton and Sussex Medical School Research Governance 

Ethics Committee (ER/BSMS2373/1). RA patients were diagnosed by a consultant 

rheumatologist guided by the EULAR/ACR 2010 criteria for RA and recruited during 

a routine rheumatology clinic assessment. Both RA patients and healthy controls 

(HC) were recruited through the Brighton and Sussex University Hospital Trust. All 

participants provided written informed consent. Characteristics of study participants 

included throughout this study are summarised in Table 2.1. Ethical approval for the 

use of human blood purchased from the National Health Service Blood and 

Transplant was granted by Wales REC 6 (18/WA/0176).  

Convalescent COVID-19 donors were recruited 3-6 months following a positive 

qPCR test for SARS-CoV-2 and were categorised into two groups based on their 

disease severity. Participants who were symptomatic but did not require 

hospitalisation were categorised as mild/moderate. Participants who required 

hospitalisation and oxygen therapy were classified as severe. RNA collected from 

HC samples prior to the emergence of SARS-CoV-2 was included in the study as 

the control group. Table 2.2 summarises the participant’s characteristics and 

symptoms.  
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Characteristics   

Healthy Controls, n 16 

Age; years, mean (SD) 46 (11) 

Sex; female:male 3:13 

RA patients, n 52 

Age; years, mean (SD) 59 (15) 

Sex; female:male 12:40 

Disease duration; years, mean(SD) 4.14 (1.85) 

DAS28; mean (SD) 12 (13.5) 

ACPA*/RF** positive 28 (60)/26 (66.6) 

Treatment modalities of RA patients   

Steroids 16 (30.8) 

NSAIDs 1 (1.9) 

csDMARDs 38 (73) 

MTX  30 (57.7) 

other csDMARDs (SSZ, HCQ)  22 (42.3) 

bDMARDs 9 (17.3) 

TNF-α inhibitor  7 (13.5) 

other bDMARDs (IL-6 inhibitor or anti-CD20) 3 (5.8) 

No or unknown treatment  8 (15.4) 
 

Table 2.1: Demographics, clinical data and treatment modalities of participants in the 

rheumatoid arthritis study.  

 

  

Data are n (%) except where indicated. *Data available for 46 patients. **Data available 

for 39 patients. Abbreviations: ACPA, anti–citrullinated protein antibody; bDMARD, 

biological disease-modifying antirheumatic drugs; CD, cluster of differentiation; 

csDMARD, conventional synthetic disease-modifying antirheumatic drug; DAS28, 

disease activity score 28; HCQ, hydroxychloroquine; IL, interleukin; MTX, methotrexate; 

NSAIDs, nonsteroidal anti-inflammatory drugs; SSZ, sulfasalazine; RA, rheumatoid 

arthritis; RF, rheumatoid factor; TNF, tumour necrosis factor-α. 
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Characteristics Value 

Healthy Controls, n   12 

Age; years, mean (SD)   42 (12) 

Sex; female:male   7:5 

COVID-19 patients, n 
Mild cases 

(n=8) 
Severe 

cases (n=8) 
16 

Age; years, mean (SD) 54 (10) 58 (11) 56 (11) 

Sex; female:male 5:3 5:3 10:6 

Sample collection; days since positive 
PCR test (SD) 

110 (19) 134 (21) 122 (24) 

Underlying health condition 0 (0) 3 (37.5) 3 (18.75) 

Characteristics and symptoms in 
acute phase of disease 

   

Duration of acute symptoms (days (SD)) 
12 (5) 

(1 unknown) 
39 (25) 

(2 unknown) 
25 (22) 

Hospital admission 0 (0) 8 (100) 8 (50) 

Intensive care unit 0 (0) 1 (12.5) 1 (6.25) 

Oxygen required 0 (0) 8 (100) 8 (50) 

Fever 6 (75) 7 (87.5) 
13 

(81.25) 

Cough 5 (62.5) 6 (75) 
11 

(68.75) 

Dyspnea 3 (37.5) 8 (100) 
11 

(68.75) 

Olfactory and taste dysfunction 5 (62.5) 3 (37.5) 8 (50) 

Fatigue 5 (62.5) 8 (100) 
13 

(81.25) 

Abdominal pain 3 (37.5) 5 (62.5) 8 (50) 

Continuous symptoms post recovery 3 (37.5) 5 (62.5) 8 (50) 

Cough 0 (0) 1 (12.5) 1 (6.25) 

Olfactory and taste dysfunction 1 (12.5) 0 (0) 1 (6.25) 

Fatigue 1 (12.5) 3 (37.5) 4 (25) 

Dyspnea 1 (12.5) 4 (50) 5 (31.25) 

Abdominal pain 0 (0) 1 (12.5) 1 (12.5) 

 
Table 2.2: Characteristics of participants in COVID-19 study. 

 

2.2 Common buffers and media 

Cell culture media - Roswell Park Memorial Institute (RPMI) medium (Sigma-

Aldrich) containing 2mM L-glutamine, supplemented with 5-10% heat inactivated 

Foetal Bovine Serum (FBS) (Pan-Biotech) and Penicillin (100U/ml) and 

streptomycin (100µg/ml) (Thermo Fisher Scientific) or Opti-MEM™, Reduced 

Data are n (%) except where indicated. 
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Serum Medium (Thermo Fisher Scientific) supplemented with Penicillin (100U/ml) 

and streptomycin (100µg/ml) (Thermo Fisher Scientific) 

Enzyme linked immunosorbent assay (ELISA) blocking buffer – 1x Phosphate 

buffer saline (PBS) with 2% BSA (Sigma-Aldrich) 

ELISA buffer – 1x PBS with 0.5% bovine serum albumin (BSA) (Sigma-Aldrich) 

ELISA wash buffer – 1x PBS with 0.01% (v/v) Tween-20 (Fisher) 

Flow Cytometry Wash Buffer – 1.5ml human serum (final 5%) (Sigma-Aldrich), 

28.5ml PBS, 300µl Na-Azide (0.1% final) (Sigma-Aldrich) 

Freezing Medium FBS containing 10% dimethyl sulfoxide (DMSO) (Sigma-Aldrich). 

Hanks Buffered Salt Solution (HBSS) (Sigma-Aldrich) containing 0.35 g/l sodium 

bicarbonate (without calcium or magnesium) 

Magnetic-activated cell sorting (MACS) buffer – PBS pH7.2, 0.5% (v/v) FBS, 

2mM ethylenediaminetetraacetic acid (EDTA) (Fisher) 

NP-40 lysis buffer – 50mM TrisHCl pH8 (Sigma-Aldrich), 150mM NaCl (Fisher),1% 

IGEPAL-CA-630 (Sigma-Aldrich) 

PBS – 137mM NaCl (Fisher) 1.4mM KCl (Fisher), 4.3mM Na2PO4 (Fisher), 1.4mM 

KH2PO4 (Fisher); pH 7.4. Commonly made at a ten times concentration and diluted 

as required. 

RIPA lysis buffer – 50mM Tris pH7.4 (Sigma-Aldrich), 150mM NaCl (Fisher), 2mM 

EDTA (Fisher), 1% NP-40 (Sigma-Aldrich), 0.1% [w/v] SDS (Sigma-Aldrich) 
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Sodium dodecyl sulphate poly-acrylamide gel electrophoresis (SDS-PAGE) 

loading buffer – 4% [w/v] SDS (Sigma-Aldrich), 10% [v/v] 2-mercaptoethanol, 20% 

[v/v] glycerol (Sigma-Aldrich), 0.004% [w/v] bromophenol blue (Sigma-Aldrich), 

0.125M Tris HCl pH 6.80 (Sigma-Aldrich) 

SDS-PAGE running buffer – 25mM Tris-base (Sigma-Aldrich), 192 mM glycine 

(Sigma-Aldrich), 0.1% [w/v] SDS (Sigma-Aldrich) 

Tris-buffered saline (TBS) – 20mM Tris (Sigma-Aldrich), 150mM NaCl (Fisher), 

pH 7.6.  

TBS-Tween (TBS-T) – TBS supplemented with 0.1% (v/v) Tween-20 (Fisher) 

Triton-X lysis buffer (1%) – 1% Triton-X (Sigma-Aldrich), 2mM EDTA (Fisher), 

100mM NaCl (Fisher), 30mM HEPES pH7.5 (Melford) 

Western blot transfer buffer – 25mM Tris (Sigma-Aldrich), 192mM glycine (Sigma-

Aldrich), 20% [v/v] methanol (VWR Chemicals) 

2.3 Isolation of cells and serum 

2.3.1 Peripheral Blood Mononuclear Cells (PBMCs) isolation 

PBMCs were isolated either from whole blood collected in 10ml vacutainers 

containing 18mg (K2)EDTA (Becton Dickinson, Oxford, UK) or leukocyte cones from 

the National Health Service Blood and Transplant by density gradient centrifugation. 

Whole blood was diluted 1:1 in HBSS and layered over 15ml Lympholyte-H Ficoll-

Plaque solution (Cedar Lane, Burlington, Canada) in 50ml tubes and centrifuged at 

900xg for 25 minutes at room temperature (RT) without brake. The mononuclear 

cell layer was transferred to a new 50ml tube and washed twice with HBSS at 350xg 
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for 10 minutes at RT. After removal of the supernatant, the cells were resuspended 

in RPMI, and total cell number was determined using a haemocytometer.  

2.3.2 Isolation of monocytes by iso-osmotic Percoll gradient 
centrifugation 

An iso-osmotic Percoll solution was prepared by mixing 23.13ml Percoll solution 

(Sigma-Aldrich) with 1.87ml 10-fold PBS (GE Healthcare Life Science). Then, 23ml 

of this solution was transferred into a new 50 ml tube and 27ml RPMI with phenol 

red (Sigma-Aldrich) supplemented with 10% FBS was added to obtain a 46% iso-

osmotic Percoll solution. PBMCs derived from leukocyte cones were resuspended 

in RPMI without phenol red (Sigma-Aldrich) supplemented with 10% FBS. Then, 

20ml of the PBMC solution was layered on top of 20ml of the iso-osmotic Percoll 

solution and centrifuged at 550xg for 25 minutes at RT without brake. The white 

layer of monocytes was collected, transferred to a new 50ml tube and washed twice 

with HBSS at 350xg for 10 minutes. Total cell number was determined using a 

haemocytometer. Monocyte purity was about 60% as determined by flow cytometry. 

2.3.3 Isolation of monocytes from PBMCs via MACS 

Monocytes were purified from whole blood samples from HCs, COVID-19 donors 

and RA patients by MACS via positive selection using anti-human CD14 antibody 

conjugated to magnetic microbeads (Miltenyi Biotec) according to manufacturer’s 

instructions. In short, after PBMCs were washed with MACS buffer, the cells were 

resuspended in 80µl sterile MACS buffer per 107 cells. Next, 20µl CD14 microbeads 

per 107 cells was added to the suspension and was incubated for 15 minutes at 4°C 

with end over end rotation. Cells were washed with MACS buffer (centrifugation at 

400xg for 5 minutes at RT) and resuspended in 500µl MACS buffer. In the next step, 

CD14+ cells were isolated using a MACS MS column (Miltenyi Biotec). The column 
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was subjected to a magnetic field and washed with 500µl MACS buffer before the 

cells were added. While the cells were loaded onto the column, it was washed three 

times with 500µl MACS buffer. Then, the column was removed from the magnetic 

field, 2ml MACS buffer was added and CD14+ cells were flushed out using a plunger.  

For storage in liquid nitrogen, cells were frozen in suspension in freezing medium. 

Upon removal from liquid nitrogen, cells were rapidly thawed at 37°C in a water bath 

and defrosted cells were washed in RPMI with centrifugation at 350xg for 10 minutes 

prior to use. 

2.4 Cell culture 

2.4.1 Primary monocytes stimulation 

All cells were incubated at 37°C and 5% CO2. Monocytes were plated at 4x104 

cells/well in 384-well tissue culture plates (Santa Cruz Biotechnology), 2x105 

cells/well in 96-well tissue culture plates (Corning, Amsterdam) or 8-12x106 

cells/well in 12-well tissue culture plates (Corning) in RPMI 1640 media containing 

5% (v/v) FBS and 100 U/ml penicillin and streptomycin or Opti-MEM containing 100 

U/ml penicillin and streptomycin. Cells were stimulated with 1μg/ml 3p-hpRNA 

(Invivogen, Toulouse, France) to activate RIG-I, or with TLR ligands (Table 2.3) and 

treated with various inhibitors or activators (working concentration was assessed via 

titration, for the final concentrations used see Table 2.4). For ELISA and activity 

assays, experiments were conducted at a minimum of biological triplicates.  
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TLR Ligand Supplier 
Stock 
conc. 

Working 
conc. 

Dissolved in 

TLR1/2 PAM3CSK4 (Pam3) Axxora  1mg/ml 100ng/ml 
Endotoxin free 
water 

TLR2/6 
Pam2CGDPKHPKSF 
(FSL-1) 

Invivogen  100µg/ml 1ng/ml 
Endotoxin free 
water 

TLR4 LPS Axxora  10µg/ml 10ng/ml 
Endotoxin free 
water 

TLR5 Flagellin 
Enzo Life 
Sciences 

 10ng/ml 10ng/ml 
Endotoxin free 
water 

TLR7 
and 
TLR8 

R-848 
Enzo Life 
Sciences 

 10mg/ml 2µg/ml DMSO 

 

Table 2.3: TLR ligands and concentration used for monocyte stimulation. 

 

Cells were incubated for 30 minutes at 37°C and 5% CO2 in presence of caspase 

inhibitors or vehicle control before activation with TLR ligands.  

The vehicle control was added separately at an equivalent concentration in each 

experiment. Inhibitors and activators were solubilised in dimethyl sulfoxide (DMSO), 

70% ethanol, methanol, 75nM NaOH or RPMI (see Table 2.4).  

 

 

 

 

 

  

Abbreviations: conc., concentration; DMSO, dimethyl sulfoxide; LPS, 

lipopolysaccharide; TLR, toll-like receptor. 
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Inhibitor/ 
Activator 

Action Supplier 
Stock 
conc. 

Working 
conc. 

Dissolved 
in 

Z-YVAD-FMK caspase-1 inhibitor Calbiochem 10mM 10µM DMSO 

Z-IETD-FMK caspase-8 inhibitor Calbiochem 10mM 1µM DMSO 

MCC950 NLRP3 inhibitor 
Gifted by Dr. 
Cooper (UoQ) 

20mM 10µM DMSO 

Nigericin K+ ionophore  Invivogen 5mM 10µM 
70% 
Ethanol 

KCl 
excess of KCl added 
to block K+ efflux 

Carl Roth 4M 20mM RPMI 

NSA GSDMD inhibitor Biovision 10mM 20µM DMSO 

Punicalagin 
Blocker of plasma 
membrane 
permeabilisation 

Sigma 10mM 10µM Methanol 

IAA94 Inhibition of Cl- efflux 
Santa Cruz 
Biotechnology 

100mM 1-200µM DMSO 

 

Table 2.4: Description of inhibitors and activators used in cell culture experiments. 

 

Table 2.5 displays the characteristics and concentrations used for stimulation with 

SARS-CoV-2 derived peptides or BSA.  

Stimulant Supplier Produced in 
Stock 
conc. 

Working 
conc. 

Dissolved in 

BSA Miltenyi N/A 1354µM   PBS 

Nucleocapsid 
peptide 

Invivogen CHO cells 9.61µM   
Endotoxin free 
water 

RBD peptide Invivogen CHO cells 33.33µM 
200nM, 
50nM, 
12.5nM 

Endotoxin free 
water 

S2 peptide 
R&D 
Systems 

Trichoplusia ni 
(baculovirus) 

16.67µM   PBS 

FL-S 

Gifted by 
Dr. Oliver 
(University 
of Sussex) 

CHO cells 5.59µM   

50 mM 
HEPES.NaOH 
pH 7.5, 250 
mM NaCl, 0.5 
mM TCE 

 

Table 2.5: SARS-CoV-2 peptides and BSA and their used working concentration. 

Abbreviations: conc., concentration; DMSO, dimethyl sulfoxide; GSDMD, gasdermin 

D; IAA94, indanyloxyacetic acid-94; KCl, potassium chloride; NLRP3, NOD-like 

receptor family pyrin domain containing 3; NSA, necrosulfonamide, UoQ, University of 

Queensland. 

Abbreviations: BSA, bovine serum albumin; FL-S, full-length spike protein; HEPES, (4-

(2-hydroxyethyl)-1-piperazineethanesulfonic acid; RBD, receptor binding domain of 

spike protein; S2, S2 subunit of spike protein; TCE, trichloroethene. 



88 

2.5 Limulus Amebocyte Lysate (LAL) Chromogenic 
Endotoxin assay 

To measure endotoxin levels in the full-length spike protein (FL-S), a LAL 

chromogenic endotoxin quantitation kit (Thermo Fisher Scientific) was used 

according to manufacturer´s instructions. In short, a standard with the 

concentrations from 1.00EU/ml – 0.1 EU/ml was prepared. A temperature of 37°C 

was required throughout the test, the microplate was therefore kept on a heating 

block while standards or samples were added in duplicates into the microplate well. 

Then, LAL reagent (Thermo Fisher Scientific) was added and mixed well with the 

samples. After 10min, the chromogenic substrate solution (Thermo Fisher Scientific) 

was added to each well and incubated for 16min. The reaction was then stopped 

with the stopping reagent (Thermo Fisher Scientific) and the plate was read at 405-

410nm on a BioTek Synergy HT Microplate reader (BioTek). For the calculation of 

the standard curve and the sample concentration, background levels were 

subtracted. 

2.6 Endotoxin removal from the full-length spike protein 

The FL-S was contaminated with LPS and thus required further purification with a 

High Capacity Endotoxin Removal Spin Columns (Thermo Fisher Scientific). First, 

the spin column was regenerated with 0.2N NaOH overnight at RT, then washed 

with 2M NaCl followed by endotoxin free water. Before the sample was added, the 

column was equilibrated with endotoxin-free buffer (pH6-8). The Sample was 

incubated with the column at RT for 1h with end-over-end mixing. Then, it was 

collected from the column by centrifugation at 500xg for 1min. This process was 

then repeated a second time before FL-S was used to stimulated monocytes. 
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2.7 CellTiter-blue Cell Viability Assay 

In order to assess cell viability, CellTiter-blue (CTB) Cell Viability Assay (Promega) 

was used. After removing the supernatant, 30µl of diluted CTB reagent (25µl RPMI 

media mixed with 5µl CTB reagent) was added to the cells in a 384 well plate and 

incubated for 2 hours at 37°C and 5% CO2. Then, fluorescence (560nm/590nm) was 

recorded using a BioTek Synergy HT Microplate reader (BioTek) and background 

level was subtracted. In this assay, cell viability is determined by the metabolic 

capacity of cells. The reagent contains the indicator dye resazurin which is reduced 

by viable cells into the highly fluorescent resorufin. The fluorescent signal is 

proportional to the number of viable cells. Dead cells show no metabolic activity, 

thus they do not reduce the indicator dye to create a fluorescent signal.  

2.8 LDH Cytotoxicity Assay 

The CyQUANT™ LDH Cytotoxicity Assay Kit (Thermo Fisher Scientific) was used 

to quantify cellular cytotoxicity according to manufacturer’s instructions. In short, 

monocytes were stimulated for 22 hours with TLR-ligands after which either media 

alone, vehicle control or nigericin to induce pyroptosis was added for a further 1.5 

hours. Subsequently, LDH release into the medium was measured by adding a 

reaction mixture (Thermo Fisher Scientific). After incubation for 30 minutes at RT, 

reactions were stopped by adding Stop Solution (Thermo Fisher Scientific) and 

absorbance was read at 490nm and 680nm using BioTek Synergy HT Microplate 

reader (BioTek). To determine LDH activity, the background level was subtracted, 

then the 680nm absorbance value was subtracted from the 490nm absorbance. The 

% cytotoxicity was calculated via subtracting the LDH activity of the Spontaneous 

LDH Release Control (water-treated) from the chemical-treated sample LDH 
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activity, divided by the total LDH activity [(Maximum LDH Release Control activity) 

– (Spontaneous LDH Release Control activity)], and multiplied by 100: 

%Cytotoxicity =
Compound treated LDH activity −  Spontaneous LDH activity

Maximum LDH activity − Spontaneous LDH activity 
x 100 

 

2.9 Caspase-1 Activity Assay 

Caspase-1 activity was measured in the lysate and supernatant using Caspase-Glo 

1 inflammasome assay (Promega) according to manufacturer’s instructions. In 

short, monocytes were primed with TLR ligands for 4 hours before nigericin or RPMI 

was added for 1.5 hours. Then the caspase Glo-1 reagent with or without caspase-

1 inhibitor was added in the ratio 1:1. After an incubation of 2 hours, luminescence 

was read using BioTek Synergy HT Microplate reader (BioTek). For the calculation 

of the activity in the samples, background levels were subtracted. 

2.10 Caspase-8 Activity Assay 

Caspase-8 activity was measured in the lysate and supernatant using Caspase-Glo 

8 assay (Promega) according to manufacturer’s instructions. In short, 30 minutes 

before priming, cells were incubated with Z-IETD-FMK (caspase-8 inhibitor). 

Monocytes were primed with TLR ligands for 5.5 hours. Then the caspase Glo-8 

reagent was added in the ratio 1:1. After an incubation of 1.5 hours, luminescence 

was read using BioTek Synergy HT Microplate reader (BioTek). For the calculation 

of the activity in the samples, background levels were subtracted. 

2.11 Flow Cytometry 

Flow cytometry was used to determine monocyte purity, using a CD14 Monoclonal 

Antibody (61D3), APC-eFluor 780 (eBioscience) and a Mouse IgG1 kappa, APC-
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eFluor 780, clone: P3.6.2.8.1 isotype control (eBioscience).  

In short, cells were washed in PBS for 5 minutes at 350xg before being blocked on 

ice for 30 minutes in Flow Cytometry Wash Buffer. Then, cell surface antibody or 

isotype control was added and incubated for 30 minutes on ice. After washing 3x 5 

minutes, cells were fixed in 2% formaldehyde (Sigma-Aldrich) for 5 minutes at RT. 

Cells were again washed 3x 5 minutes and resuspended in Flow Cytometry Wash 

Buffer. Stained cells were analysed by flow cytometry on Accuri C6 Cytometer (BD 

Biosciences). For analysis of the obtained data, FlowJo vX0.7 (BD Biosciences) was 

used.  

2.12 Enzyme linked immunosorbent assay (ELISA) 

ELISAs were applied to measure IL-1β, TNF, IL-6, IL-8 and IP-10 levels in cell 

supernatants. First, 384 well high binding ELISA plates (Santa Cruz Biotechnology) 

were coated with a capture antibody (Table 2.6) in PBS pH 7.2 for 1 hour at 37°C. 

Then, ELISA plates were blocked with 2% (w/v) BSA in PBS pH7.2 either overnight 

at 4°C or for 1 hour at RT. Recombinant protein standards and samples were diluted 

in 0.5% (w/v) BSA in PBS pH 7.2 (ELISA buffer) and loaded onto plates in triplicates. 

Standards covered a serial dilution and included a blank of ELISA buffer. Samples 

were diluted as indicated in Table 2.7. Incubation time was either 2 hours at RT or 

overnight at 4°C. Subsequently, three washes were performed using a BioTek Elx50 

plate washer (BioTek), followed by addition of the secondary biotin conjugated 

detection antibody in 0.5% (w/v) BSA in PBS pH7.2 (Table 2.7) for 1 hour at RT. 

Plates were washed 3 times, then incubated for 1 hour at RT with 20μl of 

streptavidin-horseradish-peroxidase conjugate (R&D systems) diluted 1:400 in 

0.5% (w/v) BSA in PBS pH 7.2. After washing the plates three times, 

Tetramethylbenzidine microwell peroxidase substrate solution (Seracare KPL) was 



92 

added to the plate. Once colour had developed sufficiently, the reaction was stopped 

with ELISA stop solution (6% (v/v) H2SO4 (Fisher) in distilled water). For measuring 

optical densities at 450nm, BioTek Synergy HT Microplate reader (BioTek) was 

used. For the calculation of the standard curve and the sample concentration, 

background levels were subtracted. 

Cytokine 
Capture Antibody - 
working conc. 

Biotinylated Detection 
Antibody - working 
conc. 

Protein Standard 
concentrations 

TNF 
4µg/ml (Becton 
Dickinson) 

0.5µg/ml (Becton 
Dickinson) 

5ng/ml-7pg/ml 
(PeproTech) 

IL-1β 2µg/ml (R&D Systems) 0.4µg/ml (R&D Systems) 
5ng/ml-7pg/ml 
(PeproTech) 

IL-6 
1µg/ml (Becton 
Dickinson) 

0.5µg/ml (Becton 
Dickinson) 

10ng/ml-13pg/ml 
(PeproTech) 

IL-8 4µg/ml (R&D Systems) 
0.02µg/ml (R&D 
Systems) 

5ng/ml-7pg/ml 
(R&D Systems) 

IP-10 
2µg/ml (Becton 
Dickinson) 

0.1µg/ml (R&D Systems) 
10ng/ml-13pg/ml 
(PeproTech) 

 

Table 2.6 Antibodies and standards used for ELISA. 

 

Cytokine TLR Ligand Dilution 

TNF Pam3, LPS, FSL-1, Flagellin 1:4 

  R-848 1:20 

IL-1β Pam3, LPS, FSL-1, Flagellin 1:2 

  R-848 1:10 

IL-6 Pam3, LPS, FSL-1, Flagellin 1:10 

  R-848 1:20 

IL-8 Pam3, LPS, FSL-1, Flagellin, R-848 1:10 

IP-10 Pam3, LPS, FSL-1, Flagellin, R-848 1:2 

 
Table 2.7: Sample dilution used for ELISA from human monocytes stimulated for 24 
hours. 

 

 

2.13 Nucleic acid purification and processing 

For mRNA expression assays, monocytes were cultured in 12 well tissue culture 

plates (Corning) at 2x106 cells per well. Cells were stimulated with TLR ligands 

(Table 2.3) or cytokines (Table 2.8) in RPMI medium containing 5% (v/v) FBS and 



93 

1% (v/v) penicillin and streptomycin. Supernatants and cells were harvested after 6 

hours of stimulation and washed in ice-cold PBS (Sigma-Aldrich). 

Cytokine Supplier 
Stock 
concentration 

Working 
concentration 

Dissolved in 

TNF PeproTech 5µg/ml 50ng/ml RPMI 

IL-1β PeproTech 10µg/ml 10ng/ml RPMI 

IL-6 PeproTech 10µg/ml 50ng/ml RPMI 

IFN-γ Hycult Biotech 2x106U/ml 50U/ml PBS 

 

Table 2.8: Cytokines and their concentrations used for monocyte stimulation. 

2.13.1 RNA Isolation  

Total RNA was isolated from up to 2x106 monocytes using miRNeasy Mini Kit 

(QIAGEN) according to manufacturer’s instructions. Cells were lysed in 700μl 

QIAzol lysis reagent (QIAGEN). After incubation for 5 minutes at RT, 140μl 

chloroform was added and the tube was mixed for 15 seconds by shaking. Then, 

the samples were centrifuged for 15 minutes at 12000xg at 4°C. In the next step, 

the upper aqueous phase was transferred to a new collection tube and 1.5 volumes 

(525μl) of 100% ethanol was added and mixed by pipetting. Up to 700μl of the 

sample was then transferred to a RNeasy Mini column (QIAGEN) in a collection 

tube. Next, samples were centrifuged at 8000xg for 15 seconds at RT. Then, 700μl 

Buffer RWT (QIAGEN) was added to the column and centrifuged at 8000xg for 15 

seconds. The column was then washed with 500µl Buffer RPE at 8000xg for 15 

seconds, then again with 500μl Buffer RPE at 8000xg for 2 minutes. Afterwards the 

column was dried for 1 minute by centrifugation at 12000xg. The RNA was then 

eluted from the column with 30-50µl RNase-free water (QIAGEN) at 17000xg.  

RNA from monocytes derived from COVID-19 donors was extracted using the 

RNeasy Mini Kit (QIAGEN). In short, 0.5-1x106 cells were lysed in 350μl Buffer RLT 

(QIAGEN). Then, 350μl 70% ethanol (Sigma) was added and mixed by pipetting. 

Seven hundred μl of the sample was transferred to a RNeasy Mini spin column 
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(QIAGEN) in a collection tube. Next, sample was centrifuged at 8000xg for 15 

seconds at RT before the RNeasy spin column was washed twice with 500μl Buffer 

RPE (QIAGEN) by centrifugation at 8000xg for 15 seconds (1st wash) or 2 min (2nd 

wash) at RT. Afterwards, column was spun again for 1 min at full speed to dry the 

membrane. The RNA was then eluted from the column with 30ul RNase-free water 

(QIAGEN) at 17000xg. 

The concentration and purity of extracted RNA was determined using a Nanodrop 

spectrophotometer (Thermofisher Scientific) and samples were stored at -80°C until 

required. 

2.13.2 cDNA synthesis 

A High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) was used to 

reversely transcribe RNA into cDNA according to manufacturer’s instructions. RNA 

was diluted with molecular biology grade water (GE Healthcare Life Sciences) so all 

samples being compared had the same starting concentration of RNA before adding 

the RNA to a 2X reverse transcription master mix (Table 2.9).  

Component Volume/Reaction (µl) Endconcentration 

10x RT Buffer 2.0 1x 

25x dNTP Mix (100mM) 0.8 4 mM 

10x RT Random Primers 2.0 1x 

MultiScribe Reverse 
Transcriptase,50 U/μl 

1.0 50U 

Nuclease-free water 4.2  

Total reaction volume 10.0  

 
Table 2.9: High-capacity cDNA Reverse Transcription 2X master mix. 
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Reverse transcription was performed using a Veriti 96 well thermocycler (Applied 

Biosystems) under the conditions indicated in Table 2.10. Afterwards, samples were 

diluted to 4ng/µl molecular biology grade water and stored at -20°C.  

  Step 1 Step 2 Step 3 Step 4 

Temperature (°C) 25 37 85 4 

Time (min) 10 120 5 ∞ 
 

Table 2.10: Reverse transcription thermal cycling conditions. 

 

2.13.3 Real-time PCR 

qPCR was used to quantitatively assess gene expression on mRNA level. All 

samples were run in triplicates. Reactions were performed in 96 well qPCR plates 

(Applied Biosystems) in a total volume of 10μl containing 1μl cDNA, 5μl TaqMan™ 

Universal Master Mix II, no UNG (Applied Biosystems), 0.5μl 20x gene expression 

assay (Thermo Fisher Scientific) and 3.5μl molecular biology grade water (GE 

Healthcare Life Sciences). Plates were sealed with MicroAmp Optical Adhesive film 

(Thermo Fisher Scientific) and pulse centrifuged. The reactions were performed 

using an Agilent AriaMX thermocycler (Agilent Technologies) using the following 

program: 1 cycle at 95°C for 10 minutes, followed by 40 cycles at 95°C for 15 

seconds and at 60°C for 1 minute. Agilent Aria 1.6 software (Agilent Technologies) 

was used for data collection and analysis. Raw data was collected as threshold 

cycle (Ct) values using a fluorescence threshold value of 0.015 on logarithmic scale 

for all plates and assays.  

2.13.3.1 Relative quantification  

The relative quantification of the expression of a gene of interest (GOI) was 

normalised to the geometric mean of the two reference genes. The housekeeping 

genes hypoxanthineguanine phosphoribosyltransferase-1 (HPRT1) and 
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glyeraldehyde 3-phosphat dehydrogenase (GAPDH) were used as reference genes 

as their expression level is relatively stable and independent from any treatment. 

(327, 328). The Taqman gene expression assays used are displayed in Table 2.11. 

Exon spanning assays were chosen to avoid genomic DNA amplification. 

Gene Life technologies catalogue number 

SARM1 Hs00248344_m1 

PYCARD Hs00203118_m1 

CASP1 Hs00354836_m1 

NLRP3 Hs00918082_m1 

TNFAIP3 Hs00234713_m1 

HPRT1 Hs02800695_m1 

GAPDH Hs02758991_g1 

 

Table 2.11: Taqman gene expression assays. 

 

Quantification relative to the healthy donor cohort  

For the comparison of the expression of a GOI in RA patients or COVID-19 donors 

(RA/C19) relative to a healthy donor cohort (HC), (a) the ΔCt, which is the difference 

in threshold cycle between the GOI and the reference gene, was calculated for each 

group.  

(a) ΔCt (HC) = Ct (GOI) – Ct (reference gene)  

ΔCt (RA/C19) = Ct (GOI) – Ct (reference gene) 

Next, (b) the ΔCt was raised to the power 2. 

(b) Relative expression of GOI = 2-ΔCt (HC or RA/C19) 

For normalisation, the 2-ΔCt of each donor (HC and RA/C19) was divided by mean of 

the 2-ΔCt of all HCs. 



97 

(c) Normalised expression of GOI = 
��� ! "#$ %& '(/$*+,

��� ! "#$ -./0,
 

The average of the normalised GOI expression for the HC group was defined as 1, 

therefore, the gene expression of the GOI in RA patients or COVID-19 donors is 

described as the fold induction relative to the average expression of the GOI in HCs, 

normalised to reference genes.  

Quantification relative to an unstimulated control: 

The 2-ΔΔCt method was used to calculate the relative gene expression of a GOI in a 

stimulated sample (=treated sample) compared to the unstimulated control 

(=reference sample). The ΔCt, which is the difference in threshold cycle between 

GOI and the reference gene, in (a) the stimulated sample and (b) the unstimulated 

control was calculated: 

(a) ΔCt (stimulated sample) = Ct (GOI) – Ct (reference gene) 

(b) ΔCt (unstimulated control) = Ct (GOI) – Ct (reference gene) 

Next, the difference between ΔCt (stimulated sample) and ΔCt (unstimulated 

control) was calculated and named the ΔΔCt: 

(c) ΔΔCt = ΔCt (stimulated sample) – ΔCt (unstimulated control) 

Note: ΔΔCt for the unstimulated control is equal 0, as  

ΔΔCt = ΔCt (unstimulated control) – ΔCt (unstimulated control) = 0  

Finally, ΔΔCt was raised to the power 2. For the unstimulated control, the ΔΔCt is 

equal to 0 and thus, 20 is equal to 1. Therefore, the relative gene expression of the 

GOI in the unstimulated control is set as 1. The expression of the GOI in the 
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stimulated sample is described as the fold induction relative to the unstimulated 

control, normalised to reference genes: 

(d) Fold induction of gene expression = 2-ΔΔCt (328). 

2.13.4 NanoString nCounter assay 

In the NanoString nCounter assay, an individual target gene is tagged by direct 

molecular barcoding with a unique probe pair for each GOI, which is then detected 

digitally. The probe pair, collectively called the CodeSet, is composed of a color-

coded reporter probe having a visible signal on the 5’ end and a target specific 

capture probe carrying a biotin moiety on the 3’ end. An excess of probes are added 

to the target RNA to ensure that each target matches with a probe pair. The CodeSet 

directly hybridise to a single-stranded RNA target molecule to form target-probe 

complexes, which are loaded on a cartridge and inserted into the nCounter 

instrument where excess probes are washed away using a two-step magnetic bead-

based purification. The magnetic beads are derivatised short nucleic acid 

sequences complementary to the capture or the reporter probes. First, the target-

probe complex binds to the beads complementary to the capture probe, followed by 

washing steps to remove excess reporter probes and non-target cellular transcripts. 

Next, the target-probe complexes and unbound capture probes are eluted off the 

beads and then bound to the second set of beads that are complementary to the 

reporter probes. Before being eluted from the second set of beads, washing steps 

are performed to remove unbound capture probes and to purify target-probe 

complexes, which are then immobilised and aligned for data collection (329). Data 

was collected by using a multi-channel epifluorescence scanner and digital analysis 

system on a nCounter instrument. The digital analysis system is imaging the 

immobilised fluorescent reporters on the cartridge with a CCD camera through a 
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microscope objective lens. Within each sample lane, multiple fields of view are 

imaged which are processed internally, fluorescent reporter tag counts are collected 

(Reporter Code Count; RCC) and analysed with the nSolver™ Analysis Software 

(330).  

2.13.4.1 RNA preparation 

RNA samples were purified by precipitation in 0.1 volume 3M Sodium Acetate 

(Sigma-Aldrich) and 2.5 volumes 100% ethanol (Sigma-Aldrich) for 1 hour at -80°C, 

followed by a 30 min centrifugation at full speed at 4°C. The pellet was then washed 

in 80% ethanol, air dried and resuspended in 10μl RNase-free water. RNA quantity 

and purity were assessed using a NanoDrop spectrophotometer (ThermoFisher 

Scientific). For the NanoString nCounter assay, a purity of A260/A280 ratio of 1.7-

2.3 and A260/A230 ratio of 1.8-2.3 was required.  

2.13.4.2 NanoString nCounter assay 

Samples were analysed using the nCounter Human Host Response V1 panel 

(NanoString Technologies, Inc.) on a Nanostring nCounter SPRINT™ Profiler 

(NanoString Technologies, Inc.) in accordance with the manufacturer’s guidelines. 

Therefore, 5μl (25ng RNA) of each sample was combined and hybridised with XT 

Hs HostResponse CSO code set containing 785 human genes including 12 internal 

reference genes using Nanostring’s nCounter XT Code-Set Gene Expression Assay 

protocol. After hybridisation for 20 hours at 65°C in a Veriti 96 well thermocycler 

(Applied Biosystems), samples were loaded onto an nCounter cartridge and run on 

the Nanostring nCounter SPRINT™ Profiler (Figure 2.1 A). 

2.13.4.3 Data normalisation  

After the collection of the RCC from the Nanostring nCounter instrument, a quality 

check of the raw data was performed, followed by normalisation using the nSolver™ 
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Analysis Software v4.0 (NanoString Technologies, Inc.). Housekeeping genes with 

a raw probe count below 100 were excluded from the normalisation process. The 

background threshold was defined as mean +2 standard deviation (SD) of all 

negative controls for each sample separately. The sample specific mRNA Positive 

Normalisation Factor (PNF) and mRNA Content Normalisation Factor (CNF) were 

used for sample normalisation according to the following equation:  

123456789: ;2<=>8 = ;2<=> ? @1A ? B1A 

Genes with counts lower than the level of detection and a signal to noise ratio below 

1 were not included in the statistical analysis (Figure 2.1 B). 

2.13.4.4 Gene ontology and pathway enrichment analysis 

Biological functions, molecular functions, pathway enrichment and protein-protein 

interaction networks of differentially expressed genes (DEGs) were explored using 

online tools in Search Tool for the Retrieval of Interacting Genes Database (STRING 

v11.0, https://string-db.org/). Gene ontology (GO) terms were used for functional 

enrichment analysis of DEGs and pathway enrichment analysis was performed 

using terms from the Kyoto Encyclopedia of Genes and Genomes (KEGG) 

database. Input data comprised the list of downregulated and upregulated genes of 

severe COVID-19 donors vs HCs identified in differential expression analysis.  
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2.14 Western Blotting 

For protein expression assays, monocytes were cultured in 12 well tissue culture 

plates (Corning) at 8-12x106 cells per well. Cells were stimulated with TLR ligands 

(Table 2.3) or cytokines (Table 2.8) in RPMI medium containing 5% (v/v) FBS and 

1% (v/v) penicillin and streptomycin. If protein expression was assessed from the 

supernatant, cells were stimulated in Opti-MEM™ and 1% (v/v) penicillin and 

Figure 2.1: Nanostring analysis of COVID-19 donors and healthy controls. 

(A) Workflow of Nanostring nCounter assay. Peripheral blood monocytes were isolated 

from convalescent COVID-19 donors and SARS-CoV-2 naïve healthy controls, followed 

by RNA extraction and purification through precipitation. Then, 25ng RNA was 

hybridised with XT Hs Hostresponse CSO codeset (capture probe and reporter probe) 

for 20 hours. Then, RNA-probe complex was loaded on a nCounter cartridge and run on 

the Nanostring nCounter SPRINT™ Profiler. Figure was created with biorender.com. (B) 

Schematic diagram of gene selection process. RCC (Reporter Code Count file) were 

collected, quality analysis of raw data was performed. After normalisation, 467 of 785 

genes were detected with counts above 0 and a signal to noise ratio higher than 1, which 

were analysed statistically. Gene ontology and pathway enrichment analysis was 

performed with differentially expressed genes. 

Data normalisation of 

785 genes involved in host response

467 genes detected

368 genes removed 

Counts >0 and 

signal to noise ratio >1

downregulated

p<0.05

log2FC < -0.5

upregulated

p<0.05

log2FC >0.5

Statistical analysis

Gene ontology and pathway 

enrichment analysis

Collection of RCC and quality 

check of raw data

A B
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streptomycin. Supernatants and cells were harvested after 24 hours of stimulation 

and washed in ice-cold PBS (Sigma-Aldrich), then pelleted and dry frozen at -20°C.  

2.14.1 Sample preparation and quantification of protein 
concentration 

Cell pellets were lysed in Triton-X, NP-40 or RIPA buffer containing freshly added 

protease inhibitors (Sigma-Aldrich) for 20 minutes on ice and then clarified by 

centrifugation at 13000xg for 10 minutes at 4°C.  

The total protein concentrations of lysates were analysed using a bicinchoninic acid 

protein assay kit (Thermo Fisher Scientific) according to manufacturer’s instructions. 

BSA standards covered a serial dilution range of 2 mg/ml to 0.125 mg/ml and 

included a blank of cell lysis buffer used. Samples were generally diluted 1:5-1:10 

in lysis buffer. Standard and samples were loaded onto a 96 well plate and incubated 

with bicinchoninic acid working solution at 37°C for 30 minutes. Optical density was 

measured at 540nm on BioTek Synergy HT Microplate reader (BioTek). In order to 

determine sample protein concentrations, a standard curve was fitted to the BSA 

measurements. Forty to 45 µg of protein derived from cell lysates was loaded per 

lane onto a gel. 

Supernatants were precipitated in acetone at -20°C overnight, clarified at 12000xg 

for 10 minutes and protein pellet was air-dried for 20 minutes before being 

resuspended in 2X SDS-PAGE loading buffer.  

2.14.2 SDS-PAGE and transfer 

Proteins were boiled in SDS-PAGE loading buffer at 98°C for 10 minutes before 

loading to gels for SDS-PAGE. PageRuler™ Prestained Protein Ladder (Thermo 

Fisher Scientific) was used to assess the molecular weight. For electrophoresis, 10-
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12% Tris-glycine gels (Table 2.12) were run for 90 minutes at 120V in SDS-PAGE 

running buffer in a Mini-Protean gel tank (BioRad).  

Protein transfer to a nitrocellulose membrane (GE Healthcare Life Sciences) was 

performed at 400mA for 90 minutes at 4°C in Western blot transfer buffer using a 

BioRad MiniTrans Blot cell (BioRad) wet blotting system.  

Running gel    10% gel 12% gel 

Acrylamide/bis solution (BioRad) 3.3 ml 4 ml 

1.15M TrisHCl, pH8.8 2.5 ml 2.5 ml 

SDS (10%) (Sigma-Aldrich) 100 µl 100 µl 

Aqua dest.  4.067 ml 3.4 ml 

APS (10%) (Sigma-Aldrich) 100 µl 100 µl 

Temed (Sigma-Aldrich) 10 µl 10 µl 

Stacking gel Volume  
Acrylamide/bis solution (Biorad) 835 µl  
0.38M TrisHCl, pH6.8 1.25 ml  
SDS (10%) (Sigma-Aldrich) 50 µl  
Aqua dest.  2.86 ml  
APS (10%) (Sigma-Aldrich) 75 µl  
Temed (Sigma-Aldrich) 5 µl  

 
Table 2.12: Tris-glycine gels for western blot. 

 

2.14.3 Blocking, antibodies and imaging 

After transfer, membranes were incubated in Revert™ 700 Total Protein Stain (LI-

COR) for 5 minutes with shaking gently. Membranes were rinsed in wash solution 

and then, imaged at λ700 nm on a LI-COR Odyssey Fc (LI-COR) to measure protein 

loading. Afterwards, the membranes were rinsed in distilled water, and then blocked 

in 5% Marvel powdered milk solution (Premier Foods), 5% (w/v) BSA or intercept 

blocking buffer (LI-COR) in TBS-T (Table 2.13), for 1 hour at RT on a rocker. 

Subsequently, the membranes were incubated with primary antibody in blocking 

buffer overnight at 4°C (Table 2.13). On the next day, after washing the membranes 

three times for 5 minutes in TBS-T, they were incubated with secondary antibody 

Abbreviations: APS, ammonium persulfate; SDS, sodium dodecyl sulphate; temed, 

Tetramethylethylenediamine. 
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solution in 5% Marvel powdered milk solution (Premier Foods) in TBS-T for 1 hour 

at RT in the dark with gentle shaking, followed by 5min washing steps in TBS-T 

three times. For protein visualisation, fluorescence was measured at λ800 nm on a 

LI-COR Odyssey Fc (LI-COR). For quantitative measurement of the protein 

expression analysed by western blot, fluorescence emission intensity of protein 

band was normalised to fluorescence emission intensity of total protein staining 

normalised to unstimulated cells.  

Antibody Company Cat. no. 
MW 
(kDa) 

Blocking Dil. Species 

Primary             

GSDMD 
Santa Cruz 
Biotechnology 

sc-81868 

pro 
55kDa, 
cleaved 
30kDa 

Intercept 
in TBS-T 

1/1000  Mouse 

SARM Cell Signaling #13022 72kDa 
5% BSA in 
TBS-T 

1/1000 Rabbit 

IL-1β R&D MAB601 

pro 
31kDa, 
mature 
17kDa 

5% Milk in 
TBS-T 

1/500 Mouse 

Secondary             

mouse anti-
rabbit IgG-
CFL 790 

Santa Cruz 
Biotechnology 

sc-
516253 

  
5% Milk in 
TBS-T 

1/35000   

m-IgGκ BP-
CFL 790 

Santa Cruz 
Biotechnology 

sc-
516181 

  
5% Milk in 
TBS-T 

1/35000   

 
Table 2.13: Western Blot - blocking buffers and antibodies. 

 

2.15 Statistical Analysis 

Mean, SD, standard error of the mean (SEM), and statistical significance were 

calculated using GraphPad version 8 (GraphPad Software Inc.). Data are reported 

as mean ±SD for representative donors or mean ±SEM for pooled data. For 

statistical analysis, datasets were tested for normality using a Shapiro-Wilk test. In 

case of parametric distribution of variables, a two-tailed unpaired t-test was applied 

Abbreviations: 1°, primary; 2°, secondary; AB, antibody; Cat.no., catalogue number; 

Dil., dilution; MW, molecular weight. 
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for comparison. If variables were distributed non-parametric, data was compared 

using two-tailed Mann-Whitney U-test. Paired, parametric distributed data were 

compared using a two-tailed one sample t-test. One-way ANOVA using Dunnett´s 

multiple comparisons test was applied for the comparison of multiple datasets 

relative to a control for parametric distributed variables, whereas Kruskal-Wallis test 

with Dunnet‘s multiple comparisons test was used in case of non-parametric data. 

In case of multiple comparisons of datasets, a repeated measure One-way ANOVA 

using Tukey´s multiple comparisons test was applied for parametric distributed data 

and a Friedman test for non-parametric distributed data. Statistical analysis of 

nanoString data was performed with GraphPad version 8 (GraphPad Software Inc.) 

and ClustVis (https://biit.cs.ut.ee/clustvis/) (331). Normalised data were analysed by 

principal component analysis (PCA). For the comparison between two groups, 

multiple t-tests were performed. DEGs were defined as those with a log2 fold 

change (log2FC) ≤ 0.5 and a p value <0.05 which was not corrected for multiple 

comparison to minimise type 2 error. Significance is shown as *p≤0.05, **p≤0.01, 

***p≤0.001, ****p≤0.0001.  

  



106 

3 Chapter Three: Primary human monocytes 
release IL-1β via the alternative NLRP3 
inflammasome pathway 

IL-1β is a key cytokine mediating inflammatory processes by causing fever, inducing 

acute phase-proteins, as well as recruiting and activating immune cells (332). In 

general, these processes are protective during an infection, however, due to its 

potent and diverse functions, chronic IL-1β production can also have a detrimental 

impact in the pathogenesis of autoimmune and autoinflammatory diseases (333, 

334). Therefore, it is crucial to understand the triggers and mechanisms regulating 

IL-1β release. The two-signal model of the NLRP3 inflammasome activation is 

widely accepted as the mechanism for the production, processing and release of IL-

1β. The priming signal, which is induced by PRR or cytokine receptor stimulation, 

induces the transcription and translation of inactive pro-IL-1β via the transcription 

factor NF-κB (67). Pro-IL-1β then requires cleavage from a 31kDa protein to a 

biologically active, 17kDa molecule. The processing is facilitated by caspase-1, the 

activation of which is mediated by the inflammasome upon detection of an activation 

signal, such as K+ efflux (55, 94).  

This model was mainly derived from research with THP-1 monocytes and primary 

murine macrophages. However, more recently differences in the mechanism of 

inflammasome activation between murine and human cells were suggested (85). In 

addition, different requirements for inflammasome-dependent IL-1β release have 

been observed between cell types such as human monocytes and macrophages 

(86). Primary human macrophages stimulated with LPS require the two-step model 

for inflammasome activation to secrete mature IL-1β, whereas primary human 

monocytes release IL-1β upon LPS stimulation alone (85, 86). This alternative 

NLRP3 inflammasome pathway that functions in primary human monocytes 
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engages a distinct signalling cascade to activate NLRP3. Upon stimulation of TLR4, 

the signal is propagated via TRIF-RIPK1-FADD and results in the catalytic activation 

of caspase-8 which then activates NLRP3 inducing the maturation of IL-1β (85). 

Much of the data supporting the findings for the alternative NLRP3 inflammasome 

pathway were demonstrated solely for TLR4 and in a combination of human 

monocytes and BLaER1 cells, which are a model for human monocyte-like cells. 

BLaER1 cells are derived from the B cell-precursor RCH-ACV cell line containing a 

fusion of the myeloid transcription factor CCAAT-enhancer-binding protein-α with 

the hormone binding domain of the estrogen receptor. In response to β-estradiol, 

the cells transdifferentiate from a proliferative B cell phenotype into non-proliferative 

post-mitotic, monocytic phenotype. BlaER1 cells gain similar characteristics to their 

primary counterparts. They become adherent, phagocytic, competent of several 

innate immune signalling pathways and express a similar transcriptome (85, 335). 

However, although it was demonstrated that BLaER1 cells release IL-1β upon TLR4 

activation, our lab observed that these cells are not entirely representative of primary 

human monocytes. Thus, this study investigated if the alternative NLRP3 

inflammasome activation mechanism is also used by other TLR family members to 

mediate the release of IL-1β from primary human monocytes. 

3.1 Toll-like receptor stimulation alone induces IL-1β 
release 

To investigate if other TLRs can directly induce IL-1β release in primary human 

monocytes, cells were stimulated for 24 hours with TLR specific ligands and the 

secretion of IL-1β and TNF were measured via ELISA from the supernatants (Figure 

3.1). TNF was chosen as a control for this and all of the following experiments, as 

its secretion is independent of inflammasome activation (336). Following a titration 

experiment, the optimal ligand concentration was chosen for each TLR for further 
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experiments. To activate TLR2, TLR1/2 was activated using 100ng/ml Pam3 and 

1ng/ml FSL-1 was used to stimulate TLR2/6. For activation of TLR4, cells were 

stimulated with 10ng/ml LPS. TLR5 signalling was induced with 10ng/ml flagellin 

and R-848, which is a TLR7 and TLR8 agonist, was used at 2µg/ml. For 

simplification, from now on and throughout this thesis, TLR7 and TLR8 will be 

termed TLR7/8 as R-848 activates both receptors. Of note, TLR9 does not respond 

in monocytes (190). Stimulation of all TLRs induced IL-1β and TNF release in the 

absence of a second stimulus (Figure 3.1).  

 

3.2 TLR-induced IL-1β release is dependent on NLRP3 and 
caspase-1  

The cleavage of pro-IL-1β from an inactive pro-form to a bioactive, secreted cytokine 

is regulated by caspase-1 (56). Inactive pro-caspase-1 is converted to its active form 

via the recruitment to the inflammasome which facilitates dimerization of caspase-1 

monomers enabling its protease activity (55, 337). Several inflammasome subtypes, 
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Figure 3.1: TLR stimulation directly induces IL-1β release. 

Primary human monocytes were unstimulated (us) or stimulated for 24h with 100ng/ml 

Pam3, 1ng/ml FSL-1, 10ng/ml LPS, 10ng/ml flagellin or 2µg/ml R-848. Secretion of (A) 

IL-1β and (B) TNF secretion were measured by ELISA. (A, B) Experiments were 

performed in 3 individual donors from which one donor is displayed as mean ±SD of 

technical triplicates.  
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including NLRP1, NLPR3, NLRC4 or AIM2, can serve as an activation platform for 

caspase-1 (338). Therefore, to confirm that TLR-induced IL-1β release was due to 

activation of the NLRP3 inflammasome and caspase-1, cells were treated with either 

the caspase-1 inhibitor Z-YVAD-FMK, or with the small molecule inhibitor MCC950 

which specifically inhibits NLRP3 by blocking ASC oligomerisation but not NLRP1, 

NLRC4 or AIM2 activation (339). Thus, monocytes were stimulated for 24 hours with 

Pam3, FSL-1, LPS, flagellin or R-848 in the presence or absence of MCC950 or Z-

YVAD-FMK.  

NLRP3 inhibition led to a significant reduction of TLR-induced IL-1β release (Figure 

3.2 A, B). Data were pooled from several independent donors and compared to the 

level of IL-1β in the absence of MCC950 shown as 100%. Pam3-induced IL-1β was 

reduced to 20.17% (±3.93, p<0.0001), FSL-1-induced IL-1β dropped to 16.89% 

(±2.196, p<0.0001), LPS-induced IL-1β declined to 13.13% (±1.793, p<0.0001), 

flagellin-induced IL-1β was reduced to 16.49% (±4.003, p<0.0001) and R-848-

induced IL-1β decreased to 35.49% (±6.389, p=0.0005) (Figure 3.2 B). TNF 

secretion was unaffected by MCC950 treatment apart from R-848 stimulated cells. 

Pooled data from several donors showed a significant increase in TNF secretion 

(389.8% ±82.30 p=0.0244) (Figure 3.2 C, D). Cell viability was mostly unaffected 

upon MCC950 treatment, however TLR7/8 stimulated cells showed a trend to 

increased metabolic activation (Figure 3.2 E).  
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Figure 3.2: NLRP3 mediates TLR-induced IL-1β release. 

Primary human monocytes were unstimulated (us) or stimulated for 24h with 100ng/ml 

Pam3, 1ng/ml FSL-1, 10ng/ml LPS, 10ng/ml flagellin or 2µg/ml R-848 in the presence 

or absence of MCC950 or the vehicle control for MCC950 (dimethyl sulfoxide (DMSO)). 

(A, B) IL-1β and (C, D) TNF secretion were measured by ELISA. (E) Cell viability was 

determined via a CellTiter-blue cell viability assay. (A, C, E) Experiments were 

performed in 5 individual donors from which one donor is displayed as mean ±SD of 

technical triplicates. (B, D) Pooled data are displayed as mean ±SEM from 5 individual 

donors. Significance was determined using two tailed one sample t-test compared to the 

response without MCC950 treatment which was set to 100% (*p≤0.05, ***p≤0.001, 

****p≤0.0001). 
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The inhibition of caspase-1 also significantly decreased IL-1β release following TLR 

stimulation (Figure 3.3 A, B). Data was pooled from several donors and compared 

to cells stimulated with TLR ligands alone shown as 100%. Z-YVAD-FMK treatment 

reduced Pam3-induced IL-1β release to 31.88% (±7.481, p=0.003), FSL-1-induced 

IL-1β was lowered to 35.91% (±7.132, p=0.0003), LPS-induced IL-1β decreased to 

31.44% (±2.692, p<0.0001), flagellin-induced IL-1β was reduced to 29.58% (±5.473, 

p<0.0001) and R-848-induced IL-1β declined to 29.02% (±4.807, p<0.0001) (Figure 

3.3 B). Caspase-1 inhibition did not affect TNF secretion (Figure 3.3 C). Cell viability 

was not decreased in the presence of Z-YVAD-FMK, conversely, apart from 

flagellin-stimulated cells, activation of all TLRs in the presence of the caspase-1 

inhibitor increased metabolic activity (Figure 3.3 D, E).  
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Figure 3.3: Caspase-1 is required for TLR-induced IL-1β release. 

Primary human monocytes were unstimulated (us) or stimulated for 24h with 100ng/ml 

Pam3, 1ng/ml FSL-1, 10ng/ml LPS, 10ng/ml flagellin or 2µg/ml R-848 in the presence 

or absence of Z-YVAD-FMK or the vehicle control for Z-YVAD-FMK (dimethyl sulfoxide 

(DMSO)). (A, B) IL-1β and (C) TNF secretion were measured by ELISA. (D, E) Cell 

viability was determined via a CellTiter-blue cell viability assay. (A, C, D) Experiments 

were performed in 6 individual donors from which one donor is displayed as mean ±SD 

of technical triplicates. (B, E) Pooled data are displayed as mean ±SEM from 6 individual 

donors. Significance was determined using two tailed one sample t-test compared to the 

response without Z-YVAD-FMK treatment which was set to 100% (*p≤0.05, **p≤0.01, 

***p≤0.001, ****p≤0.0001). 
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3.3 Activation of NLRP3 amplifies TLR-induced IL-1β 
release 

Numerous activators of the NLRP3 inflammasome have been identified, including 

ATP, crystalline substances and bacterial toxins. All these stimuli trigger a cellular 

imbalance leading to ion fluxes due to pore formation in the plasma membrane, 

lysosomal rupture, or mitochondrial dysfunction, eventually resulting in the 

activation of NLRP3 inflammasome (94, 110). A well-known inducer of K+ efflux is 

the K+ ionophore nigericin, which is commonly used in experimental approaches for 

NLRP3 inflammasome activation (101). To determine if providing a second signal 

would affect the level of IL-1β induced by TLRs, cells were stimulated in the 

presence or absence of nigericin. Monocytes were stimulated for 24 hours with 

Pam3, FSL-1, LPS, flagellin or R-848. Two hours before the end of the experiment, 

nigericin or the vehicle control was added. Nigericin was not added throughout the 

experiment, as it will also induce pyroptosis leading to cell death (340).  

Further activation of the NLRP3 inflammasome with nigericin amplified TLR-induced 

IL-1β release strikingly for the majority of TLRs tested compared to cells not treated 

with nigericin where the level of IL-1β release was set to 100% from pooled data 

from several independent donors. Pam3-induced IL-1β increased to 497.3% 

(±80.23, p=0.0026), FSL-1-induced IL-1β was augmented to 719.3% (±143.9, 

p=0.0051), LPS-induced IL-1β was enhanced to 203.5% (±11.39, p<0.0001) and 

flagellin-induced IL-1β raised to 470.1% (±61.07, p=0.0009) (Figure 3.4 A, B). 

Interestingly, R-848-induced IL-1β release was not significantly altered upon 

nigericin treatment with a modest increase to 133.3% (±18.88, p=0.0781) (Figure 

3.4 A, B). No difference in TNF secretion was observed upon nigericin treatment for 

all TLRs tested (Figure 3.4 C). Unsurprisingly, cell viability was compromised in 
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nigericin treated cells which was expected, as nigericin induces pyroptosis (Figure 

3.4 D, E) (340).  
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Figure 3.4: Activation of K+ efflux elevates TLR-induced IL-1β release. 

Primary human monocytes were unstimulated (us) or stimulated for 24h with 

100ng/ml Pam3, 1ng/ml FSL-1, 10ng/ml LPS, 10ng/ml flagellin or 2µg/ml R-848 in 

the presence or absence of nigericin or the vehicle control for nigericin (70% ethanol) 

which was added after 22h. (A, B) IL-1β and (C) TNF secretion were measured by 

ELISA. (D, E) Cell viability was determined via a CellTiter-blue cell viability assay. 

(A, C, D) Experiments were performed in 7 individual donors from which one donor 

is displayed as mean ±SD of technical triplicates. (B) Pooled data are displayed as 

mean ±SEM from 7 individual donors. Significance was determined using two tailed 

one sample t-test compared to the response without nigericin treatment which was 

set to 100% (*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001). 
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3.4 K+ efflux is not required for TLR-induced IL-1β 
secretion 

The activation of K+ efflux is the most widely accepted trigger of NLRP3 activation 

and inflammasome assembly. Studies have demonstrated that blocking K+ efflux by 

elevating the extracellular potassium concentration can inhibit inflammasome 

activation and prevents maturation of IL-1β (94, 95). However, LPS activation of 

human monocytes was shown to be independent of K+ efflux (85). To determine if 

TLR-induced IL-1β release was K+ efflux independent for all TLRs, cells were 

cultured in medium containing an excess of KCl to prevent K+ efflux. Monocytes 

were stimulated for 24 hours with Pam3, FSL-1, LPS, flagellin or R-848 in the 

presence or absence of excess extracellular KCl. Two hours before the end of the 

experiment, cells were treated with nigericin or the vehicle control.  

In the presence of 20mM extracellular KCl, no inhibition of the TLR-induced IL-1β 

release was observed (Figure 3.5 A, B). However, increased IL-1β release following 

nigericin treatment, was inhibited by excess K+ in the culture medium to a similar 

level to that seen in cells activated by the TLR ligand alone (Figure 3.5 A, C). In 

contrast to cells treated with a TLR ligand and nigericin (where the total IL-1β 

release was set to 100%), in the presence of 20mM KCl Pam3-induced IL-1β 

secretion was reduced to 32.12% (±7.909, p<0.0001), FSL-1-induced IL-1β 

decreased to 40.32% (±10.59, p=0.0008), LPS-induced IL-1β declined to 70.19% 

(±9.58, p=0.017) and flagellin-induced IL-1β was lowered to 46.79% (±18.29, 

p=0.0227). The release of IL-1β was similar upon nigericin treatment of cells 

stimulated with R-848 in the presence or absence of high extracellular KCl (Figure 

3.5 A, C).  
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In all TLR-stimulated cells, independent of whether activated in the presence or 

absence of excess K+, TNF secretion was unaffected (Figure 3.6). Addition of 

excess extracellular KCl had no great effect on cell viability in TLR stimulated cells. 

Whereas, nigericin treatment of cells stimulated in media with excess KCl did 

significantly reduce cell viability as would be expected (Figure 3.7 A, B).  
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Figure 3.5: Inhibition of K+ efflux does not affect TLR-induced IL-1β secretion. 

Primary human monocytes were unstimulated (us) or stimulated for 24h with 100ng/ml 

Pam3, 1ng/ml FSL-1, 10ng/ml LPS, 10ng/ml flagellin or 2µg/ml R-848 in the presence 

or absence (RPMI media) of excess extracellular KCl. Nigericin or the vehicle control for 

nigericin (70% ethanol) was added after 22h. IL-1β secretion were measured by ELISA. 

(A) Experiments were performed in 8 individual donors from which one donor is 

displayed as mean ±SD of technical triplicates. (B, C) Pooled data are shown as mean 

±SEM from 8 individual donors. Significance was determined using two tailed one 

sample t-test compared to (B) the response without KCl treatment or (C) the associated 

TLR ligand response in the presence of nigericin (CTL) which was set to 100% (*p≤0.05, 

***p≤0.001, ****p≤0.0001). Abbreviations: CTL, control; Flag., flagellin. 
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Figure 3.6: TNF secretion was unaffected upon inhibition of K+ efflux. 

Primary human monocytes were unstimulated (us) or stimulated for 24h with 100ng/ml 

Pam3, 1ng/ml FSL-1, 10ng/ml LPS, 10ng/ml flagellin or 2µg/ml R-848 in the presence 

or absence (RPMI media) of excess extracellular KCl. Nigericin or the vehicle control for 

nigericin (70% ethanol) was added after 22h. TNF secretion was measured by ELISA. 

Experiments were performed in 8 individual donors from which one donor is displayed 

as mean ±SD of technical triplicates.  
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In addition to K+ efflux, Cl- efflux induced through the translocation of chloride 

intracellular channels (CLICs) to the plasma membrane, is suggested to act 

downstream of the K+ efflux to promote NLRP3 inflammasome activation in bone 

marrow derived macrophages (341). To investigate if Cl- efflux plays a role in the 

alternative inflammasome activation in primary human monocytes, cells were 

stimulated for 5h with LPS in the presence or absence of 1-200µM indanyloxyacetic 

acid-94 (IAA94), which inhibits CLIC activity at 50µM in LPS stimulated murine 
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Figure 3.7: Cell viability is unchanged upon inhibition of K+ efflux. 
Primary human monocytes were unstimulated (us) or stimulated for 24h with 100ng/ml 

Pam3, 1ng/ml FSL-1, 10ng/ml LPS, 10ng/ml flagellin or 2µg/ml R-848 in the presence 

or absence (RPMI media) of excess extracellular KCl. Nigericin or the vehicle control for 

nigericin (70% ethanol) was added after 22h. Cell viability was determined via a 

CellTiter-blue cell viability assay. (A) Experiments were performed in 8 individual donors 

from which one donor is displayed as mean ±SD of technical triplicates. (B) Pooled data 

are shown as mean ±SEM from 8 individual donors. Significance was determined using 

two tailed one sample t-test compared to the response without KCl or nigericin treatment 

which was set to 100% (control) (*p≤0.05, ***p≤0.001, ****p≤0.0001). 
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macrophages. After 3.5h, 10µM nigericin was added to induce the classical NLRP3 

inflammasome pathway in some cells. IAA94 did not affect IL-1β release upon 

stimulation with LPS alone or in combination with nigericin (Figure 3.8 A) and no 

change in cell viability was observed due to IAA94. Only cells treated with nigericin 

showed an overall decrease in cell viability as would be expected (Figure 3.8 B). 

 

3.5 TLR-induced IL-1β release requires caspase-8 

In the alternative inflammasome pathway, NLRP3 activation by LPS relies on 

caspase-8 to propagate the activation signal to NLRP3 (85). However, it is not 

known if other TLRs share this mechanism, thus the requirement of caspase-8 was 

Figure 3.8: Cl- efflux is not required for TLR-induced IL-1β secretion. 

Primary human monocytes were unstimulated (us) or stimulated for 5h with 10ng/ml 

LPS in the presence or absence of 1-200µM indanyloxyacetic acid-94 (IAA94) or the 

vehicle control for IAA94 (dimethyl sulfoxide (DMSO)). Nigericin (10µM) or an equivalent 

volume of media (RPMI) was added after 3.5h. (A) IL-1β secretion was measured by 

ELISA and (B) cell viability was determined via a CellTiter-blue cell viability assay. 

Experiments were performed in 2 individual donors from which one donor is displayed 

as mean ±SD of technical triplicates.  
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investigated. Primary human monocytes were stimulated for 24 hours with Pam3, 

FSL-1, LPS, flagellin or R-848 in the presence or absence of Z-IETD-FMK, a 

caspase-8 inhibitor.  

Caspase-8 inhibition significantly decreased TLR-induced IL-1β compared to the 

controls (Figure 3.9 A, B). In the presence of Z-IEDT-FMK, Pam3-induced IL-1β 

release was reduced to 57.2% (±10.22, p=0.0086), FSL-1-induced IL-1β release 

declined to 50.89% (±6.904, p=0.0009), LPS-induced IL-1β decreased to 62.33% 

(±10.54, p=0.016), flagellin-induced IL-1β was lowered to 62.62% (±13.63, 

p=0.0406) and R-848-induced IL-1β release was reduced to 55.82% (±4.572, 

p=0.0002) compared to untreated cells where IL-1β release was set to 100% from 

pooled data from several independent donors (Figure 3.9 B). Z-IEDT-FMK had no 

significant effect on TNF release except for R-848-stimulated cells where TNF 

release increased significantly upon caspase-8 inhibitor treatment (143.9%, ±11.68, 

p=0.0131). Interestingly, flagellin-stimulated cells showed a wide range in TNF 

release in the presence of caspase-8 inhibitor; thus, a high error bar occurred when 

the individual donors were pooled (Figure 3.9 C, D). Cell viability was not 

compromised upon caspase-8 inhibitor treatment (Figure 3.9 E).  
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Figure 3.9: IL-1β secretion is caspase-8 dependent. 

Primary human monocytes were unstimulated (us) or stimulated for 24h with 100ng/ml 

Pam3, 1ng/ml FSL-1, 10ng/ml LPS, 10ng/ml flagellin, 2µg/ml R-848 in the presence or 

absence of the caspase-8 inhibitor Z-IETD-FMK or the vehicle control for Z-IETD-FMK 

(dimethyl sulfoxide (DMSO)). (A, B) IL-1β and (C, D) TNF secretion were measured by 

ELISA. (E) Cell viability was determined via a CellTiter-blue cell viability assay. (A, C, 

E) Experiments were performed in 6 individual donors from which one (or in case of 

flagellin-induced TNF two) donor(s) is displayed as mean ±SD of technical triplicates. 

(B, D) Pooled data are shown as mean ±SEM from 6 individual donors. Significance 

was determined using two tailed one sample t-test compared to the response without Z-

IETD-FMK treatment which was set to 100% (*p≤0.05, **p≤0.01, ***p≤0.001). 
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As the caspase-8 inhibitor decreased the release of IL-1β upon TLR stimulation, the 

ability of TLRs to increase caspase-8 activity was explored. Staurosporine, a known 

activator of caspase-8 was used as positive control (342). Resting cells 

demonstrated that caspase-8 is constitutively active in monocytes in culture. 

Addition of Z-IETD-FMK inhibited this activity, whereas staurosporine led to a 

significant increase in caspase-8 activity. However, the stimulation of TLRs did not 

have any effect on caspase-8 activity compared to unstimulated cells (Figure 3.10).  

 

Figure 3.10: Caspase-8 is constitutively active in primary human monocytes. 

Primary human monocytes were unstimulated (us) or stimulated for 6h with 100ng/ml 

Pam3, 1ng/ml FSL-1, 10ng/ml LPS, 10ng/ml flagellin, 2µg/ml R-848 and 1µM 

Staurosporine (Stsp), in the presence or absence of the caspase-8 inhibitor Z-IETD-

FMK or the vehicle control for Z-IETD-FMK (dimethyl sulfoxide (DMSO)). Pooled data 

are shown as mean ±SEM from 5 individual donors. Significance was determined using 

a one-way ANOVA using Tukey´s multiple comparisons test (**** p≤0.0001). 
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3.6 Constitutively active caspase-1 is sufficient for the 
release of mature IL-1β from LPS and R-848 stimulated 
monocytes 

Caspase-1 has evolved as the main protease processing pro-IL-1β to its biologically 

active form (55). In primary human monocytes, caspase-1 has been suggested to 

be constitutively active (86). To clarify whether constitutive caspase-1 activity is 

sufficient for TLR induced IL-1β processing, or if further caspase-1 activation is 

induced upon TLR stimulation, caspase-1 activity was assessed. Monocytes were 

stimulated for 4 or 6 hours with Pam3, FSL-1, LPS, flagellin or R-848 with or without 

the addition of nigericin 2 hours before the end of the experiment or the caspase-1 

inhibitor Z-YVAD-FMK. Caspase-1 activity was assessed with a caspase-1 activity 

assay.  

Unstimulated cells treated with nigericin showed a considerable increase in 

caspase-1 activity. However, the caspase-1 inhibitor Z-YVAD-FMK reduced the 

activity of caspase-1 substantially in both the presence and absence of nigericin, 

demonstrating that human monocytes do exhibit a low-level constitutive activity of 

caspase-1 (Figure 3.11 A). 

When activated by Pam3, LPS and R-848 monocytes induced a slightly increased 

level of caspase-1 activity, but this was not significantly higher than seen in resting 

cells. By contrast, the classical activation of NLRP3 with nigericin significantly 

increased caspase-1 activity following activation of all TLRs (Figure 3.11 B).  
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To confirm these findings, immunoblot analysis was performed on cell lysates and 

supernatants to examine if TLR stimulation alone led to the release of mature IL-1β. 

Upon stimulation of TLR1/2, 2/6, 4, 5 and 7/8, the production of pro-IL-1β within the 

cell was induced. In the supernatant, a light band for pro-IL-1β was detected for 

TLR2/6 stimulated cells, while TLR4 stimulated cells secreted both pro- and mature 

IL-1β. TLR7/8 activation also induced the release of mature IL-1β. Whereas, in cells 

which were additionally treated with nigericin, mature IL-1β was detected in the 

supernatant for all TLR-stimulated cells, apart for cells stimulated with flagellin. In 

addition, cells activated with FSL-1 and LPS also showed a robust release of pro-

IL-1β (Figure 3.12).  
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Figure 3.11: Caspase-1 is constitutively active in primary human monocytes. 

(A) Unstimulated primary human monocytes were treated or untreated with 10µM Z-

YVAD-FMK or the vehicle control for Z-YVAD (dimethyl sulfoxide (DMSO)) for 4h or (B) 

primary human monocytes were unstimulated (us) or stimulated for 6h with 100ng/ml 

Pam3, 1ng/ml FSL-1, 10ng/ml LPS, 10ng/ml flagellin or 2µg/ml R-848. (A, B) Two hours 

before the end of the experiment, nigericin or an equivalent volume of media (RPMI) 

was added. (A) Experiments were performed in 3 individual donors from which one 

donor is displayed as mean ±SD of technical triplicates. (B) Pooled data are displayed 

as mean ±SEM from 5 individual donors. Significance was determined using a one-way 

ANOVA using Tukey´s multiple comparisons test (*p≤0.05, **p≤0.01, ****p≤0.0001). 
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3.7 Discussion 

The NLRP3 inflammasome is a key player of the innate immune response against 

invading pathogens and cellular damage. Upon the assembly to form a multiprotein 

complex, the inflammasome serves as an activation platform for caspase-1 which 

initiates pyroptosis and the proteolytic cleavage of the cytokines precursors pro-IL-

1β and pro-IL-18 into mature IL-1β and IL-18 (343). In the classical model of NLRP3 

activation, two steps are required for the release of mature IL-1β. An initial priming 

signal activates NF-κB to initiate the transcription of pro-IL-1β and NLRP3 (67). This 

is followed by a second signal, such as K+ efflux, which activates the NLRP3 

inflammasome assembly to facilitate the processing and release of IL-1β (95, 344). 

However, in contrast to macrophages and dendritic cells, where the inflammasome 

requires a second activation signal to mediate the release of IL-1β, it is now 

recognised that primary human monocytes can release IL-1β after stimulation with 

LPS alone (86). In this alternative NLRP3 inflammasome pathway, TLR4 activation 

Figure 3.12: TLR4 and 8 stimulation leads to the release of mature IL-1β. 

Primary human monocytes were unstimulated (us) or stimulated for 24h with 100ng/ml 

Pam3, 1ng/ml FSL-1, 10ng/ml LPS, 10ng/ml flagellin or 2µg/ml R-848. Two hours before 

the end of the experiment, nigericin or an equivalent volume of media (Opti-MEM) was 

added. IL-1β cleavage was assessed via Western blot in cell lysates and supernatants 

(SN). Experiments were performed in 3 individual donors from which one donor is 

displayed.  



127 

triggers the release of IL-1β without the need for K+ efflux but is dependent on the 

catalytic active caspase-8 (85). As the release of IL-1β via the alternative NLRP3 

inflammasome pathway was only reported downstream of TLR4, this study 

investigated if other TLRs also induce release of IL-1β from primary human 

monocytes by a single-step activation independent of K+ efflux.  

Indeed, the present study demonstrates that primary human monocytes release IL-

1β following the activation of TLR1/2, 2/6, 4, 5 and 7/8 without the need of a second 

signal. This IL-1β release was dependent on NLRP3, caspase-1 and caspase-8 as 

their inhibition reduced IL-1β in the supernatant significantly. Moreover, the 

additional activation of NLRP3 with nigericin amplified the IL-1β response, for all 

TLRs apart from TLR7/8 stimulated cells, where maximal IL-1β release occurred in 

the absence of nigericin. This demonstrates that primary human monocytes can 

activate both the alternative and classical NLRP3 pathways. The data of the present 

study suggest that the alternative pathway may contributes less to the IL-1β 

response than the classical pathway. However, at the same time, the alternative 

pathway seems to be more sensitive for inflammasome activation, thus the cells are 

getting activated easier to induce the release of IL-1β. Therefore, depending on the 

environmental conditions, different TLR downstream signalling pathways may be 

engaged. This could be depending on the intensity of the pro-inflammatory stimuli. 

Studies demonstrated that monocytes stimulated via TLR4 alone induce a slow IL-

1β release without undergoing pyroptosis, whereas activating multiple TLRs 

simultaneously, such as TLR2, 4 and 7/8, results in a higher secretion of IL-1β, a 

strong ROS production and pyroptotic cell death (85, 345).  

Most of the signalling pathway of the alternative NLRP3 activation downstream of 

TLR4 was identified in BlaER1 monocytes in which it was suggested that the 
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alternative pathway uses TRIF downstream of TLR4 (Figure 1.4) (85). Yet TRIF only 

operates downstream of TLR3 and 4 but not in the signalling pathways of other 

TLRs (33). Moreover, in primary human monocytes, TLR3 stimulation does not 

induce IL-1β release (85). Thus, TRIF is unlikely to be the only TLR adapter used to 

propagate the activation signal. In this study, also TLR2, 5 and 7/8 were found 

capable of inducing IL-1β release without the need of a second signal in primary 

human monocytes. Therefore, it is more likely that the alternative pathway is also 

engaged via MyD88 which is shared downstream of all the TLRs that can activate 

IL-1β in human monocytes. This pathway additionally leads to the required 

transcriptional upregulation of IL1B and NLRP3. Gaidt et al. showed that IL-1β 

secretion could be completely diminished in MyD88 deficient cells as this leads to a 

severe NF-κB priming defect (85). However, which signalling sequence downstream 

of MyD88 is engaged to propagate the activation signal in the alternative pathway 

is still unknown.  

It has been reported that stimulation of PRR in monocytes results in the release of 

ATP which could activate the purinergic P2X7 receptor through an autocrine loop 

driving the secretion of mature IL-1β (346). To rule out that NLRP3 may be activated 

through K+ efflux caused by ATP secreted from activated monocytes upon single-

step stimulation, cells were stimulated with TLR ligands in cell culture medium 

containing an excess of KCl. As observed in the alternative NLRP3 inflammasome 

pathway, K+ efflux was not necessary to induce secretion of IL-1β (85). Additionally, 

Gaidt et al. examined the involvement of the autocrine ATP loop in P2X7 receptor-

deficient BlaER1 cells and found that IL-1β release was unaffected in the absence 

of the P2X7 receptor (85). However, other activation mechanisms might be at play.  
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NLRP3 is an established sensor of perturbations of plasma membrane integrity, thus 

disruptions activate the inflammasome. Recently, it was suggested that K+ efflux 

and ROS drives Cl- efflux as an essential upstream event of NLRP3 inflammasome 

activation. In bone marrow-derived macrophages, it was shown that ROS drives 

CLIC translocation to the membrane leading to Cl- efflux. This promotes the 

interaction between Nek7 and NLRP3 which results in inflammasome activation 

(341). Similarly, Cl- efflux has been shown to regulate the NLRP3 dependent 

formation of ASC specks. However, in the absence of K+ efflux, the complex 

remained inactive and did not recruit pro-caspase-1. Caspase-1 activation and IL-

1β secretion were only triggered upon induction of K+ efflux in murine macrophages 

as the efflux of K+ is required for the interaction between Nek7 and NLRP3 (347). 

However, in human myeloid cells, Nek7 is not required for NLRP3 activation (98). 

Interestingly, in human PBMCs, Cl- efflux triggered the activation of the classical 

pathway. Stimulation with LPS under Cl- free conditions led to ASC oligomerisation, 

caspase-1 cleavage and IL-1β processing which are characteristic of the classical 

NLRP3 inflammasome pathway. Whereas cells stimulated with LPS in RPMI did 

show caspase-1 activation and IL-1β cleavage but in the absence of ASC 

oligomerisation suggesting that Cl- efflux is not required for the activation of the 

alternative pathway. Unfortunately, the secretion of IL-1β into the supernatant was 

not reported in this study (347). The present study showed that the inhibition of Cl- 

efflux had no effect on IL-1β release, neither in the alternative nor in the classical 

NLRP3 activation pathway. Therefore, the data suggest that Cl- efflux is dispensable 

for NLRP3 inflammasome pathway in primary human monocytes.  

An important feature of the alternative NLRP3 inflammasome pathway is the 

involvement of caspase-8 mediating the activation of NLRP3. This happens without 
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the requirement of K+ efflux; however, currently this has only been demonstrated 

downstream of TLR4 (85). The present study now provides novel data to confirm 

the involvement of caspase-8 in TLR4 induced IL-1β release and goes on to 

demonstrate that caspase-8 is also important for TLR1/2, 2/6, 5 and 7/8 induced IL-

1β release in primary human monocytes. It should be mentioned that, although, 

caspase-8 has been implicated in the transcriptional priming of NLRP3 and pro-IL-

1β, and shown to process pro-IL-1β to its mature form in the classical pathway, this 

is not observed in the alternative NLRP3 inflammasome pathway (85, 135, 348). In 

murine cells, the NLRP3 inflammasome directly used caspase-8 to process pro-IL-

β in the absence of caspase-1 which however was not observed in the presence of 

caspase-1 (349). Additionally, caspase-8 has been shown to directly mature IL-1β, 

independently of NLRP3, however this was not observed in the alternative pathway 

(85, 350). As staurosporine is a potent caspase-8 activator, it would be interesting 

if stimulation with staurosporine leads to the release of IL-1β (342). Gaidt et al. 

demonstrated that staurosporine alone is not inducing IL-1β release (85). Possibly 

because the cell lacks the priming signal to upregulate the transcription of IL1B and 

NLRP3. However, in LPS-primed murine macrophages, staurosporine treatment 

resulted in a robust IL-1β release into the supernatant in the presence and absence 

of NLRP3 (351). Whether staurosporine treatment of LPS-primed primary human 

monocytes leads to an increase in IL-1β release due to activation of caspase-8 in a 

NLRP3 dependent mechanism has not been investigated yet.  

The mechanism by which caspase-8 activates NLRP3 remains elusive. Gaidt et al. 

have speculated that caspase-8 mediates the cleavage of an unknown intermediate 

protein which is required for the activation of NLRP3 in the alternative 

inflammasome pathway. This suggests that both catalytic activity and auto-
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proteolysis of caspase-8 are required (85). Whereas, Kang et al. have suggested 

that, caspase-8 has a scaffolding function for NLRP3 inflammasome assembly and 

RIPK3 aggregation in TLR3-activated murine macrophages, without the 

requirement of its catalytic activity (352). However, whether caspase-8 serves 

functionally as a scaffold to propagate NLRP3 activation in the alternative pathway 

has not been determined. Nevertheless, in the present study, caspase-8 activity was 

not enhanced upon TLR stimulation, but catalytic inhibition of caspase-8 resulted in 

decreased IL-1β release from primary human monocytes following TLR activation. 

This suggests that the constitutive catalytic activity of caspase-8 in human 

monocytes is necessary for IL-1β release through the alternative pathway.  

The bioactivity of IL-1β is controlled by caspase-1 which becomes activated upon 

inflammasome formation (55). In the alternative NLRP3 pathway, stimulation of 

monocytes with LPS is sufficient to detect cleaved caspase-1 and mature IL-1β 

released into the supernatant (85). In the present study, caspase-1 activity did not 

increase strikingly upon TLR activation alone in contrast to cell activation with 

nigericin. Although Pam3, LPS and R-848 ligation exhibited a trend towards an 

increase in activity, it was not significantly different to unstimulated cells. Previously, 

caspase-1 has been reported to be constitutively active in primary human 

monocytes (86, 353). In concordance with that, caspase-1 was found constitutively 

active in unstimulated cells in this study.  

Although IL-1β release was evident via ELISA upon activation of all TLRs tested, 

only stimulation of LPS and R-848 led to enough mature IL-1β release to be 

detectable via western blot, whereas TLR2 and 5 activation did not induce enough 

IL-1β to be detected. This could be because the cells were stimulated in Opti-Mem, 

a serum-reduced media, which led to reduced production of IL-1β under this 
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condition compared to cells stimulated in RPMI with 5% FBS. For TLR4 activation, 

this issue was solved by stimulating monocytes with LPS in RPMI with 5% FBS for 

the first hour of cell activation which was followed by transferring the cells into Opti-

Mem containing LPS for the remaining 23 hours of stimulation. Therefore, it can only 

be speculated that also activation of TLR1/2, 2/6 and 5 leads to the release of 

mature IL-1β. Possibly, the low-level constitutively active caspase-1 was not 

sufficient to mediate the release of an adequate amount of mature IL-1β from TLR2 

and 5 stimulated monocytes. Whereas TLR4 and 7/8 activation resulted in a slight 

increase of caspase-1 activity which may be enough to release robust levels of 

cleaved IL-1β into the supernatant.  

An interesting novel finding was observed in this study in which both NLRP3 

inhibition with MCC950 as well as caspase-8 inhibition with Z-IETD-FMK resulted in 

increased TNF secretion upon TLR7/8 stimulation with R-848 which has not 

previously been reported. A study investigated the R-848-induced TNF in human 

monocytes in the presence of CP-456,773, an inhibitor of NLRP3, however this did 

not influence the secretion of TNF (354). Moreover, Vierbuchen et al explored the 

effect on cytokine secretion upon TLR7/8 stimulation in the presence of MCC950 in 

BlaER1 cells, however this group did only demonstrate the secretion of IL-6 under 

this condition which was not affected by the treatment (355). How caspase-8 

inhibition interferes with TLR7/8-induced TNF secretion is unknown so far. The 

observed increase in TNF secretion might be an off-target effect of the direct 

inhibition of NLRP3, as caspase-1 inhibition had no effect on the TNF secretion in 

this study. Nevertheless, as this exceeds the scope of this study, the mechanism of 

how NLRP3 inhibition affects TLR7/8-induced TNF was not further explored.  
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Taken together, these data demonstrate that primary human monocytes release IL-

1β upon TLR1/2, 2/6, 4, 5 and 7/8 stimulation alone. This pathway was dependent 

on NLRP3, caspase-1 and caspase-8 but was independent of K+ efflux. Most 

importantly, primary human monocytes were found to have constitutively active 

caspase-1 and caspase-8 which may be sufficient to mediate the release of IL-1β. 

To further validate that the alternative NLRP3 pathway is engaged upon TLR 

activation, ASC specks formation could be evaluated as this was found not to be 

required for the alternative activation.   
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4 Chapter Four: IL-1β is released via GSDMD 
independently of pyroptosis in the alternative 
pathway 

Unlike most cytokines, IL-1β follows an unconventional secretion pathway as it is 

lacking the signal peptide that mediates protein export via the ER and Golgi 

apparatus route (91). In the classical NLRP3 inflammasome pathway, caspase-1 

activation leads to the cleavage of GSDMD, generating GSDMD-NT fragments 

which oligomerize and form pores with a diameter of at least 15nm in the membrane 

(356). These pores function as conduits to transport IL-1β across the lipid bilayers. 

In most cells this also triggers pyroptosis, an inflammatory cell death, induced by 

the breakdown of ion gradients, resulting in osmotic pressure which drives water 

into the cell causing it to swell and lyse (92, 127, 128). However, the mechanism of 

IL-1β release from monocytes via the alternative pathway is suggested to be 

independent of pyroptosis but has not been fully investigated (85). Thus, 

experiments were performed to evaluate the requirement of membrane 

permeabilisation, GSDMD cleavage and pyroptosis for IL-1β release in the 

alternative NLRP3 pathway in primary human monocytes.  

4.1 TLR-induced IL-1β release depends on membrane 
permeability 

Permeabilisation of the plasma membrane is suggested to be required for IL-1β 

release following inflammasome activation (357). To assess if TLR-induced IL-1β is 

released as a result of membrane permeability, monocytes were stimulated for 5.5 

hours with Pam3, FSL-1, LPS, flagellin or R-848 in the presence or absence of 10µM 

punicalagin which inhibits plasma membrane permeabilisation by stabilising the 

phospholipids (357). After 4 hours, nigericin or RPMI were added to the cells for a 

further 1.5 hours.  
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Upon punicalagin treatment, IL-1β release was significantly reduced in Pam3-

activated cells to 8.575% (±1.945, p<0.0001), in FSL-1 stimulated cells to 50.91% 

(± 4.268, p=0.0003), in LPS-activated cells to 60.37% (±4.821, p=0.0012) and in R-

848-stimulated cells to 77.49 (±4.253, p=0.0061) compared to cells not treated with 

punicalagin where pooled data was set to 100%. Whereas the release of IL-1β was 

unaffected in cells stimulated with flagellin in the presence of punicalagin in contrast 

to untreated cells (Figure 4.1 A, B). In the classical NLRP3 activation pathway, 

following nigericin treatment all TLRs released significantly less IL-1β in the 

presence of punicalagin. Pam3-induced IL-1β was reduced to 66.24% (±6.324, 

p=0.0059), FSL-1-induced IL-1β decreased to 74.68% (±5.359, p=0.0091), LPS-

induced IL-1β was lowered to 69.78% (±5.557, p=0.0056), flagellin-induced IL-1β 

release was reduced to 67.34% (±10.99, p=0.041) and R-848-induced IL-1β was 

reduced to 65.01% (±6.686, p=0.0064) (Figure 4.1 A, C).  
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TNF secretion upon Pam3 activation (8.894% ±4.126, p<0.0001) and FSL-1 

stimulation (49.98% ±4.999, p=0.0006) was also significantly reduced, but this was 

not observed for LPS-, flagellin- and R-848 activated cells (Figure 4.2 A, B). The 
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Figure 4.1: Plasma membrane permeabilisation is required for alternative IL-1β 
release. 

Primary human monocytes were unstimulated (us) or stimulated for 5.5h with 100ng/ml 

Pam3, 1ng/ml FSL-1, 10ng/ml LPS, 10ng/ml flagellin or 2µg/ml R-848 in the presence 

or absence of punicalagin or the vehicle control for punicalagin (methanol). In the 

alternative pathway, punicalagin or the vehicle control for punicalagin (methanol) was 

added with the TLR ligands to the cells, whereas in the classical pathway, it was added 

after 3.5h cell stimulation, and after 4h, nigericin or an equivalent volume of media 

(RPMI) was added. IL-1β secretion was measured via ELISA. (A) Experiments were 

performed in 5 individual donors from which one donor is displayed as mean ±SD of 

technical triplicates. (B, C) Pooled data are shown as mean ±SEM from 5 individual 

donors. Significance was determined using two tailed one sample t-test compared to (B) 

the response without punicalagin treatment or (C) the associated TLR ligand response 

in the presence of nigericin (control) which was set to 100% (*p≤0.05, **p≤0.01, 

***p≤0.001, **** p≤0.0001).  
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additional activation of the inflammasome with nigericin had no effect on TNF 

secretion in all TLR-primed cells in the presence of punicalagin compared to cells 

stimulated in the absence of punicalagin (Figure 4.2 A, C).   



138 

 

Cell viability was unaffected in TLR-activated cells in the presence of punicalagin, 

however, treatment of nigericin resulted in a substantial decrease in cell viability in 

all cells as expected (Figure 4.3).   
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Figure 4.2: TLR1/2 and 2/6-induced TNF is inhibited by punicalagin. 
Primary human monocytes were unstimulated (us) or stimulated for 5.5h with 100ng/ml 

Pam3, 1ng/ml FSL-1, 10ng/ml LPS, 10ng/ml flagellin or 2µg/ml R-848 in the presence 

or absence of punicalagin or the vehicle control for punicalagin (methanol). In the 

alternative pathway, punicalagin or the vehicle control for punicalagin (methanol) was 

added with the TLR ligands to the cells, whereas in the classical pathway, it was added 

after 3.5h cell stimulation, and after 4h, nigericin or an equivalent volume of media 

(RPMI) was added. TNF secretion was measured via ELISA. (A) Experiments were 

performed in 5 individual donors from which one donor is displayed as mean ±SD of 

technical triplicates. (B, C) Pooled data are shown as mean ±SEM from 5 individual 

donors. Significance was determined using two tailed one sample t-test compared to (B) 

the response without punicalagin treatment or (C) the associated TLR ligand response 

in the presence of nigericin (control) which was set to 100% (***p≤0.001, **** p≤0.0001). 
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4.2 TLR-induced IL-1β is released independently of 
pyroptosis 

Pyroptosis is the cellular response upon the activation of inflammatory caspases 

and has been proposed as a mechanism by which IL-1β is released from cells 

activated via the classical NLRP3 inflammasome pathway. This event is mediated 

C
e

ll
 v

ia
b

il
it

y
F

lo
u

re
s
c
e
n

c
e
 (

5
6
0
/5

9
0
n

m
)A

B

Figure 4.3: Cell viability is unaffected upon punicalagin treatment. 

Primary human monocytes were unstimulated (us) or stimulated for 5.5h with 100ng/ml 

Pam3, 1ng/ml FSL-1, 10ng/ml LPS, 10ng/ml flagellin or 2µg/ml R-848 in the presence 

or absence of punicalagin or the vehicle control for punicalagin (methanol). In the 

alternative pathway, punicalagin or the vehicle control for punicalagin (methanol) was 

added with the TLR ligands to the cells, whereas in the classical pathway, it was added 

after 3.5h cell stimulation, and after 4h, nigericin or an equivalent volume of media 

(RPMI) was added. Cell viability was determined via a CellTiter-blue cell viability assay. 

(A) Experiments were performed in 5 individual donors from which one donor is 

displayed as mean ±SD of technical triplicates. (B) Pooled data are shown as mean 

±SEM from 5 individual donors. Significance was determined using two tailed one 

sample t-test compared to the TLR response in the absence of punicalagin or nigericin 

(control) which was set to 100% (****p≤0.0001).  



140 

by the formation of GSDMD pores in the membrane and is characterised by cell 

swelling and rupture of the membrane resulting in cell burst and leakage of the 

cytosolic contents (127). However, it has not yet been fully elucidated as to how IL-

1β leaves the cell when activated via the alternative pathway. Thus, the mechanism 

of how TLR-induced IL-1β is released from primary human monocytes was 

investigated. Monocytes were stimulated for 24 hours with Pam3, FSL-1, LPS, 

flagellin or R-848. After 22 hours, nigericin or the vehicle control was added to the 

cells. Pyroptosis was assessed by measuring the LDH release using a LDH 

cytotoxicity assay kit. 

The activation of TLRs alone did not substantially increase LDH release in 

comparison to unstimulated cells, although a trend towards enhanced LDH was 

observed in R848 stimulated cells, nevertheless, this did not reach significance. 

However, treatment with nigericin induced significantly increased levels of 

pyroptosis in unstimulated, Pam3, FSL-1, LPS and flagellin stimulated cells. 

Although not found significant, R-848 stimulated cells also exhibited slightly higher 

levels of LDH release in the presence of nigericin (Figure 4.4 A) 
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4.3 TLR7/8 activation triggers the cleavage of GSDMD 

In the classical inflammasome pathway, GSDMD is the executer of pyroptosis upon 

cleavage into a N-terminal domain, which oligomerises to form membrane pores to 

induce the inflammatory cell death that also serve as conduits for IL-1β release (92, 

127). If IL-1β leaves the cell via GSDMD pores following alternative inflammasome 

pathway activation, has not yet been shown. Thus, primary human monocytes were 

stimulated for 24 hours with Pam3, FSL-1, LPS, flagellin or R-848. After 22 hours, 

Figure 4.4: TLR-induced IL-1β is released independent of pyroptosis. 

Primary human monocytes were unstimulated (us) or stimulated for 24h with TLR 

ligands (100ng/ml Pam3, 1ng/ml FSL-1, 10ng/ml LPS, 10ng/ml flagellin, 2µg/ml R-848) 

in the presence or absence of nigericin or the vehicle control for nigericin (70% ethanol). 

(A) Lactate dehydrogenase (LDH) release was measured to assess pyroptosis (B) 

GSDMD cleavage was assessed by western blot. (A) Pooled data are displayed as 

mean ±SEM from 7 individual donors. (B) Experiments were performed in 3 individual 

donors from which one donor is displayed. (A) Significance was determined using a 

Friedman test (*p≤0.05, **p≤0.01, ***p≤0.001). 
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nigericin or the vehicle control was added to the cells and the cleavage of GSDMD 

was detected via Western blot.  

The analysis of GSDMD processing via western blot showed no detectable cleavage 

of GSDMD into the N-terminal p30 upon stimulation with Pam3, FSL-1, LPS or 

flagellin alone. Of note, R-848 stimulation did induce GSDMD cleavage. Where cells 

have additionally been activated with nigericin, a p30 GSDMD band was detectable 

for all TLRs (Figure 4.4 B).  

4.4 TLR-induced IL-1β is released via GSDMD  

As GSDMD is a substrate of caspase-1 and caspase-8 which are constitutively 

active in human monocytes (Figure 3.10, 3.11), a low level of GSDMD pore 

formation could facilitate IL-1β release in the alternative pathway that is below the 

level of detection by western blotting (127, 130). To explore this possibility, 

monocytes were treated with NSA, a small-molecule inhibitor that directly binds 

GSDMD to inhibit p30-GSDMD oligomerisation, therefore, suppressing the 

induction of pyroptosis and IL-1β release (358). Monocytes were stimulated for 5.5 

hours with Pam3, FSL-1, LPS, flagellin or R-848. After 3.5 hours, 5-20µM NSA or 

the vehicle control was added, followed by nigericin or RPMI 30 minutes later, after 

which the cells were incubated for a further 1.5 hours.  

The inhibition of GSDMD oligomerisation showed a suppressive effect on TLR-

induced IL-1β release. Compared to monocytes stimulated in the absence of NSA 

which was used as control and set to 100%, Pam3-induced IL-1β release was 

reduced to 49.23% (±8.157, p=0.0034), FSL-1-induced IL-1β release declined to 

67.10% (±7.752, p=0.0132), LPS-induced IL-1β was decreased to 52.52% (±7.58, 

p=0.0033) and R-848-induced IL-1β went down to 65.53% (±5.358, p=0.003) which 
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was not observed for flagellin-induced IL-1β (Figure 4.5 A, B). TLR-stimulated cells 

treated with nigericin also showed a lower release of IL-1β in the presence of NSA 

compared to cells stimulated in the absence of NSA. Pam3-induced IL-1β was 

decreased to 36.82% (±7.499, p=0.0011), FSL-1-induced IL-1β was reduced to 

37.02% (±11.54, p=0.0055), LPS-induced IL-1β release went down to 59.29% 

(±13.16, p=0.0365), flagellin-induced IL-1β release was lowered to 24.51% (±5.826, 

p=0.0003), and R-848-induced IL-1β declined to 58.05% (±13.59, p=0.0367) (Figure 

4.5 A, C).  
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Figure 4.5: TLR-induced IL-1β is released in a GSDMD-mediated mechanism. 

Primary human monocytes were unstimulated (us) or stimulated for 5.5h with 100ng/ml 

Pam3, 1ng/ml FSL-1, 10ng/ml LPS, 10ng/ml flagellin or 2µg/ml R-848. After 3.5h, 

necrosulfonamide (NSA) or the vehicle control for NSA (dimethyl sulfoxide (DMSO)) was 

added and after 4h, nigericin or an equivalent volume of media (RPMI) was added. IL-

1β secretion was measured via ELISA. (A) Experiments were performed in 5 individual 

donors from which one donor is displayed as mean ±SD of technical triplicates. (B, C) 

Pooled data as mean ±SEM from 5 individual donors. Significance was determined using 

two tailed one sample t-test compared to (B) the response without NSA treatment or (C) 

the associated TLR ligand response in the presence of nigericin (control) which was set 

to 100% (*p≤0.05, **p≤0.01, ***p≤0.001). 
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No significant difference in TNF secretion was detected (Figure 4.6). Cell viability of 

TLR-stimulated cells was not compromised upon NSA inhibitor treatment. However 

as expected, cells treated with nigericin, displayed a decline in cell viability which 

was ameliorated as increasing concentrations of NSA were added to the cells 

(Figure 4.7). 
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Figure 4.6: TNF secretion is unaffected by NSA treatment. 
Primary human monocytes were unstimulated (us) or stimulated for 5.5h with 100ng/ml 

Pam3, 1ng/ml FSL-1, 10ng/ml LPS, 10ng/ml flagellin or 2µg/ml R-848. After 3.5h, 

necrosulfonamide (NSA) or the vehicle control for NSA (dimethyl sulfoxide (DMSO)) was 

added and after 4h, nigericin or an equivalent volume of media (RPMI) was added. TNF 

secretion was measured via ELISA. Experiments were performed in 5 individual donors 

from which one donor is displayed as mean ±SD of technical triplicates. 
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4.5 Discussion 

In the classical NLRP3 pathway, the unconventional release of IL-1β depends on 

the permeabilisation of the plasma membrane, where IL-1β leaves the cells through 

GSDMD pores in the plasma membrane (92, 357). However, the role of GSDMD in 

the release of IL-1β in the alternative pathway in primary human monocytes has not 

yet been fully identified. It might be expected that an alternative mechanism for IL-

1β release may instead be involved in TLR activated monocytes, as pyroptosis is 

C
e

ll
 v

ia
b

li
ty

[%
 o

f 
T

L
R

 a
c

ti
v

a
ti

o
n

 w
it

h
o

u
t 

N
S

A
]

C
e

ll
 v

ia
b

li
ty

[%
 o

f 
T

L
R

 a
c

ti
v

a
ti

o
n

 w
it

h
o

u
t 

N
S

A
]

A

B

Figure 4.7: Inhibition of GSDMD pore formation prevents cell death. 
Primary human monocytes were unstimulated (us) or stimulated for 5.5h with 100ng/ml 

Pam3, 1ng/ml FSL-1, 10ng/ml LPS, 10ng/ml flagellin or 2µg/ml R-848. After 3.5h, 

necrosulfonamide (NSA) or the vehicle control for NSA (dimethyl sulfoxide (DMSO)) was 

added and after 4h, (A) an equivalent volume of media (RPMI) or (B) nigericin was 

added. Cell viability was determined via a CellTiter-blue cell viability assay. Pooled data 

are displayed as mean ±SEM from 5 individual donors.  
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not induced following activation by most TLRs apart from TLR7/8 where a modest 

increase was observed in the present study. This has also been reported in other 

studies which have shown that cells can release IL-1β without undergoing 

pyroptosis, such as in hyperactive macrophages in which IL-1β is released while 

maintaining viability (92). Several hyperactivating reagents, such as oxidized lipids 

derived from dead mammalian cells or N-acetyl glucosamine fragment of bacterial 

peptidoglycan, are driving an inflammasome-mediated IL-1β release without 

inducing cell death (359, 360). Yet, this mechanism requires the formation of 

GSDMD pores in the membrane (92). In agreement with that, the present study 

demonstrated that the release of IL-1β is facilitated by GSDMD pores in the 

alternative pathway. However, as the alternative IL-1β release was not associated 

with pyroptosis, it might be possible that the GSDMD pore formation is below the 

threshold which triggers the osmotic lysis of the cells but still leads to IL-1β release. 

This could be associated with the ability of removing GSDMD pores from the plasma 

membrane via the Ca2+ influx dependent endosomal sorting complexes required for 

transport machinery as has been demonstrated in macrophages (361). 

Although GSDMD pore formation is suggested to be the main mechanism of IL-1β 

release downstream of the classical inflammasome activation, other mechanisms 

have been proposed. Monteleone et al. identified two separate mechanisms which 

are supported by a polybasic motif within the mature IL-1β. This motif promotes the 

relocation to phosphatidylinositol 4,5-biphosphate enriched plasma membrane 

ruffles after cleavage. Thus, a GSDMD-independent exit mediates the slow 

unconventional secretion of IL-1β from non-pyroptotic cells. However, a rapid 

release happens via a GSDMD-dependent pathway (362). Another study suggested 

that IL-1β can be released from primary human monocytes independently of 
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GSDMD in response to TLR4 activation, in which LAMP2A+ vesicles mediate the IL-

1β release in a slowly manner followed by apoptosis. Conversely, when the cells 

were stimulated via the activation of TLR2, 4, and 7/8 simultaneously, the cells 

released IL-1β via GSDMD pores and in the presence of pyroptosis (345). However, 

as observed in the present study, GSDMD-NT pore formation in monocytes 

activated via the alternative pathway is below the level of detection by western 

blotting, thus IL-1β release may be partially mediated by GSDMD in the alternative 

inflammasome. By inhibiting the GSDMD pore formation pharmacologically with 

NSA, an inhibitor of the GSDMD pore formation, a previous study demonstrated that 

IL-1β release is facilitated through GSDMD pores in the membrane in the classical 

pathway (358). The cleavage of GSDMD in monocytes activated via the alternative 

pathway is possibly mediated by caspase-1 and caspase-8 both of which were 

found constitutively active in primary human monocytes in the present study (Figure 

3.10 and 3.11, respectively) and are capable of processing GSDMD (127, 130).  

Before the discovery of the suppressing function of NSA on the GSDMD-NT pore 

formation, punicalagin was commonly used to investigate the IL-1β release via the 

membrane. Punicalagin can inhibit dye uptake and LDH release, which are 

characteristics of the inflammasome-induced IL-1β release, due to its potent 

stabilising function of plasma membrane lipids (357, 362). In the present study, both 

agents, punicalagin and NSA, were used to investigate if the IL-1β release is 

dependent on membrane permeability. As their effect is remarkably similar, plasma 

membrane stabilisation with punicalagin and suppressing the formation of GSDMD 

pores in the membrane with NSA blocked the release of IL-1β following TLR 

stimulation in both the classical and alternative NLRP3 inflammasome pathway, 

apart from TLR5 activation via the alternative pathway where plasma membrane 
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stabilisation did not suppress IL-1β release. It remains unclear why TLR5-induced 

IL-1β was unaffected by the suppression of membrane permeability. It might be 

possible that IL-1β is released via a different mechanism, possibly through 

LAMP2A+ vesicles, as discussed earlier (345). In this release mechanism, 

punicalagin also had no effect on the LAMP2A+ dependent IL-1β release, whereas 

it prevented the ATP-induced release of IL-1β (345). Thus, further investigation is 

necessary to unveil if IL-1β uses a different exit route from TLR5-stimulated 

monocytes. 

Interestingly, punicalagin also inhibited TLR2, and to a small extent, TLR4-induced 

TNF secretion but only in the absence of nigericin. Thus, punicalagin may be 

actually working by a different mechanism as well. Recent studies have shown that 

punicalagin interferes with the NF-κB pathway, thereby inhibiting LPS-induced TNF 

in microglia as well as in RAW264.7 macrophages (363, 364). Nevertheless, if this 

would explain the decrease of TNF upon TLR2 and 4 activation in the presence of 

punicalagin, the question arises why this effect was not observed when cells were 

treated with nigericin in addition. However, this controversy remains to be explored. 

If punicalagin is also inhibiting the NF-κB pathway and thereby the expression of 

TNF or pro-IL-1β in monocytes upon TLR activation was unfortunately not 

investigated in the present study. An inhibitory effect of punicalagin on TLR4-

induced IL1B transcription in RAW264.7 macrophages was shown by Xu et al. 

(365). However, studies investigating the release of IL-1β did not report a lower 

production of pro-IL-1β on protein level due to a suppressive effect of punicalagin 

(366).  

TLR7/8 activation resulted in a considerable cleavage of GSDMD and a slight 

increase in LDH release. This could potentially explain why the stimulation of 
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TLR7/8 alone was sufficient to release the maximum on IL-1β after 24 hours of 

stimulation from monocytes where treatment with nigericin did not enhance the IL-

1β response as seen for other TLRs (Figure 3.4 A, B). Likewise, additional treatment 

with nigericin also did not boost LDH release remarkably as observed in TLR2 and 

4 (Figure 4.4 A). Similarly, TLR8 stimulation of human monocytes with 

Methanosphaera stadtmanae RNA, activates NLRP3 via a pathway which shares 

features of both the classical and alternative inflammasome pathway. Single-step 

stimulation with Methanosphaera stadtmanae resulted in a NLRP3 and caspase-1 

dependent IL-1β release associated with pyroptosis (355). The data of the present 

study indicate that TLR7/8 seems to primarily use the alternative pathway to induce 

IL-1β release. However, it could be possible that TLR7/8 activation might induce 

NLRP3 activation by triggering ROS. Groß et al. suggested that, following TLR7 and 

7/8 stimulation with the small molecular agonists imiquimod and CL097, 

respectively, triggered ROS-dependent NLRP3 inflammasome activation in murine 

bone-marrow-derived-dendritic cells (87). Similarly, stimulation of THP-1 cells with 

R-848 induced ROS which resulted in NLRP3 dependent IL-1β release (367). If 

ROS plays a role in the release of IL-1β following stimulation of TLR7/8 in primary 

human monocytes, an increase in LDH release should have occurred due to 

inflammasome activation as observed by Groß et al (87). However, a robust 

induction of pyroptosis upon TLR7/8 stimulation alone was not observed in the 

present study. Thus, the involvement of ROS in the TLR7/8-induced IL-1β release 

still needs to be investigated. 

Interestingly, in this study unprimed cells were also capable of undergoing 

pyroptosis upon treatment with nigericin. This agrees with a recently published study 

by Gritsenko et al. which reported that primary human monocytes do not require a 
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priming signal for NLRP3 inflammasome activation. Stimulation with nigericin alone 

resulted in the activation of caspase-1 and the cleavage of GSDMD, however no 

significant LDH release (88). In the present study, despite a robust increase of LDH 

release from unstimulated cells when treated with nigericin, no cleaved GSDMD-NT 

was observed in the western blot. In the study from Gritsenko et al, the GSDMD-NT 

band was very weak from unprimed cells treated with nigericin compared to LPS-

activated cells treated with nigericin when investigated by western blot. Moreover, 

their study also observed a faint cleaved GSDMD band in the supernatant, which 

however was not examined in the present study (88). Although priming was initially 

believed to be required to upregulate NLRP3 transcription upon activation of NF-κB 

signalling, in recent years, studies observed activation of NLRP3 independently of 

transcriptional regulation. Instead, post-translational modifications such as 

ubiquitination and phosphorylation can license NLRP3 and promote the assembly 

of the inflammasome (89, 136). Gritsenko et al. highlighted that the NLRP3 

inflammasome in primary human monocytes is a “ready to assemble” complex 

which makes it capable of inducing an early inflammatory response before IL-1β has 

been produced through the release of IL-18 which is constitutively expressed and 

central in initiating an inflammatory response by recruiting neutrophils (88). 

Although the induction of pyroptosis leads to a massive inflammatory response 

which can be induced at the site of infection, however, the cells will not be able to 

participate further in any immunomodulatory activities due to pyroptotic cell death. 

Therefore, maintaining viability and staying functionally active can be beneficial for 

primary human monocytes. The cells can secrete more cytokines which enables 

them to continue influencing immunomodulatory events (92). Fascinatingly, Zanoni 

et al. demonstrated that hyperactive dendritic cells which maintained viability while 
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secreting IL-1β are able to enhance T cell activation. This could be beneficial in case 

of vaccinations but also during infection with pathogens to support tissue recovery 

and the clearance of microbial products (359).  

In summary, these data demonstrate that in the alternative NLRP3 inflammasome 

pathway IL-1β is released via a permeable plasma membrane which appears to be 

partially mediated by GSDMD pore formation but at a level insufficient to induce 

pyroptosis for all TLRs investigated apart from TLR7/8 where higher levels of 

GSDMD cleavage was evident.  
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5 Chapter Five: The role of SARM1 in rheumatoid 
arthritis 

Chronic overproduction of IL-1β has been associated with several inflammatory and 

autoimmune diseases, including RA (62). A characteristic feature of RA is bone 

erosion which is triggered by pro-inflammatory mediators produced within the RA 

synovial tissue, mediating the differentiation of monocyte/macrophage lineage cells 

into osteoclasts (368). In particular, IL-1β is a strong contributor to cartilage and 

bone resorption. It regulates the expression of RANKL in stromal cells which is the 

main factor that induces osteoclast differentiation (369). Furthermore, IL-1β 

indirectly triggers osteoclast formation by enhancing prostaglandin E2 synthesis 

(370). In addition, IL-1β activates synovial fibroblasts to produce matrix 

metalloproteinases, which leads to degradation of the cartilage (371). In a murine 

collagen-induced arthritis model, blocking IL-1β was found to be protective against 

cartilage and joint destruction (372). However, directly targeting IL-1β 

therapeutically has not proven to be as effective in improving disease in patients 

with active RA compared to anti-TNF biologicals which are widely used as treatment 

for RA (216). Interestingly, targeting TNF has been more successful in ameliorating 

the disease but it also limits IL-1β production (214). Nevertheless, there is still a 

significant proportion of patients with active RA who do not respond to anti-TNF 

treatment (373).  

While several studies have demonstrated that IL-1β contributes to disease 

progression in RA, the underlying mechanisms of its dysregulated production in RA 

are still incompletely described. Recently, SARM1 was identified as a negative 

regulator of NLRP3-dependent IL-1β maturation (146). SARM1 inhibits the 

recruitment of ASC and the activation of caspase-1 and consequently the release 
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of IL-1β, through binding to NLRP3 through its TIR domain. Conversely, an absence 

of SARM1 has been demonstrated to lead to an increase in IL-1β release in mice 

(146). Additionally, our group has previously discovered that SARM1 may contribute 

to the pathogenesis of RA (326). Monocytes derived from RA patients with active 

disease presented low levels of SARM1 which also negatively correlated with the 

TLR1/2-induced IL-1β release. Remarkably, those patients responding to anti-TNF 

therapy exhibited a transient increase of SARM1 expression which was not 

observed in non-responders (326). However, the mechanism behind this process 

has not been investigated so far. As IL-1β plays a crucial role in contributing to the 

inflammation of joints observed in RA, this study explored the expression of the 

NLRP3 inflammasome components and SARM1, a negative regulator of NLRP3, in 

primary human monocytes from RA patients. Furthermore, as the expression of 

SARM1 changed in RA patients who responded to anti-TNF therapy, the regulation 

of SARM1 expression in primary human monocytes was investigated.  

5.1 PYCARD expression is higher in monocytes from 
ACPA negative RA patients 

In a recent publication from our group, monocytes derived from RA patients were 

shown to secrete enhanced levels of IL-1β upon stimulation with Pam3 to activate 

TLR1/2 compared to HCs which was not observed following activation of TLR4 and 

7/8. Additionally, it was demonstrated that the expression of SARM1 was elevated 

in RA monocytes and negatively correlated with DAS28. However, there was no 

correlation observed between NLRP3 and DAS28 (326). As part of this study, to 

explore if the expression of other components of the NLRP3 inflammasome may 

account for this increased level of IL-1β, the basal gene expression ASC (gene 

name PYCARD) and pro-caspase-1 (gene name CASP1) were measured via qPCR 

in primary human monocytes from RA patients and HCs. 
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Gene expression of PYCARD and CASP1 were not significantly different between 

RA and HC monocytes (Figure 5.1).  

 

However, a wide range of gene expression for each gene was evident within the RA 

group, with some donors showing similar levels to HCs, whereas others 

demonstrated considerably higher or lower expression. To evaluate if this spread of 

expression in RA monocytes was associated with disease severity, the expression 

of PYCARD and CASP1 were correlated with DAS28. No association was evident 

between disease activity and the expression of PYCARD and CASP1 (Figure 5.2).  
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Figure 5.1: Expression of PYCARD and CASP1 are similar between RA and HC 

monocytes. 
Primary human monocytes were isolated from whole blood collected from healthy 

controls (HC) and rheumatoid arthritis patients (RA). RNA was extracted and the 

expression of (A) ASC (PYCARD) (HC n=15; RA n=40) and (B) pro-caspase-1 (CASP1) 

(HC n=15; RA n=40), were measured by qPCR normalized to the geometric mean of 

GAPDH and HPRT1. (A-B) Pooled data are displayed as mean ±SEM. Significance was 

determined using two-tailed Mann-Whitney U-test. 
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The serological status of RF and ACPA have become an important factor for the 

diagnosis of RA (172). Although several studies linked seropositivity with a more 

erosive disease course, more recent studies reported that seronegative RA patients 

exhibit a higher baseline disease activity (374, 375). Additionally, ACPA were also 

suggested to activate the NLRP3 inflammasome which contributes to the production 

of IL-1β (195). Thus, the gene expression of the NLRP3 inflammasome components 

NLRP3, CASP1 and PYCARD, as well as SARM1 were compared between 

seropositive and seronegative RA patients. No significant differences in the 

expression of SARM1, NLRP3, PYCARD and CASP1 in monocytes were detected 

between RF+ and RF- RA patients. Likewise, the expression of SARM1, NLRP3 

and CASP1 were similar between ACPA+ and ACPA- patients (Figure 5.3). 

However, a significantly higher expression of PYCARD was evident in monocytes 

of ACPA- compared to ACPA+ RA patients (p=0.0201) (Figure 5.3 C). 

A B

Figure 5.2: PYCARD and CASP1 expression are not associated with disease activity.

Expression of (A) PYCARD (n=22) and (B) CASP1 (n=22) in primary human monocytes 

isolated from RA patients was correlated to the disease activity score in 28 joints 

(DAS28). Significance was analysed using a two-tailed Pearson’s test.  
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Figure 5.3: ACPA-negative rheumatoid arthritis patients exhibit higher PYCARD 

expression compared to ACPA-positive patients. 
Primary human monocytes were isolated from whole blood collected from seropositive 

and seronegative rheumatoid arthritis patients. RNA was extracted and the expression 

of SARM1 was measured by qPCR normalized to the geometric mean of GAPDH and 

HPRT1. (A) SARM1 (B) NLRP3 (C) PYCARD and (D) CASP1 expression was compared 

by rheumatoid factor (RF) (n(SARM1)=19, n(NLRP3)=16, n(PYCARD)=29, 

n(CASP1)=28) or anti-citrullinated protein antibodies (ACPA) (n(SARM1)=23, 

n(NLRP3)=20, n(PYCARD)=36, n(CASP1)=35) status. Pooled data are displayed as 

mean ±SEM. Significance was determined using two-tailed unpaired t-test (unlabelled) 

or Mann-Whitney U-test (labelled with #) (*p≤0.05). (A, B) Re-analysis of data provided 

by Ryan Thwaites. 
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5.2 LPS stimulation upregulates SARM1 protein 
expression 

To prevent excessive and harmful inflammatory responses, TLR signalling can be 

controlled through negative regulators. Their upregulation is often induced by TLR 

ligands to mediate the termination of signalling pathways. Loss or an insufficient 

upregulation of an individual negative regulator may result in overactivation of TLR 

signalling (376). Accordingly, SARM1 was observed to negatively regulate IL-1β 

secretion by suppressing the assembly of the NLRP3 inflammasome in murine 

monocytes (146). Interestingly, an inverse relationship between the basal 

expression of SARM1 mRNA and TLR1/2-induced IL-1β secretion was observed, 

however, quite surprisingly this was not observed for TLR4 or TLR7/8-induced IL-

1β secretion (326). If SARM1 is induced following cell activation, the expression of 

SARM1 in response to TLR stimulation was examined at the mRNA and protein 

level.  

To determine an optimal time-point to measure SARM1 mRNA expression, a 24-

hour time course was performed. As pre-liminary, unpublished data of our group 

showed that Pam3 is not upregulating the expression of SARM1 in monocytes 

derived from RA patients and HCs, primary human monocytes were unstimulated 

or stimulated with LPS and harvested after 2, 4, 6, 8, 10 and 24 hours, then mRNA 

expression was measured by qPCR. Peak induction was observed at 6 hours 

following activation of TLR4 relative to unstimulated cells (Figure 5.4 A). This time 

point was then used in further experiments. In the following, primary human 

monocytes were stimulated with Pam3, FSL-1, LPS, flagellin or R-848 for 6 hours 

to measure mRNA levels or 24 hours to assess protein level by Western blotting.  
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Both LPS and R-848 stimulation upregulated SARM1 transcription. Upon TLR4 

activation, the expression increased with a fold change of 1.894 (±0.2064, 

p=0.0032) and upon TLR7/8 activation with a fold change of 2.46 (±0.2859, 

p<0.0001) compared to unstimulated cells (Figure 5.4 B). At the protein level, 

SARM1 was only significantly upregulated in LPS stimulated cells with a fold change 

of 1.638 (±0.2370, p=0.0297). R-848-induced SARM1 protein expression increased 

with a fold change of 1.511 (±0.2049, p=0.1082), however, this did not reach 

significance. Pam3, flagellin and FSL-1 stimulation had no effect on SARM1 

expression (Figure 5.4 C, D).  

  



159 

 

 

Figure 5.4: SARM1 protein expression increases upon TLR4 stimulation. 

Primary human monocytes were stimulated for (A, C, D) 24h or (B) 6h with 100ng/ml 

Pam3, 10ng/ml LPS, 10ng/ml flagellin, 2µg/ml R-848 or 1ng/ml FSL-1. (A, B) SARM1 

mRNA expression was measured via qPCR. (C, D) SARM1 protein expression was 

examined via Western blotting. Expression level was assessed via densitometry 

normalized to total protein loading. (A) Data are displayed from a single experiment. (B, 

D) Pooled data are displayed as mean ±SEM from 7-8 individual donors. (C) Western 

blots are representative of 8 individual donors. Significance was determined (B) in using 

a one-way ANOVA and in (D) using a Kruskal-Wallis test using Dunnett´s multiple 

comparisons test (*p≤0.05, **p≤0.01, **** p≤0.0001). 
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5.3 The effect of cytokines on SARM1 expression  

SARM1 expression was observed to increase in monocytes from RA patients that 

responded to anti-TNF therapy (326). However, non-responders, who were 

classified according to the EULAR response criteria, showed no increase in SARM1 

expression at 24 hours or 3 months after initiating the therapy (326, 377). As TNF 

is considered to be as master cytokine regulating the expression of many other 

inflammatory mediators, the influence of cytokines on SARM1 expression at mRNA 

and protein level were explored (378).  

To determine the optimal cytokine concentrations for SARM1 expression upon 

stimulation, cytokines were used at 0-50ng/ml IL-1β, 0-100ng/ml IL-6, 0-100U/ml 

IFNγ and 0-50ng TNF. For stimulation with IL-1β, 10ng/ml was chosen, IL-6 and 

TNF were used at a concentration of 50ng/ml and 50 U/ml IFNγ was applied for cell 

stimulation in further experiments (Figure 5.5 A).   
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Primary human monocytes were stimulated with IL-1β, IL-6, IFNγ or TNF for 6 hours 

to measure the mRNA level or 24 hours to assess the protein level by Western 

blotting. Compared to unstimulated cells, the transcription of SARM1 was 

significantly upregulated only upon stimulation with IFNγ (1.572-fold ±0.1704, 

p=0.0025) (Figure 5.5 B). However, SARM1 protein levels were unchanged upon 

cytokine stimulation (Figure 5.6 A, B). Although not significant, there was a trend 

towards a decrease in SARM1 protein expression upon TNF stimulation in several 

donors. 
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Figure 5.5: Stimulation with IFNγ upregulates SARM1 mRNA expression. 

Primary human monocytes were stimulated for 6h with cytokines ((A) 0-50ng/ml IL-1β, 

0-100ng/ml IL-6, 0-100U/ml IFNγ or 0-50ng/ml TNF and (B) 10ng/ml IL-1β, 50ng/ml IL-

6, 50U/ml IFNγ or 50ng TNF). The expression of mRNA was measured via qPCR. (A) 

Data are shown from a single experiment. (B) Pooled data are displayed as mean ±SEM 

from 7 individual donors. Significance was determined using a one-way ANOVA using 

Dunnett´s multiple comparisons test (**p≤0.01). 
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5.4 Discussion 

The NLRP3 inflammasome is likely to contribute to RA pathogenesis by mediating 

the processing and release of IL-1β. RA patients exhibit increased plasma IL-1β 

levels which correlate with disease activity (379). Moreover, increased expression 

of the NLRP3 inflammasome components NLRP3, ASC, caspase-1 and enhanced 

activity of NLRP3 was evident in peripheral blood cells of RA patients with active 

disease (160). IL-1β has also been linked to synovial inflammation and cartilage 

erosion, where NLRP3 and caspase-1 are increased in synovial monocytes derived 

Figure 5.6: Cytokines do not significantly increase SARM1 expression. 

Primary human monocytes were stimulated for 24h with 10ng/ml IL-1β, 50ng/ml IL-6, 

50U/ml IFNγ or 50ng TNF. (A) Western blot of SARM1 expression is representative of 

8 individual donors. (B) Pooled densitometry data normalized to total protein loading are 

displayed as mean ±SEM from 8 individual donors. Significance was determined using 

a one-way ANOVA using Dunnett´s multiple comparisons test.  
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from RA patients (193). Similarly, in the murine CIA model, increased expression of 

NLRP3 in the synovial cells was highly correlated with the clinical score (194). 

Treatment of CIA mice with MCC950 alleviated synovial inflammation and cartilage 

erosion (193).  

In addition, the low expression of SARM1, a negative regulator of NLRP3, in 

monocytes from RA patients with active disease may also partially contribute to the 

production of IL-1β in RA (146, 326). Upon stimulation of TLR1/2, RA monocytes 

induced higher levels of IL-1β secretion compared to HC monocytes which was not 

observed following stimulation with LPS and R-848. Interestingly, the TLR1/2-

induced IL-1β was also correlated with a low SARM1 expression in RA monocytes 

(326). Cells often induce negative feedback loops to dampen down the immune 

response. A deficiency in negative regulation may lead to the development of 

diseases due to the overreaction of continuous signalling (380). The present study 

demonstrates that following stimulation with LPS and R-848, SARM1 expression 

was upregulated however, this was not observed upon Pam3 activation. Hence, this 

could be the reason for the enhanced IL-1β release from RA monocytes activated 

by TLR1/2. The upregulation of SARM1 in response to LPS and R-848 may 

compensate for the low basal SARM1 level observed in monocytes from RA patients 

with active disease (326).  

In contrast to other studies, where PBMCs of RA patients have elevated basal 

expression of NLRP3, CASP1 and PYCARD, the constitutive expression of these 

inflammasome components was not significantly different between RA and HC 

monocytes in this study, although a spread of the expression level within the RA 

cohort was observed (326, 381, 382). Specifically, in the expression CASP1 and 

PYCARD, many donors showed a trend towards increased expression. 
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Nevertheless, this discrepancy could be explained by the fact that the present study 

investigated the expression levels from purified monocytes, whereas PBMCs 

include a wide diversity of white blood cells, with only 10-20% monocytes (383). The 

spread of the SARM1 expression level could be partially explained by its negative 

correlation with disease activity. However, no relationship of the expression of 

NLRP3, PYCARD and CASP1 with disease activity was observed (326). 

Additionally, the range of SARM1, NLRP3 and CASP1 expression was not 

explained by comparing the expression in monocytes between seropositive and 

seronegative RA patients as this was found to be similar. However, a surprising 

finding was that the expression of PYCARD is higher in monocytes of RA patients 

who have a negative ACPA status. ASC, which is encoded by PYCARD, generally 

has a pro-inflammatory function as an important component of the NLRP3 

inflammasome. The basal expression of ASC was found upregulated in peripheral 

blood cells in RA which also showed enhanced NLRP3 activity compared to HCs 

(160). Additionally, in a murine antigen-induced arthritis model, mice deficient in 

ASC showed a decreased severity of antigen-induced arthritis and reduced levels 

of synovial IL-1β (384). Moreover, it has been reported that ACPA+ patients exhibit 

higher IL-1β levels in synovial tissue (195). Hence, one would expect to have 

upregulated ASC expression in ACPA+ patients rather than in ACPA- patients. 

Conversely, a study by Nordberg et al. reported that seronegative RA patients in 

their early disease stage of disease exhibit higher disease activity with more joints 

being swollen and higher inflammatory activity (375). Nevertheless, the time since 

diagnosis of the patient cohort of the present study at the time of sample collection 

varied between less than a year up to 48 years. Thus, it is unclear whether or how 

the upregulated expression of PYCARD in monocytes of ACPA- RA patients is 

affecting the disease pathogenesis compared to ACPA+ patients. Therefore, the 
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regulation of ASC expression in RA patients and its role in influencing the disease 

requires further investigation. 

In addition to IL-1β, TNF is also a significant mediator which contributes to the 

inflammation in RA (385). It is a master cytokine which is a key player within a 

complex network of cytokines by regulating many pro-inflammatory responses. This 

is evident in RA patients where anti-TNF therapy results in reduced levels of several 

cytokines and adhesion molecules, including IL-6, IL-1β, IL-8 and MCP-1 (386). As 

demonstrated by the study of our group, inhibition of TNF also affects the expression 

of SARM1 in RA monocytes of patients who responded to the anti-TNF therapy 

(326). In addition, the presence of TNF resulted in decreased SARM1 expression in 

some donors in the present study, which supports the possibility that there may be 

a regulatory role of TNF. However, this effect was not observed in all donors. It could 

be that the full regulatory mechanism of TNF requires longer than a 24h incubation 

in some donors and will likely be dependent on the half-life of SARM1. For example, 

siRNA knockdown of SARM1 in T cells takes at about 3 days until a significant 

decrease of SARM1 expression is achieved (157). Generally, circulating monocytes 

have a lifespan from a couple of days up to 1 week within the human blood (387). 

Thus, in RA patients, monocytes will most likely be exposed to TNF for longer than 

24 hours and the effect of TNF on SARM1 expression might require a longer 

incubation period.  

Taken together, the data demonstrate that in primary human monocytes SARM1 

expression is induced upon the stimulation with LPS and R-848 potentially 

functioning as a negative feedback loop to control the release of IL-1β. However, 

the upregulation of SARM1 was not observed in Pam3 stimulated cells which could 

be detrimental in RA patients with active disease where SARM1 is expressed at low 
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levels. Additionally, TNF might be a contributor to the low SARM1 expression in RA 

patients, as stimulation with TNF downregulated SARM1 protein expression in 

several donors. However, this needs to be further investigated.  
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6 Chapter Six: Monocyte mediated immune 
response to SARS-CoV-2 

Infection with SARS-CoV-2 activates the host immune system inducing both pro-

inflammatory and anti-viral responses. Monocytes are key players involved in the 

innate immune response against SARS-CoV-2. This virus has been shown to 

efficiently infect monocytes leading to the production of immunoregulatory cytokines 

such as IL-6, IL-1β, TNF and IL-10 (298). Furthermore, THP-1 cells and murine bone 

marrow-derived macrophages can recognise SARS-CoV-2 derived peptides and 

RNA. The viral S protein was suggested to activate TLR2 and TLR4 (255, 258). 

Moreover, the viral RNA can be sensed by TLR8 and the cytosolic receptors RIG-I 

and MDA5 (252-254). In addition, it was demonstrated that the NLRP3 

inflammasome is engaged as part of the innate immune response against SARS-

CoV-2. The N protein was reported to promote NLRP3 inflammasome activation 

(300). Also, in vitro infection of primary human monocytes with the virus triggered 

the activation of the NLRP3 inflammasome as measured by caspase-1 activation 

and IL-1β release. Moreover, high concentration of active caspase-1 and IL-18 in 

sera, and NLRP3 and ASC specks in PBMCs from COVID-19 patients were 

detected, suggesting inflammasome activity in infected individuals. Interestingly, 

positive correlations of active caspase-1 and IL-18 levels with inflammatory markers 

such as CRP, LDH and ferritin were observed (161). Further, clinical studies 

revealed that treatment with high-dose anakinra, an IL-1β-receptor antagonist, was 

associated with clinical improvement and reduced mortality among patients with 

severe COVID-19 (301, 388).  

Monocytes are also major contributors to the immunopathogenesis of COVID-19 as 

the cells infiltrate the lung of severe and critical COVID-19 patients and produce 
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high levels of pro-inflammatory cytokines and chemokines triggering local 

inflammation causing severe tissue damage resulting in lung pathology (296, 389). 

Additionally, a specific monocyte population derived from peripheral blood from 

COVID-19 patients was observed exhibiting changes in morphology and activation 

status which correlates with prognosis and severity of COVID-19. Further analysis 

showed that this specific monocyte population secrete high levels of pro-

inflammatory markers such as IL-6 and TNF as well as macrophage markers 

indicating that the cells start to differentiate into macrophages (293). Even 3 weeks 

after recovery from COVID-19, individuals exhibit a sustained prevalence of 

circulating, inflammatory monocytes (390). Moreover, 3 months after recovery from 

COVID-19, convalescent COVID-19 donors showed an elevated proportion of IL-6 

and TNF producing blood monocytes following stimulation of TLR4, indicating that 

exposure to SARS-CoV-2 might lead to a trained immunity in monocytes (391). 

Thus, as changes in the immune response of monocytes from convalescent COVID-

19 donors were still observed 3 months after recovery from COVID-19, this study 

explored if exposure to SARS-CoV-2 leads to changes in the basal expression of 

host response genes and the cytokine response upon stimulation of receptors which 

were suggested to be activated by SARS-CoV-2 3-6 months after SARS-CoV-2 

infection. Furthermore, SARS-CoV-2-derived peptides were suggested to activate 

TLR2 and TLR4, as well as the NLRP3 inflammasome, therefore, this study 

investigated the cytokine response to SARS-CoV-2-derived peptides in primary 

human monocytes from healthy blood donors. 
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6.1 SARS-CoV-2 peptides do not activate an IL-1β and TNF 
response in primary human monocytes 

Several studies suggested that the SARS-CoV-2 derived S protein can trigger the 

secretion of cytokines from several different cell types. Stimulation of PBMCs with 

the recombinant spike S1 glycoprotein activated the secretion of pro-inflammatory 

cytokines including TNF, IL-6, IL-1β and IL-8 (392). Furthermore, it was shown in 

murine and human macrophages, that the S1 protein induces a pro-inflammatory 

response via TLR4 signalling (256). Similarly, the full-length S protein was capable 

of activating TLR4 in THP-1 cells, leading to the mRNA expression of IL1B (393). 

Additionally, the N protein was reported to promote NLRP3 activation by direct 

interaction. Through this property, the N protein promotes inflammation and induces 

lung injury in mice (300).  

Thus, to investigate if SARS-CoV-2 derived peptides induce the release of IL-1β 

and TNF from primary human monocytes, cells were stimulated for 24 hours with 

the FL-S protein, the RBD protein, the S2 subunit of the S protein (S2) and the N 

protein derived from the Wuhan-Hu-1 SARS-CoV-2 virus variant which was first 

identified in China in December 2019 (Figure 1.6, adapted from (A) (247) and (B) 

(248)). Additionally, LPS was used as a positive control, and BSA was used to 

ensure that the equivalent amount of protein added to the cells does not lead to the 

induction of cytokine release. To investigate if NLRP3 inflammasome activation 

amplifies the IL-1β response, two hours before the end of the experiment, nigericin 

or RPMI was added to the cells. IL-1β and TNF secretion were measured from the 

supernatants via ELISA.  

Stimulation of primary human monocytes with SARS-CoV-2 derived peptides or 

BSA did not induce the secretion of IL-1β, while activation of TLR4 with LPS resulted 
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in IL-1β release. Treatment with nigericin to activate the NLRP3 inflammasome 

enhanced only the IL-1β release from LPS-primed cells. Although a modest increase 

of IL-1β release was observed in cells treated with BSA or SARS-CoV-2 derived 

peptides upon nigericin treatment, the levels of IL-1β were not much greater than 

the background and no dose-dependent increase was detected (Figure 6.1 A). 

Moreover, only monocytes stimulated with LPS secreted TNF, whilst cells treated 

with BSA or SARS-CoV-2 derived peptides only showed a very low level TNF 

secretion and again without a dose-dependent response (Figure 6.1 B). This 

indicates that it is unlikely that SARS-CoV-2 peptides neither prime primary human 

monocytes nor directly activate the inflammasome. 
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6.2 SARS-CoV-2 induces sustained changes in the basal 
expression of monocyte host response genes 

Interestingly, it has been previously reported that blood monocytes from 

convalescent patients maintained a greater propensity to produce TNF and IL-6 

upon stimulation with LPS 12 weeks after infection. The cells also had increased 
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Figure 6.1: Stimulation of primary human monocytes with SARS-CoV-2 peptides 

does not induce a robust IL-1β and TNF secretion. 

Primary human monocytes were unstimulated or stimulated for 24h with LPS (10ng/ml), 

12.5-200nM bovine serum albumin (BSA) and SARS-CoV-2 peptides (N, nucleocapsid 

protein; RBD, receptor binding domain; S2, S2 domain of spike protein; FL-S, full-length 

spike protein). Two hours before the end of the experiment, nigericin or an equivalent 

volume of media (RPMI) was added. Secretion of (A) IL-1β and (B) TNF were measured 

by ELISA. Experiments were performed in 3 individual donors from which one donor is 

displayed as mean ±SD of technical triplicates.  
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levels of markers for leukocyte migration. This indicates that infection with SARS-

CoV-2 could lead to persistent changes in the innate immune response (391). In 

response to particular infectious agents, monocytes and their progenitor 

haematopoetic stem cells are capable of undergoing epigenetic reprogramming 

which leads to the generation of an innate immune memory. In case of an increased 

inflammatory property of monocytes (also termed trained immunity) epigenetic 

reprogramming results in changes in gene expression. These modifications in their 

transcriptional profile could lead to an altered immune response upon a subsequent 

challenge (27, 28). Although monocytes did not respond to the SARS-CoV-2-

derived peptides, the cells are most likely activated by RNA and/or possibly by the 

other proteins, such as ORF7a (259, 394). To investigate if primary human 

monocytes exhibit changes in the gene expression 3-6 months after infection with 

SARS-CoV-2, a NanoString nCounter assay was performed to measure the basal 

expression of host response genes from convalescent COVID-19 donors which was 

compared to samples from SARS-CoV-2 naïve healthy individuals.  

Following normalisation, 467 of 785 genes with counts >0 and a signal to noise ratio 

>1 were included in the statistical analysis. PCA showed no separation in clustering 

of the different groups (Figure 6.2).  
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However, analysis of samples from COVID-19 donors who experienced mild or 

severe symptoms compared to samples from SARS-CoV-2 naïve HCs revealed that 

host response genes were still differentially expressed 3-6 months after SARS-CoV-

2 infection. In mild COVID-19 donors, 36 genes were found upregulated and 7 

genes downregulated compared to HCs (Figure 6.3 A, C, Figure 6.4, Figure 6.5, 

Table 6.1 and Table 6.2).  

  

Figure 6.2: No separate clustering of the different patient groups was observed. 

Principal component analysis of 467 immune gene expression levels in counts 

comparing the clustering of SARS-CoV-2 naïve healthy controls (HC) with recovered 

COVID-19 donors who experienced mild or severe symptoms. Unit variance scaling is 

applied to rows; SVD with imputation is used to calculate principal components. X and 

Y axis show principal component 1 and principal component 2 that explain 26% and 

11% of the total variance, respectively. Prediction ellipses are such that with probability 

0.95, a new observation from the same group will fall inside the ellipse; n = 23; Plot was 

prepared with https://biit.cs.ut.ee/clustvis/ (https://doi.org/10.1093/nar/gkv468).  
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Figure 6.3: Differentially expressed gene analysis of convalescent COVID-19 donors 

compared to healthy controls (HC). 
(A, B) Volcano plots demonstrating differential gene expression of monocytes from (A) 

mild COVID-19 donors (n=8) or (B) severe COVID-19 donors (n=8) in comparison to HC 

monocytes (n=7). The log2-fold change values are plotted on the x-axis and compared 

to the p-value on the y-axis. The horizontal dashed line shows p-value = 0.05, the vertical 

dashed line shows a log2 fold change of -0.5 (left line) or 0.5 (right line). Significance 

was determined using unpaired t-tests. (C) Venn diagrams presenting downregulated 

(left) and upregulated (right) genes in monocytes from recovered COVID-19 donors 

compared to HC monocytes with showing overlaps between patients with mild and 

severe symptoms. 
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Gene Full name 
log2-fold 
change 

p-value 

Upregulated 

CXCL3 C-X-C motif chemokine ligand 3 3.0 0.0125 

PFKFB3 
6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 3 

2.2 <0.0001 

PRDM1 PR/SET domain 1 2.2 0.0009 

CXCL2 C-X-C motif chemokine ligand 2 2.0 0.0051 

DDIT3 DNA damage inducible transcript 3 1.9 <0.0001 

OSM Oncostatin M 1.8 0.0113 

CCL4L1L2 C-C motif chemokine ligand 4 1.7 0.0183 

THBS1 Thrombospondin 1 1.6 0.0428 

GADD45B Growth arrest and DNA damage inducible beta 1.5 <0.0001 

MAFB MAF bZIP transcription factor B 1.5 0.0083 

NAMPT Nicotinamide phosphoribosyltransferase 1.4 0.0155 

PLAUR Plasminogen activator, urokinase receptor 1.4 0.0004 

VEGFA Vascular endothelial growth factor A 1.4 <0.0001 

CXCR4 C-X-C motif chemokine receptor 4 1.4 <0.0001 

ICOSLG Inducible T cell costimulator ligand 1.3 0.0009 

SLC2A3 Solute carrier family 2 member 3 1.3 0.0078 

CXCL8 C-X-C motif chemokine ligand 8 1.2 0.0370 

C3AR1 Complement C3a receptor 1 1.2 0.0213 

SOCS3 Suppressor of cytokine signaling 3 1.1 0.0097 

WIPI1 
WD repeat domain, phosphoinositide interacting 
1 

1.0 0.0132 

RIPK2 Receptor interacting serine/threonine kinase 2 1.0 0.0021 

TNF Tumor necrosis factor 1.0 0.0001 

MAP3K8 Mitogen-activated protein kinase kinase kinase 8 0.8 0.0011 

FOXO1 Forkhead box O1 0.8 0.0054 

CXCL16 C-X-C motif chemokine ligand 16 0.8 0.0073 

NFE2L2 Nuclear factor, erythroid 2 like 2 0.8 0.0005 

NLRP3 NLR family pyrin domain containing 3 0.7 0.0108 

CEBPB CCAAT enhancer binding protein beta 0.7 0.0050 

MAPKAPK2 MAPK activated protein kinase 2 0.7 0.0217 

PLEK Pleckstrin 0.6 0.0079 

DDAH2 Dimethylarginine dimethylaminohydrolase 2 0.6 0.0103 

BCL3 
B-Cell Leukemia/Lymphoma 3 transcription 
coactivator 

0.6 0.0451 

MAP3K1 Mitogen-activated protein kinase kinase kinase 1 0.6 0.0056 

CRK CRK proto-oncogene, adaptor protein 0.5 0.0104 

ATF4 Activating transcription factor 4 0.5 0.0009 

EIF2AK3 
Eukaryotic translation initiation factor 2 alpha 
kinase 3 

0.5 0.0332 

 

Table 6.1: Upregulated genes in recovered COVID-19 donors with mild symptoms (n=8) 

compared to HCs (n=7).   

Significance was determined using unpaired t-tests. 
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Gene Full name 
log2-fold 
change p-value 

Downregulated 

CCR2 C-C motif chemokine receptor 2 -0.6 0.0458 

IRF1 Interferon regulatory factor 1 -0.6 0.0166 

DDX58 DExD/H-box helicase 58 -0.7 0.0454 

IFIH1 Interferon induced with helicase C domain 1 -0.7 0.0027 

IL7R Interleukin 7 receptor -1.8 0.0125 

IL32 Interleukin 32 -2.0 0.0152 

FAM30A Family with sequence similarity 30 member A -2.3 0.0311 
 

Table 6.2: Downregulated genes in recovered COVID-19 donors with mild symptoms (n=8) 

compared to HCs (n=7). 

 

In severe COVID-19 donors, 36 genes were upregulated, whereas 13 genes were 

downregulated (Figure 6.3B, C, Figure 6.4, Figure 6.5, Table 6.3 and Table 6.4). Of 

these DEGs, 26 upregulated and 3 downregulated genes were found in both the 

mild and severe COVID-19 groups (Figure 6.3). 

  

Significance was determined using unpaired t-tests. 
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Gene Full Name 
log2-fold 
change p-value 

Upregulated 

CXCL1 C-X-C motif chemokine ligand 1 3.9 0.0007 

PRDM1 PR/SET domain 1 2.5 0.0237 

PFKFB3 
6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 3 

2.2 <0.0001 

OSM Oncostatin M 1.9 0.0169 

C3AR1 Complement C3a receptor 1 1.7 0.0221 

PLAUR Plasminogen activator, urokinase receptor 1.7 0.0090 

NAMPT Nicotinamide phosphoribosyltransferase 1.6 0.0066 

MAFB MAF bZIP transcription factor B 1.6 0.0047 

DDIT3 DNA damage inducible transcript 3 1.5 <0.0001 

CXCL8 C-X-C motif chemokine ligand 8 1.4 0.0284 

SOCS3 Suppressor of cytokine signalling 3 1.4 0.0017 

CXCR4 C-X-C motif chemokine receptor 4 1.3 0.0012 

GADD45B Growth arrest and DNA damage inducible beta 1.3 0.0043 

SLC2A3 Solute carrier family 2 member 3 1.3 0.0015 

MARCO Macrophage receptor with collagenous structure 1.1 0.0020 

VEGFA Vascular endothelial growth factor A 1.1 0.0053 

ICOSLG Inducible T cell costimulator ligand 1.1 0.0317 

RIPK2 Receptor interacting serine/threonine kinase 2 1.0 0.0147 

CCR1 C-C motif chemokine receptor 1 1.0 0.0399 

NLRP3 NLR family pyrin domain containing 3 0.9 0.0025 

CXCL16 C-X-C motif chemokine ligand 16 0.9 0.0044 

TNF Tumor necrosis factor 0.8 0.0038 

HLX H2.0 like homeobox 0.8 0.0129 

MAP3K8 
Mitogen-activated protein kinase kinase kinase 
8 

0.7 0.0149 

NFE2L2 Nuclear factor, erythroid 2 like 2 0.7 0.0003 

LILRA3 Leukocyte immunoglobulin like receptor A3 0.7 0.0167 

MAPKAPK2 MAPK activated protein kinase 2 0.7 0.0264 

PLEK Pleckstrin 0.7 0.0021 

S100A12 S100 calcium binding protein A12 0.6 0.0318 

DDAH2 Dimethylarginine dimethylaminohydrolase 2 0.6 0.0302 

C5AR1 Complement C5a receptor 1 0.6 0.0343 

BCL6 BCL6 transcription repressor 0.6 0.0064 

RELB RELB proto-oncogene, NF-kB subunit 0.6 0.0090 

CEBPB CCAAT enhancer binding protein beta 0.6 0.0230 

ULK1 Unc-51 like autophagy activating kinase 1 0.6 0.0281 

FOXO1 Forkhead box O1 0.6 0.0301 

 

Table 6.3: Upregulated genes in recovered COVID-19 donors with severe symptoms (n=8) 

compared to HCs (n=7). 

  

Significance was determined using unpaired t-tests. 
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Gene Full Name 
log2-fold 
change p-value 

Downregulated 

PRKCA Protein kinase C alpha -0.5 0.0400 

OAS2 2'-5'-oligoadenylate synthetase 2 -0.5 0.0429 

CBLB Cbl proto-oncogene B -0.6 0.0468 

DTX3L Deltex E3 ubiquitin ligase 3L -0.6 0.0071 

STAT1 Signal transducer and activator of transcription 1 -0.6 0.0077 

TRIM21 Tripartite motif containing 21 -0.6 0.0492 

OAS1 2'-5'-oligoadenylate synthetase 1 -0.6 0.0366 

IFI16 Interferon gamma inducible protein 16 -0.6 0.0279 

IRF1 Interferon regulatory factor 1 -0.6 0.0145 

PTPN4 Protein tyrosine phosphatase non-receptor type 4 -0.8 0.0107 

GBP1 Guanylate binding protein 1 -0.9 0.0292 

IFIH1 Interferon induced with helicase C domain 1 -1.1 0.0002 

DDX58 DExD/H-box helicase 58 -1.1 0.0022 

 

Table 6.4: Downregulated genes in recovered COVID-19 donors with severe symptoms 

(n=8) compared to HCs (n=7). 

  

Significance was determined using unpaired t-tests. 
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Figure 6.4, page 1-3: Relative gene expression of upregulated genes in monocytes 

from convalescent COVID-19 donors. 

Plots show relative expression of upregulated genes identified in differential gene 

expression analysis of monocytes derived from recovered COVID-19 donors 

experiencing mild or severe symptoms (each group n=8) compared to healthy controls 

(HC) (n=7). Pooled data are displayed as mean ±SEM of the relative expression to the 

mean of the HC group. Significance was determined using a one-way ANOVA with 

Dunnet‘s multiple comparisons test (unlabelled) or a Kruskal-Wallis test with Dunnet‘s 

multiple comparisons test (labelled with #) (*p≤0.05, **p≤0.01, ***p≤0.001).  
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Figure 6.5: Relative gene expression of downregulated genes in monocytes from 

convalescent COVID-19 donors. 
Plots show relative expression of downregulated genes identified in differential gene 

expression analysis of monocytes derived from recovered COVID-19 donors 

experiencing mild or severe symptoms (each group n=8) compared to healthy controls 

(HC)(n=7). Pooled data are displayed as mean ±SEM of the relative expression to the 

mean of the HC group Significance was determined using a one-way ANOVA with 

Dunnet‘s multiple comparisons test (unlabelled) or a Kruskal-Wallis test with Dunnet‘s 

multiple comparisons test (labelled with #)(*p≤0.05, **p≤0.01, ***p≤0.001).  
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Interestingly, NLRP3 was upregulated in both the mild and severe COVID-19 group 

compared to HCs (Figure 6.3A-C). In the mild group, NLRP3 was upregulated with 

a fold change of 1.638 (±0.1851, p=0.0554), and in the severe group it was altered 

with a fold change of 1.889 (±0.2083, p=0.0064) (Figure 6.4, page 2). Also several 

other genes involved pro-inflammatory responses were upregulated in the COVID-

19 groups, this includes chemokines, such as C-X-C motif ligand (CXCL)1, CXCL2 

and CXCL8, complement component receptor C3AR1 (gene name for complement 

component 3a receptor 1) and C5AR1 (gene name for complement component 5a 

receptor 1), genes promoting inflammation including TNF and MAP3K8 (gene name 

for mitogen-activated protein kinase kinase kinase 8), genes involved in metabolic 

processes such as PFKFB3 (gene name for 6-phosphofructo-2-kinase), DDAH2 

(gene name for dimethylarginine dimethylaminohydrolase 2) and SLC2A3 (gene 

name for glucose transporter 3) and genes involved in cell migration including 

VEGFA (gene name for vascular endothelial growth factor A) (Figure 6.4).  

An overview of gene expression changes in COVID-19 donors and HCs is presented 

in a heatmap format showing ln(x+1) transformed data (Figure 6.6). The clustering 

of the mild COVID-19 group and HCs was generally separated, apart from 2 of the 

HCs which cluster with the COVID-19 group (Figure 6.6 A). Further, a clear separate 

clustering occurred between the severe COVID-19 group and HCs (Figure 6.6 B).  
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Figure 6.6: Heatmaps showing hierarchical clustering using Euclidean distance and 

average linkage of DEGs in (A) mild Covid-19 donors vs healthy controls (HC) and 

(B) severe Covid-19 donors vs healthy controls (HC). 
Ln(x + 1) transformed data were used to prepare heatmaps with 

https://biit.cs.ut.ee/clustvis/ (https://doi.org/10.1093/nar/gkv468). Red colour represents 

an expression level above mean, blue colour represents expression lower than the 

mean. Upper colour labelling shows (A) mild COVID-19 donor samples or (B) severe 

COVID-19 donor samples in blue and (A, B) healthy controls (HC) in red. 



185 

Differential gene expression analysis of samples from COVID-19 donors who 

experienced mild symptoms compared with donors who experienced severe 

symptoms revealed that the genes which encode for the leukocyte immunoglobulin 

like receptor A3 (LILRA3) and the formyl peptide receptor 1 (FPR1) were 

upregulated and the cbl proto-oncogene B (CBLB) was downregulated gene in 

severe donors (Figure 6.7 A, B, Table 6.5). 

Gene Full name log2-fold change p-value 

Upregulated 

LILRA3 
Leukocyte immunoglobulin like receptor 
A3 

0.9 0.0372 

FPR1 Formyl peptide receptor 1 0.5 0.0254 

Downregulated 

CBLB Cbl proto-oncogene B -0.6 0.0376 

 

Table 6.5: Differentially expressed genes in recovered COVID-19 donors with severe 

symptoms (n=8) compared to donors with mild symptoms (n=8). 

  

Significance was determined using unpaired t-tests. 
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Figure 6.7: Differentially expressed genes in monocytes from mild vs. severe 

COVID-19 donors. 

(A) Volcano plot demonstrating differential gene expression in severe COVID-19 donors 

in comparison to mild COVID-19 donors. The log2-fold change values are plotted on the 

x-axis and compared to the p-value on the y-axis. The horizontal dashed line shows p-

value = 0.05, the vertical dashed line shows a log2 fold change of -0.5 (left line) or 0.5 

(right line). Significance was determined using unpaired t-tests. (B) Plots show relative 

expression of up and downregulated genes identified in differential gene expression 

analysis of recovered COVID-19 donors experiencing severe symptoms compared to 

mild COVID-19 donors (each group n=8). Pooled data are displayed as mean ±SEM of 

the relative expression to the mean of the mild COVID-19 group. Significance was 

determined using unpaired t-tests. (*p≤0.05).  
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6.3 Differentially expressed genes induced by COVID-19 
are involved in the innate anti-viral response 

Based on the list of up- and downregulated genes in severe COVID-19 donors, 

functional enrichment analysis was performed to clarify molecular and biological 

functions of gene products as well as the pathways they are involved in. KEGG 

pathway analysis showed that upregulated genes in severe COVID-19 donors are 

highly enriched in the cytokine-cytokine receptor interaction pathway (hsa04060), 

MAPK signalling pathway (hsa04010), NOD-like signalling pathway (hsa04621), 

TNF signalling pathway (hsa04668), chemokine signalling pathway (hsa04062) and 

NF-kappa B signalling pathway (hsa04064) along with other immune response 

pathways (Figure 6.8 A, Supplemental Table S1). These upregulated genes are 

involved in biological processes like cell chemotaxis (GO:0060326), regulation of 

response to stimuli (GO:0032101, GO:0048583), defense and immune response 

(GO:0006952, GO:0006955) and positive regulation of cellular metabolic processes 

(GO:0031325, GO:0051173, GO:0051247) (Figure 6.8 B, Supplemental Table S2). 

Furthermore, upregulated genes are most significantly enriched in functional 

molecular processes such as protein binding (GO:0005515, GO:0042802), cytokine 

activity (GO:0005125), signaling receptor binding (GO:0005102) and cytokine 

receptor binding (GO:0005126) (Figure 6.8 C, Supplemental Table S3). 
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Figure 6.8: Gene ontology and pathway enrichment analysis of upregulated genes. 

The most significantly enriched (A) Kyoto Encyclopedia of Genes and Genomes (KEGG) 

pathways (B) biological processes (C) and molecular functions of upregulated genes 

from severe COVID-19 donors compared to healthy controls. 
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By contrast, downregulated genes were enriched in pathways associated with viral 

infections such as hepatitis B and C (hsa05161 and hsa05160), measles 

(hsa05162), influenza A (hsa05164), but also related to the NOD-like receptor 

signalling pathway (hsa04621) and RIG-I-like receptor signalling pathway 

(hsa04622) (Figure 6.9 A, Supplemental Table S4). These downregulated genes 

are involved in biological processes related to interferon production (GO:0060333, 

GO:0032479, GO:0032481, GO:0032727) and innate anti-viral responses 

(GO:0051607, GO:0045087) (Figure 6.9 B, Supplemental Table S5). Analysis of 

molecular functions for products of downregulated genes revealed a high 

enrichment in several binding activities such as to RNA (GO:0003725, GO:0003723, 

GO:0003727), DNA (GO:0003690, GO:0003677) and enzymes (GO:0019899) 

(Figure 6.9 C, Supplemental Table S6).  
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Figure 6.9: Gene ontology and pathway enrichment analysis of downregulated genes.

The most significantly enriched (A) Kyoto Encyclopedia of Genes and Genomes (KEGG) 

pathways (B) biological processes (C) and molecular functions of downregulated genes 

from severe COVID-19 donors compared to healthy controls. 
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The interaction of the proteins derived from the list of DEGs in severe COVID-19 

donors was explored by constructing a protein interaction network diagram with the 

STRING database (https://string-db.org/). This analysis revealed numerous 

interacting links between the downregulated (Figure 6.10 A) and upregulated 

(Figure 6.10 B) candidate genes.  

  



192 

 
Figure 6.10: Protein interaction analysis of differentially expressed genes from 

severe COVID-19 donors. 

Interaction network of (A) downregulated and (B) upregulated genes from severe 

COVID-19 donors compared to HCs. Network nodes represent proteins. Edges 

represent protein-protein associates. The line colors represent evidence used in 

predicting associations. Known interactions are depicted by cyan lines derived from 

curated databases or pink lines derived from experimental evidence. The yellow line 

indicates text-mining evidence, the black line indicates co-expression evidence and the 

light-blue line indicates protein homology evidence. Analysis was performed with the 

STRING database version 11.0 (https://string-db.org/). 
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6.4 Monocytes from convalescent COVID-19 donors 
exhibit signatures of a tolerogenic response 

Remarkably, in response to a particular infectious agent, monocytes can develop a 

form of temporary non-specific innate immune memory which can either result in a 

decreased responsiveness (called immune tolerance) or an enhanced inflammatory 

response (termed trained immunity) upon a secondary challenge (Figure 1.1 

adapted from (18)) (395). To further investigate if monocytes change their immune 

response to a subsequent stimulus after exposure to SARS-CoV-2, cells from 

convalescent COVID-19 donors and HCs were stimulated with the TLR ligands 

Pam3 (100ng/ml) and LPS (10ng/ml) for 24 hours and the secretion of IL-1β, TNF, 

IL-8 and IL-6 were measured by ELISA. 

As NLRP3 was upregulated in both mild and severe COVID-19 donors (Figure 6.4, 

page 2), the level of IL-1β release from primary human monocytes stimulation was 

explored. Interestingly, upon stimulation of monocytes from severe COVID-19 

donors with Pam3, cells released significantly less IL-1β compared to HC 

monocytes (0.06ng/ml ±0.036 vs. 0.233ng/ml ±0.049, p=0.0347). A trend to lower 

IL-1β release was also observed in monocytes from mild COVID-19 donors 

(0.09ng/ml ±0.037, p=0.061). Moreover, also LPS-stimulated cells from mild 

COVID-19 donors induced an IL-1β tolerance response compared to HCs 

(0.245ng/ml ±0.067 vs.0.744ng/ml ±0.226, p=0.0351) (Figure 6.11 A) which was 

also observed in monocytes from severe COVID-19 donors, but this did not reach 

significance (0.388ng/ml ±0.1146, p=0.121). Although TNF was substantially 

upregulated on the basal mRNA level (Figure 6.4, page 3), the constitutive release 

of TNF was similar between groups. Nevertheless, the TNF response of monocytes 

was significantly downregulated in convalescent COVID-19 donors experiencing 

severe symptoms compared to HCs upon TLR4 stimulation (0.249ng/ml ±0.065 vs. 
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0.8925ng/ml ±0.258, p=0.024). Also, the TNF response upon TLR1/2 activation 

showed a trend to be lower in severe donors in comparison to HCs, however, did 

not reach significance (0.07ng/ml ±0.034 vs. 0.2545ng/ml ±0.079, p=0.1261) (Figure 

6.11 B). Similarly, the upregulation of CXCL8 (gene name for IL-8) (Figure 6.4, page 

1) was not reflected in monocytes from convalescent COVID-19 donors which 

showed comparable constitutive IL-8 levels. Also, no difference on IL-8 secretion 

was found in COVID-19 donors compared to HCs (Figure 6.11 C). However, upon 

TLR1/2 activation, severe COVID-19 donors secreted significantly less IL-6 in 

comparison to SARS-CoV-2 naïve individuals (0.48ng/ml ±0.139 vs. 2.994ng/ml 

±0.647, p=0.0106). This was also observed for mild COVID-19 donors, however, 

this did not reach significance (1.019ng/ml ±0.4313, p=0.1002) (Figure 6.11 D).  
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Figure 6.11: Convalescent COVID-19 donors show reduced cytokine secretion upon 

stimulation. 

Primary human monocytes were unstimulated (us) or stimulated for 24h with 100ng/ml 

Pam3, 10ng/ml LPS, or 2µg/ml R-848. (A) IL-1β, (B) TNF, (C) IL-8 and (D) IL-6 secretion 

were measured by ELISA. Data are displayed as pooled data as mean ±SEM from 6-8 

healthy controls (HC), 7 mild COVID-19 donors and 7 severe COVID-19 donors. 

Significance was determined using a one-way ANOVA with Dunnet‘s multiple 

comparisons test (unlabelled) or a Kruskal-Wallis test with Dunnet‘s multiple 

comparisons test (labelled with #) (*p≤0.05). 
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6.5 Basal SOCS3 expression is upregulated in monocytes 
from convalescent COVID-19 donors  

The reduced cytokine response to TLR activation observed in monocytes from 

convalescent COVID-19 donors could possibly be due to changes in the expression 

of downstream negative regulators of signalling pathways. SARM1 is a negative 

regulator of NLRP3 which suppresses inflammasome formation and IL-1β 

maturation (146). Whereas A20 is a negative regulator of the canonical regulator of 

NF-κB signalling pathway which may affect pro-IL-1β, TNF and IL-6 expression 

(396). To investigate if these negative regulators are upregulated in COVID-19 

donors, the basal mRNA expression of these genes was measured in monocytes 

derived from convalescent COVID-19 donors and HCs via qPCR. However, no 

significant difference in the expression of SARM1 and TNFAIP3 (gene name for 

A20) was observed between the groups (Figure 6.12).  

Nevertheless, suppressor of cytokine signalling (SOCS)3, a negative regulator 

which also inhibits the TLR downstream signalling pathway by targeting the 
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Figure 6.12: SARM1 and TNFAIP3 expression is similar in convalescent COVID-19 

donors and healthy controls. 
Plots show relative expression of (A) SARM1 and (B) TNFAIP3 in recovered COVID-19 

donors 3-6 months after experiencing mild or severe symptoms (each group n=8) 

compared to healthy controls (HC)(n=7). Pooled data are displayed as mean ±SEM. 

Significance was determined (A) in using a Kruskal-Wallis test with Dunnet‘s multiple 

comparisons test or in (B) using a one-way ANOVA with Dunnet‘s multiple comparisons 

test. 
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TRAF6/TAK1 complex, was among the upregulated genes found in the differential 

gene expression analysis (397). Compared to HC monocytes, the expression of 

SOCS3 was upregulated with a fold change of 2.090 (±0.2275, p=0.0185) in the 

mild group, and in the severe group it was altered with a fold change of 2.601 

(±0.2889, p=0.0009) (Figure 6.4, page 3).  

6.6 COVID-19 donor monocytes exhibit an elevated 
constitutive secretion of IP-10  

Several genes involved in the IFN response were downregulated in COVID-19 

donors (Figure 6.5), including the viral RNA sensor RIG-I which can also detect 

SARS-COV-2 (398, 399). Thus, monocytes were stimulated for 24 hours with 3p-

hpRNA, a RIG-I agonist. Then, IP-10 was measured as a surrogate marker for type 

I IFN production via ELISA. 

The induction of the IP-10 response upon stimulation with 3p-hpRNA from the basal 

level was lower in monocytes from severe COVID-19 donors, however, IP-10 

secretion was still induced to the same levels as observed for HC monocytes. This 

could be due to the higher constitutive secretion of IP-10 compared to HCs (HC 

0.01733ng/ml ±0.01733 vs. severe COVID-19 0.1509ng/ml ±0.06398, p=0.0569) 

(Figure 6.13 A).  



198 

 

It may be possible that the basal expression of CXCL10, the gene which encodes 

for IP-10, is also upregulated in monocytes from convalescent COVID-19 donors. 

CXCL10 was included in the host response panel used for the NanoString nCounter 

assay, thus relative expression of CXCL10 in monocytes from convalescent COVID-

19 donors compared to HC monocytes was assessed. However, no significant 

difference was observed between the groups (Figure 6.13 B). 

6.7 Discussion 

Inflammatory monocytes and macrophages are contributing to the 

hyperinflammation observed in severe COVID-19 patients infected with SARS-CoV-

2 (285, 294). SARS-CoV-2 has been suggested to activate cells through stimulation 

of innate immune receptors. TLR2 and TLR4 were reported to detect the viral S 

protein and NLRP3 was activated by the viral N protein (256, 258, 300, 393). 
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Figure 6.13: Constitutive IP-10 levels are higher in convalescent COVID-19 donors. 

(A) Primary human monocytes were unstimulated (us) or stimulated for 24h with 1µg/ml 

3p-hpRNA. IP-10 secretion was measured by ELISA. Data are displayed as pooled data 

as mean ±SEM from 5 healthy controls (HC), 7 mild COVID-19 donors and 7 severe 

COVID-19 donors. (B) Plot shows relative basal expression of CXCL10 in monocytes 

derived from convalescent COVID-19 donors experiencing mild or severe symptoms 

(each group n=8) compared to healthy controls (HC) (n=7). Pooled data are displayed 

as mean ±SEM. Significance was determined using a Kruskal-Wallis test with Dunnet‘s 

multiple comparisons test.  
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Moreover, the viral RNA can be detected by the endosomal receptor TLR8 and the 

cytosolic receptors RIG-I and MDA5 (394). Therefore, this study sought to confirm 

that primary human monocytes are activated upon stimulation with SARS-CoV-2 

derived peptides and induce the release of the pro-inflammatory cytokines IL-1β and 

TNF. Furthermore, the stimulation experiments were conducted to investigate if 

primary human monocytes from convalescent COVID-19 donors who experienced 

different disease severities exhibit a diverse range of immune responses to SARS-

CoV-2 derived peptides. However, stimulation with the tested peptides did not 

trigger a robust induction of cytokine release. The discrepancy with the literature 

may be partially explained that many studies which explored the immune response 

to SARS-CoV-2 derived peptides used human cell lines, murine macrophages or 

murine models. In addition, Theobald et al. demonstrated that the S protein triggers 

TNF secretion from monocyte-derived macrophages. However, this study also 

showed that the release of IL-1β upon stimulation with the S protein was only 

induced from macrophages derived from convalescent COVID-19 donors but not 

from naïve SARS-CoV-2 healthy individuals (323). This indicates that the cells might 

need to be previously exposed to SARS-CoV-2 to provide an IL-1β response. The 

study from Theobald et al. revealed that this could be due to a change in gene 

expression in macrophages from convalescent COVID-19 donors occurring upon 

stimulation with the S protein which was not observed in macrophages from SARS-

CoV-2 naïve healthy individuals. Stimulation with the S protein led to the 

upregulation of the expression of pro-inflammatory genes, including several 

involved in the IL-1β response, such as NLRP3, CASP1 and IL1B, compared to 

unstimulated macrophages from convalescent COVID-19 donors. This was also 

associated with epigenetic modifications (323).  
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The exposure to an inflammatory stimulus can lead to the development of a non-

specific immune memory (also termed trained immunity or immune tolerance) in 

innate immune cells. Upon the induction of trained immunity, cells induce an 

increased response following a second challenge with the same or a different 

pathogen (20). Three months after vaccination with the tuberculosis vaccine BCG, 

primary human monocytes exhibited an increased immune response upon re-

stimulation due to epigenetic reprogramming of hematopoietic stem cells which 

enabling them to produce epigenetically modified monocytes (27, 28). This results 

in an alteration of their gene expression which changes the response to a 

subsequent challenge (23). The present study revealed many genes that are 

differentially expressed in monocytes from convalescent COVID-19 donors 3-6 

months after disease onset. Upregulated genes of severe COVID-19 donors 

exhibited a pro-inflammatory profile and were highly enriched in biological 

processes and molecular functions which positively regulate immune responses and 

cell chemotaxis. These genes are involved in pathways like NOD-like receptor-, 

TNF-, NF-κB and chemokine signalling as well as complement cascades. A limited 

number of studies in convalescent COVID-19 donors have indicated that infection 

with SARS-CoV-2 may induce the upregulation of inflammatory genes. Monocytes 

from COVID-19 patients in the early recovery stage, which was defined as less than 

seven days after a negative SARS-CoV-2 PCR test result, showed high expression 

levels of inflammatory genes including IL1B, JUN (gene name for c-jun), FOS (gene 

name for c-fos) and chemokines, like CXCL8, CCL4  and CXCR4 (gene name for 

C-X-C motif chemokine receptor 4) (400). Interestingly, a study from You et al. 

showed that peripheral blood monocytes from COVID-19 donors who were 

recovered for at least one month show an increased chromatin accessibility at 

inflammatory genes, including IL1B, CXCL8, JUN and FOS (324). In the present 
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study, several genes encoding for chemokines were upregulated including CXCL8 

and CCL4. However, no difference in the expression of IL1B, JUN and FOS between 

monocytes derived from convalescent COVID-19 donors and HC monocytes was 

detected. This could possibly be due to a longer recovery time of the COVID-19 

donors in the present study compared to the recovery time of one week or one 

month, respectively, in the aforementioned studies.  

By contrast, immune tolerance was observed in murine macrophages upon 

stimulation with LPS, where re-stimulation with LPS resulted in a lowered immune 

response (29). However, not only endotoxin training leads to the generation of a 

tolerogenic response. Also, training of monocytes with the TLR1/2 ligand Pam3, 

TLR5 ligand flagellin and TLR7/8 ligand R-848 was reported to induce an immune 

tolerance upon re-stimulation LPS or Pam3 (401). Importantly, it was reported that 

high concentrations of ligands used for training lead to a tolerogenic response upon 

restimulation, whereas low concentrations induce an increased trained immune 

response upon restimulation with Pam3 and LPS in certain cases (401). 

Surprisingly, in the present study, the upregulation of the basal expression of pro-

inflammatory genes was not reflected in the cytokine secretion following stimulation 

of monocytes with LPS and Pam3 which induced a tolerogenic response. 

Interestingly, the cytokine response also declined with disease severity, where 

monocytes derived from the severe group released lower levels of cytokines than 

monocytes from the mild group. This may be due to the higher viral load reported in 

severe cases, thus these individuals were exposed to higher levels of infectious 

agents (402). As mentioned before, higher concentrations of a microbial stimuli can 

result in a lower cytokine release upon a secondary challenge (401). Conversely, 

Scott et al. suggested that monocytes collected from recovered COVID-19 donors 
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exhibit an enhanced immune profile upon activation. Stimulation of PBMCs with LPS 

to activate TLR4 show a higher proportion of IL-6+ and TNF+ monocytes in 

convalescent COVID-19 donors compared to HCs. However, as this study does 

present the data as a proportion from PBMCs, it might not be ideal to compare it 

with the present study where an absolute number of monocytes was used for the 

stimulation experiment (391). Moreover, You et al. showed that PBMCs derived from 

COVID-19 donors who participated in the study one month after resolving SARS-

CoV-2 infection, exhibited an enhanced IL-1β and IL-6 response compared to 

PBMCs derived from HCs upon stimulation with a spike-CoV pseudovirus or 

hepatitis B virus. However, PBMCs consist of multiple different cell subsets, 

including lymphocytes, monocytes and DCs, which can all contribute differently to 

the immune response upon stimulation, thus this could explain why this study does 

not reflect the results of the present study. Moreover, whereas the present study 

stimulated the monocytes with LPS and Pam3, You et al. used different infectious 

agents to re-challenge the PBMCs (324).  

Several negative regulators were suggested to induce an endotoxin tolerance in 

human monocytes, including A20 and SARM1, both of which are upregulated upon 

cell activation via TLR4 (31, 403). Tolerance to endotoxin has been associated with 

enhanced resistance to cellular stress conditions and protection against tissue 

injury, which for example plays a crucial role in sepsis (404). In the present study, 

the basal mRNA expression of SARM1 and TNFAIP3 (encoding for A20) were 

similar between COVID-19 and HC monocytes. However, SOCS3, which was 

reported to inhibit the activation of TRAF6 and TAK1 both of which are key 

components of the TLR downstream signalling pathway, was found upregulated on 

basal level in monocytes from convalescent COVID-19 donors in the present study 
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(397). Interestingly, SOCS3 was also upregulated in the bronchoalveolar lavage 

fluid of COVID-19 patients during active disease (294). This could indicate that 

SOCS3 is induced during COVID-19 to protect the host from excessive tissue 

damage by dampening down the inflammatory response. However, at the same 

time, SOCS3 plays a crucial role in controlling the IFN production by targeting the 

Jak-STAT pathway or IRF-7 degradation (405). Interestingly, it was found that the 

SARS-CoV S protein can induce the expression of SOCS3 in B cells, thus interfering 

with the hosts IFN response (406). However, if SOCS3 contributes to the tolerogenic 

response observed in the present study still needs to be further investigated. It is 

important to explore its expression upon activation, and moreover, also protein 

expression needs to be assessed as mRNA levels do not always reflect protein 

levels due to multiple processes that contribute to drive protein expression (407). In 

addition, other regulatory elements were suggested to be involved in the induction 

of immune tolerance, including the protein IRAK-M and the non-coding RNAs miR-

155 and MiR-146a (408, 409). 

Strikingly, the downregulated genes in convalescent COVID-19 donors are 

associated with the regulation of biological processes associated with the type I IFN 

pathway, positive regulation of type I IFN production and IFNγ-mediated signalling 

pathway. Remarkably, IFIH1 and DDX58, encoding for the receptors MDA5 and 

RIG-I, respectively, were most notably downregulated. These receptors are crucial 

sensors of viral RNA motifs that induce an IFN response (410). Several studies have 

demonstrated that SARS-CoV-2 encodes proteins, including ORF6 and ORF8, 

which target and inhibit type I IFN production and downstream signalling (291). 

Interestingly, upon RIG-I activation, the induction of the IP-10 response from the 

basal level was lower in monocytes from convalescent COVID-19 donors compared 
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to HC monocytes in the present study. Nevertheless, the secretion of IP-10 was 

induced to similar levels in all groups in this study. This could be due to the increased 

constitutive level of IP-10 released from monocytes from the COVID-19 donors 

which was increased compared to HCs. However, the underlying mechanism 

responsible for higher constitutive IFN level in COVD-19 monocytes requires further 

investigation. Nevertheless, this could indicate a protective mechanism of the host 

to further viral infections as the IFN response is generally protective for the host in 

controlling the viral replication (411).  

Interestingly, the basal gene expression in monocytes from the mild group 

compared to monocytes from the severe group was not substantially different. Only 

the genes LILRA3 (gene name for leukocyte immunoglobulin-like receptor A3) and 

FPR1 (gene name for formyl peptide receptor 1) were significantly upregulated and 

CBLB (gene name for Casitas B-lineage lymphoma proto-oncogene-b) was 

significantly downregulated in monocytes from severe COVID-19 donors compared 

to mild COVID-19 donors. Increased expression of LILRA3 is associated with 

several diseases, including multiple sclerosis and RA, which are characterised by 

excessive inflammation (412, 413). LILRA3 was also proposed to have anti-

inflammatory properties by suppressing LPS-mediated TNF production, potentially 

through binding onto the cell surface (414). This could also possibly contribute to 

the induced TNF tolerance response upon stimulation with LPS observed in the 

present study. FPR1 exhibits an ambiguous role in immunity and inflammation. 

Following resveratrol treatment of mice, upregulation of FPR1 and sirtuin 1 was 

observed which resulted in improvement of neuroinflammation. This was achieved 

by the generation of an anti-inflammatory response through the upregulation of IL-

10 and IL-1RA expression and downregulation of pro-inflammatory cytokines such 
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as IL-1β and TNF(415). Conversely, FPR-1 KO mice showed a decrease in NF-κB 

nuclear translocation and a reduced activation of the NLRP3 inflammasome (416). 

Little is known about the role of the E3 ubiquitin ligase Cbl-b in modulating TLR 

responses in macrophages. It was reported to be dispensable for regulating the 

TLR-induced TNF and IL-6 production. However, Cbl-b was suggested to associate 

with NLRP3 in murine macrophages to inhibit the activation of the inflammasome by 

ubiquitinating NLRP3 (417, 418).  

Taken together, this study reveals that primary human monocytes do not induce an 

IL-1β response to the full-length S protein, the N protein, the S2-peptide, or the RBD-

peptide derived from Wuhan-Hu-1 SARS-CoV-2 variant. However, innate immune 

receptors which get activated by sensing the viral RNA or ORF proteins could 

contribute to a cytokine storm observed in severe and critical COVID-19 patients. In 

addition, the investigation of the immune response of monocytes from convalescent 

COVID-19 donors revealed that SARS-CoV-2 infection leads to sustained changes 

in the basal expression of several host response genes 3-6 months after infection 

in donors that experienced both mild and severe symptoms. Although many IFN-

related genes were found downregulated in monocytes from convalescent COVID-

19 donors, the cells still induced the IP-10 response following activation of RIG-I to 

the same level as HC monocytes. Interestingly, following severe disease, 

monocytes exhibited elevated constitutive release of IP-10. Among upregulated 

genes, which were involved in pro-inflammatory immune response pathways, 

NLRP3 expression was increased in recovered COVID-19 donors. Surprisingly, 

stimulation of monocytes derived from convalescent COVID-19 donors 

demonstrated a reduced response in the secretion of IL-1β as well as TNF and IL-
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6. These data suggest that SARS-CoV-2 infection induces a state of immune 

tolerance in response to TLR1/2 and TLR4 stimulation. 
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7 Chapter Seven: Conclusion 

Initially, this project set out to investigate the mechanism of activation of the NLRP3 

inflammasome in primary human monocytes from healthy donors and to investigate 

the regulation of the NLRP3 inflammasome in RA. However, at the point where the 

project was due to commence the investigation of the NLRP3 inflammasome in 

blood samples from patients with RA, the COVID-19 pandemic started. Due to the 

consequent closure of research labs and the extended restrictions on access to 

samples from the rheumatology clinic, the latter part of the project was diverted to 

investigate the activation of monocytes by SARS-CoV-2 peptides and the induction 

of trained immunity following exposure to SARS-CoV-2 in monocytes from 

convalescent COVID-19 donors.  

7.1 Primary human monocytes require GSDMD for the 
release of IL-1β via the alternative NLRP3 
inflammasome pathway  

This study has confirmed many aspects of the alternative pathway of NLRP3 

activation which were described following TLR4 stimulated monocytes and BlaER1 

cells (85). However, in addition, the data presented in this thesis have further 

identified that this is also the mechanism of NLRP3 activation downstream of 

TLR1/2, 2/6, 4, 5 and 7/8. Each of these TLRs induce IL-1β in a NLRP3, caspase-1 

and caspase-8 dependent manner but this was independent of K+ efflux. Further, 

the present study shows that constitutively active caspase-1 and caspase-8 were 

sufficient to induce the release of mature IL-1β upon activation of TLR4 and 7/8. 

However, addition of the K+ ionophore nigericin amplified the release of IL-1β for all 

TLRs apart from TLR7/8, where the secretion of IL-1β appeared to be maximal upon 

TLR7/8 activation alone. Moreover, this study demonstrates that in the alternative 

inflammasome pathway, the release of IL-1β was facilitated via plasma membrane 
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permeabilisation through GSDMD pore formation which did not induce a robust 

initiation of pyroptosis. Of note, following, TLR7/8 activation a slight but not 

significant release of LDH was observed which was potentially induced due to a 

robust cleavage of GSDMD upon R-848 treatment alone. 

Importantly, this study demonstrated that primary human monocytes commonly use 

the alternative NLRP3 inflammasome upon activation of TLRs alone to induce IL-1β 

release. It is important to highlight how different cell types as well as different 

species engage distinct pathways to induce IL-1β release. The long-believed dogma 

of the two-signal-model for inflammasome activation, which has been established 

mainly in mouse macrophages and human cell lines, has now been challenged with 

more and more studies showing that primary human monocytes can induce IL-1β 

release via both the alternative and the classical NLRP3 inflammasome pathway 

(85, 86). Thus, this gives monocytes the opportunity to respond in a versatile way. 

The present study shows that, apart from stimulation with R-848 which released the 

same amount of IL-1β in the presence or absence of nigericin, a less strong 

activation signal upon TLR stimulation alone induces an immediate but lower 

release of IL-1β via the alternative pathway, whereas a stronger trigger, which 

furthermore results in a potent activation of NLRP3, leads to a greater IL-1β release 

in a short time during conditions required for the classical pathway. Additionally, 

depending on which TLR is activated, monocytes respond with different levels of IL-

1β release. As observed in this study, flagellin is a low inducer of IL-1β release, 

whereas R-848 is a very strong trigger inducing a high IL-1β response. Being such 

a potent activator, R-848 stimulation alone caused a robust cleavage of GSDMD, 

which did not induce pyroptosis. Nevertheless, it resulted in the outcome that 

additional inflammasome activation failed to boost the IL-1β release, which 
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however, was observed for the other TLRs. Therefore, monocytes can adapt the 

intensity of response to their respective environment. Being able to induce an IL-1β 

response upon the priming signal only makes them very sensitive to stimuli, which 

supports the clearance of invading pathogens. Nevertheless, the alternative 

inflammasome activation could also possibly contribute to sterile inflammation. With 

the priming signal being sufficient to induce IL-1β release from primary human 

monocytes, many endogenous ligands could drive the release of the cytokines 

(419). Further, this easy activation of the inflammasome could also be detrimental 

for individuals with autoinflammatory and autoimmune diseases associated with an 

elevated IL-1β response (420). In addition, in some diseases such as RA, 

endogenous molecules, including ACPAs, can provide signal 2 which induces the 

classical inflammasome pathway, thus potentiating the release of IL-1β (195). 

By engaging the alternative NLRP3 inflammasome pathway to induce IL-1β release, 

monocytes can prevent pyroptosis and stay functionally active during an immune 

response which could be crucial for an effective defence against pathogens. 

Avoiding pyroptosis might be especially important in situations where the detection 

of pathogens and effector functions need to be temporally and/or spatially separated 

which could be of relevance in case of transporting an antigen to secondary 

lymphoid organs or to maintain tissue homeostasis through myeloid resident cells 

(124). Indeed, DCs which are exposed to PAMPs and oxidised phospholipids 

derived from dying cells, achieve a long-lived state of hyperactivation. This allows 

them to maintain viability for several days while releasing IL-1β by uncoupling the 

inflammasome activation and pyroptotic cell death. Through this hyperactive state, 

DCs induce a strong cytotoxic T cell response to mediate protective anti-tumour 
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immunity (421). Also, as this makes them potent inducers of T cell mediated 

immunity, this could also support efficacy in vaccination regimens (359).  

The release of IL-1β in absence of pyroptosis in the alternative NLRP3 

inflammasome pathway drove the discussion of how IL-1β leaves the cell. Many 

studies consider IL-1β to be released in a GSDMD-independent way, suggesting 

several mechanisms to explain the unconventional secretion of IL-1β, including via 

the loss of membrane integrity, PIP2-rich plasma membrane ruffles or LAMP2A+ 

vesicles (345, 357, 362). Crucially, this present study showed that IL-1β release is 

facilitated via low-level GSDMD pore formation, which could possibly be maintained 

by the constitutive activity of caspase-1 and 8 which are capable of cleaving 

GSDMD (127, 130). Thus, the identification of GSDMD inhibitors such as NSA and 

disulfram, may represent a novel target to effectively block the release of IL-1β to 

reduce excessive inflammation which may be useful in sepsis but also in many 

diseases in which inflammasome activation contributes to inflammation, including 

RA (422). 

7.2 LPS and R-848 stimulation upregulate SARM1 
expression to induce a negative feedback loop 

Subsequently, the novel role of SARM1 as a negative NLRP3 regulator and its 

association with RA pathogenesis was explored in the present study. The results 

showed that following stimulation with LPS and R-848, the expression of SARM1 

was upregulated to negatively regulate the TLR4- and TLR7/8 induced IL-1β 

secretion from primary human monocytes derived from healthy individuals. This 

potentially compensates low basal SARM1 levels observed in RA patients with high 

disease activity (326). Yet the expression level of SARM1 upon activation of TLR1/2 

remained unchanged. This may explain the high IL-1β release from RA monocytes 
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following stimulation with Pam3, as a negative feedback loop is not provided to 

upregulate SARM1 levels upon TLR1/2 activation and low SARM1 levels potentiate 

IL-1β secretion. Furthermore, stimulation of monocytes with TNF led to a lower 

SARM1 level in several donors which may indicate a regulatory effect of TNF on 

SARM1 expression.  

The present study built up on previous findings from our lab which demonstrated 

that SARM1, a negative regulator of the NLRP3 inflammasome, contributes to RA 

pathophysiology. In patients with active disease, monocytes exhibit decreased 

SARM1 expression. These low levels of SARM1 were associated with increased 

Pam3-induced IL-1β in RA monocytes (326). Controlling inflammation, especially in 

a disease setting, is of high importance. The present study observed that the 

upregulation of SARM1 expression upon TLR4 and TLR7/8 activation may function 

as a feedback loop, suppressing the activation of the inflammasome to 

downregulate the IL-1β release. However, low SARM1 expression observed in 

monocytes from RA patients with active disease may contribute to the increased IL-

1β release following stimulation with Pam3 as the feedback loop upregulating 

SARM1 level was not observed upon TLR1/2 activation.  

In RA, endogenous molecules are upregulated within the serum and synovial joints 

of RA patients which may trigger sterile inflammation by activating TLRs and 

NLRP3. Extracellular Hsp96, which is increased in synovial tissue of RA patients, 

was reported to activate both TLR2 and NLRP3 in murine macrophages (423, 424). 

Also, acute-phase serum amyloid can act as a ligand to stimulate TLR2. During an 

inflammatory response, it is highly elevated in serum and local sites of issue 

inflammation and was also reported to be significantly increased in RA cells and 

synovial tissue (425). Moreover, also other TLRs can be activated by elevated 
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endogenous ligands elevated in RA. For example, ACPA complexed with 

citrullinated fibrinogen is capable of stimulating TLR4 but can also indirectly activate 

NLRP3-induced IL-1β release by activating pannexin channels leading to ATP 

release which in turn activates P2X7 receptors triggering K+ efflux (191, 195). Thus, 

limiting inflammation and controlling tissue homeostasis is crucial in RA. Several 

potential compounds to inhibit the NLRP3 inflammasome have been developed in 

recent years. MCC950, one of the most used NLRP3 inhibitors in experimental 

approaches, was used in a small clinical study for RA, however the trial was 

discontinued due to liver toxicity. Nevertheless, other companies have developed 

small-molecule NLRP3 inhibitors, including OLT1177 (dapansutrile) from Olatec 

therapeutics or IFM2427 from IFM Therapeutics partnered with Novartis, which have 

already reached clinical trials (426). Whether SARM1 could be considered as a 

potential treatment target for RA patients, especially in those with high disease 

activity and low SARM1 levels, to regulate the IL-1β levels, might be worth exploring.  

7.3 Exposure to SARS-CoV-2 induces alterations of the 
host response in monocytes which is evident 3-6 
months after infection 

This study aimed to investigate the host response of primary human monocytes to 

the novel coronavirus SARS-CoV-2. Data of this study showed that primary human 

monocytes do not induce an IL-1β or TNF response against SARS-CoV-2 peptides. 

However, SARS-CoV-2 infection induced changes in the basal transcriptional 

expression of host response genes, including the upregulation of NLRP3 

expression, in monocytes from convalescent COVID-19 donors which was evident 

3-6 months after infection. Although many genes involved in the regulation of IFN 

responses were downregulated in monocytes from convalescent COVID-19 donors, 

these monocytes were still capable of inducing IP-10 following RIG-I receptor 
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activation to a similar level as observed in HC monocytes. This might be due to an 

elevated constitutive release associated with recovery from COVID-19 which was 

highest in donors that experienced severe disease. Moreover, whilst upregulated 

genes were associated with the positive regulation of the immune response, 

monocytes from convalescent COVID-19 donors induced a lower response in the 

secretion of pro-inflammatory cytokines IL-1β, TNF and IL-6 upon activation of 

TLR1/2 or TLR4 compared to monocytes from SARS-CoV-2 naïve HCs. This 

indicates that infection with SARS-CoV-2 induces a tolerogenic response following 

a subsequent challenge.  

Entry of SARS-CoV-2 and infection of monocytes triggers an inflammatory cascade 

activating the release of pro-inflammatory cytokines including IL-6, IL-1β and TNF 

(298). Several receptors were suggested to sense the viral particles and induce the 

signalling mechanisms triggering the induction of inflammatory mediators. Despite 

several reports that SARS-CoV-2 derived peptides can active TLR2 or TLR4, the 

present study did not demonstrate any induction of IL-1β or TNF from primary 

human monocytes following activation with the SARS-CoV-2 derived peptides, 

including the N protein, S2 peptide, FL-S protein and RBD peptide. Although this 

contradicts several results found in previous studies, which mostly investigated the 

cell response of the SARS-CoV-2 derived peptides in macrophages, cell lines or 

murine cells, the present study suggested that primary human monocytes do not 

respond to the viral peptides tested (256, 300, 393, 427). However, it might be 

possible that monocytes need to be prior exposed to SARS-CoV-2 in order to 

respond, as it has been demonstrated that the SARS-CoV-2 derived S protein 

induces the release of IL-1β in macrophages from convalescent COVID-19 donors 

as well as from COVID-19 patients with active disease, which was not observed in 
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healthy SARS-CoV-2 naïve individuals. Interestingly, TNF was secreted regardless 

of exposure to SARS-CoV-2 in response to the S protein (323). Also, SARS-CoV-2 

can infect monocytes and releases viral RNA which activates respective RNA 

receptors in the cytoplasm or intracellular compartments which induce the immune 

response of the host. Generally, TLR3 and 7/8 detect viral RNA in intracellular 

compartments such as the endosome or lysosome, whereas, RIG-I and MDA5 are 

sensors for viral RNA present in the cytoplasm (394). In addition, other elements 

derived from SARS-CoV-2 were reported to induce cell activation. Coronaviruses 

encode a set of accessory proteins, including open reading frame (ORF) 3a, 3b, 8a 

and 8b, which are able to initiate an innate immune response (428). SARS-CoV-2 

ORF3a and ORF7a were able to upregulate NF-κB activity. Specifically ORF7a 

induced the expression of inflammatory cytokines (259). Similarly, the viroporins 

derived from the genetically related SARS-CoV were suggested to activate the 

inflammasome such as ORF8b and ORF3a (260, 261). Nevertheless, which 

elements or molecules of SARS-CoV-2 drives the activation of primary human 

monocytes upon infection remains under discussion and needs to be further 

explored. 

Crucially, the present study revealed that SARS-CoV-2 infection induces an 

alteration of the immune response of primary human monocytes which is still 

present 3-6 months post infection. The upregulation of proinflammatory gene 

transcription in myeloid cells following an initial stimulus is a characteristic for a 

trained immunity which often enables the cells to respond more potently when being 

re-challenged (23). A training effect was also observed after infection with other 

viruses such as a gammaherpesvirus which induced a strong and persistent 

protection against house dust mite-induced experimental asthma (429). 



215 

Remarkably, the upregulated expression of immune response genes observed in 

the present study was not reflected upon stimulation. Conversely, following 

activation of TLR1/2 and TLR4, monocytes derived from convalescent COVID-19 

donors exhibited a tolerance response. One possible reason for a reduced cytokine 

response could be the upregulation of negative regulators, as has been observed in 

the induction of LPS tolerance. Several negative regulators were suggested to be 

involved in the induction of LPS tolerance, such as IRAK-M and Src homology 2 

domain-containing inositol-5-phosphatase 1 (408, 430). It is possible that SOCS3, 

which was found upregulated in the present study, is contributing to the observed 

tolerogenic response following infection with SARS-CoV-2, however this needs 

further investigation, such as the assessment of the protein expression level. In the 

present study, several months after exposure to SARS-CoV-2, monocytes from 

convalescent COVID-19 donors still exhibit a decreased transcriptional profile of 

genes involved in the IFN response. Similarly, 28 days after vaccination with an 

inactivated SARS-CoV-2 vaccine (Vero Cell, China Biotechnology Group 

Corporation), monocytes also downregulated type I IFN related genes (431). 

Surprisingly, after experiencing severe COVID-19, monocytes showed a trend to 

elevated constitutive IP-10 secretion. Thus, although the tolerogenic response to re-

stimulation might keep the release of pro-inflammatory cytokines under control, 

including IL-1β, TNF and IL-6, pathogen clearance may be less effective due to 

lower cytokine secretion upon a subsequent challenge. However, higher constitutive 

IP-10 levels could protect the host from viral re-infections.  

7.4 Limitations and future experiments 

In the alternative NLRP3 inflammasome pathway, the exact mechanism of how 

caspase-8 is activating NLRP3 is still unknown. Gaidt et al. suggested that caspase-
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8 potentially cleaves an intermediate substrate which then triggers the activation of 

the inflammasome (85). It would be worth examining the involvement of possible 

substrates which are cleaved by caspase-8 in the release of IL-1β. Moreover, to 

provide further evidence that other TLRs also engage the alternative NLRP3 

inflammasome pathway to release IL-1β, ASC oligomerisation upon TLR activation 

alone could be investigated as this was found not to be necessary in this specific 

pathway (85). In addition, possibly due to limited sensitivity of western blot and very 

low levels of IL-1β release, no mature IL-1β was detectable in the western blot of 

the supernatants upon TLR 2 and 5 activation. Thus, a different proteomic 

technique, such as mass spectrometry, might need to be considered to solve this 

issue (432). 

Unfortunately, the role of SARM1 in RA could not be explored further due to the 

COVID-19 pandemic as the sample collection from the rheumatology clinic was 

suspended. However, it is very important to investigate the cause of low SARM1 

expression in RA patients with active disease. Our previous study and the present 

project already indicated that TNF might influence SARM1 levels in RA (326). Thus, 

it is useful to investigate the effect of TNF in monocyte-derived macrophages which 

could help to overcome the timing issue, as macrophages are viable for longer in 

cell culture compared to primary human monocytes. In addition, it could be possible 

that miRNAs play a role in the downregulation of SARM1 expression in RA 

monocytes. These are small non-coding regulatory RNA molecules targeting mRNA 

and bind to the 3’untranslated region, resulting in its degradation or translational 

repression (433). For example, miR-146a is dysregulated in RA patients and was 

also suggested to target SARM1 (434, 435). Hence, the levels of this miRNA could 

be measured via qPCR in either monocytes or serum of the patients.  
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Several key limitations in the present study which explored the immune response to 

SARS-CoV-2 need to be noted. This study had a very small sample size. 

Unfortunately, it was difficult to recruit more COVID-19 donors who experienced 

severe symptoms. Also, the recruitment of healthy donors was limited by to the 

COVID-19 regulations in place in the institute during the time the experiments were 

performed. Thus, samples which were collected before the emergence of SARS-

CoV-2 were used for the SARS-CoV-2 naïve control group. Due to the limitation of 

which samples were available, the average age of the control group is slightly lower 

compared to the COVID-19 group. Moreover, the change in host response genes 

upon stimulation of monocytes from COVID-19 donors was not explored due to 

limited cell numbers available. This would be worth examining to better understand 

the induced innate immune memory in monocytes following SARS-CoV-2 infection. 

In addition, it would be of interest to investigate if negative regulators contribute to 

the tolerance response upon stimulation observed in the present study.  

7.5 Concluding remarks 

Monocytes are crucial innate immune cells with important roles in host defence in 

response to pathogens but additionally can induce pathogenic inflammation in 

sterile inflammatory diseases. NLRP3 is an important sensor which detects cellular 

perturbation and imbalances resulting in the release of IL-1β. The results of this 

study increased the understanding of the mechanism and engagement of the 

alternative NLRP3 inflammasome pathway upon activation of TLRs in primary 

human monocytes. Crucially, all experiments were performed in primary human 

monocytes, providing highly translatable data, as the majority of the previous 

research studies exploring the NLRP3 inflammasome pathways were performed in 

murine cells or human cell lines.  
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As the activation of the NLRP3 inflammasome is associated with many diseases, 

including RA, it will be essential to gain a better understanding of how this pathway 

is regulated, as this may identify novel therapeutic targets. Thus, as SARM1, a 

negative regulator of NLRP3, was previously found to be expressed at low level in 

RA patients with active disease, further research needs to be performed to 

determine which factor(s) influences its expression in RA and possibly also its 

involvement in other IL-1β-associated diseases.  

In recent years, growing evidence has revealed that cells of the innate immune 

system can build a non-specific immune memory in response to certain stimuli. 

Remarkably, also following infection of SARS-CoV-2, monocytes can develop an 

innate immune memory. Data of the present study demonstrate that this is evident 

3-6 months after exposure to SARS-CoV-2. These findings contribute to an 

improved understanding of the consequences of SARS-CoV-2 infection which leads 

to sustained changes in the immune response of primary human monocytes. This 

may provide further protection of the host upon a subsequent challenge or re-

infection with SARS-CoV-2 at the innate immune level. 
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Appendices 

Supplemental tables S1-6 for chapter 6  

Supplemental Table S1: The most significantly enriched KEGG pathways of upregulated genes from severe COVID-19 donors compared to healthy 
controls. 

Term ID Pathway term description Strength False discovery rate Matching proteins in network 

hsa04060 Cytokine-cytokine receptor interaction 1.23 0.00001 
OSM, CXCL16, CCR1, CXCL8, CXCL1, CXCR4, 
TNF, VEGFA 

hsa04010 MAPK signaling pathway 1.13 0.00003 
GADD45B, RELB, MAP3K8, MAPKAPK2, TNF, 
DDIT3, VEGFA 

hsa04621 NOD-like receptor signaling pathway 1.31 0.00003 RIPK2, NAMPT, CXCL8, NLRP3,CXCL1,TNF 

hsa05202 Transcriptional misregulation in cancer 1.3 0.00003 GADD45B, CEBPB, CXCL8, FOXO1, BCL6, DDIT3 

hsa04668 TNF signaling pathway 1.41 0.00004 MAP3K8, CEBPB, SOCS3, CXCL1, TNF 

hsa04062 Chemokine signaling pathway 1.19 0.00035 CXCL16, CCR1, CXCL8, CXCL1, CXCR4 

hsa04064 NF-kappa B signaling pathway 1.38 0.00035 GADD45B, RELB, CXCL8, TNF 

hsa04657 IL-17 signaling pathway 1.39 0.00035 CEBPB, CXCL8, CXCL1, TNF 

hsa04933 
AGE-RAGE signaling pathway in diabetic 
complications 

1.36 0.00035 CXCL8, FOXO1, TNF, VEGFA 

hsa05167 
Kaposi's sarcoma-associated herpesvirus 
infection 

1.18 0.00035 CCR1, CXCL8, MAPKAPK2, CXCL1, VEGFA 

hsa05323 Rheumatoid arthritis 1.43 0.00035 CXCL8, CXCL1, TNF, VEGFA 

hsa04932 Non-alcoholic fatty liver disease (NAFLD) 1.18 0.00140 CXCL8, SOCS3, TNF, DDIT3 

hsa05134 Legionellosis 1.49 0.00140 CXCL8, CXCL1, TNF 

hsa04218 Cellular senescence 1.16 0.00150 GADD45B, CXCL8, MAPKAPK2, FOXO1 

hsa05164 Influenza A 1.12 0.00190 CXCL8, SOCS3, NLRP3, TNF 

hsa05200 Pathways in cancer 0.81 0.00210 
GADD45B, CXCL8, FOXO1, NFE2L2, CXCR4, 
VEGFA 

hsa05133 Pertussis 1.36 0.00240 CXCL8, NLRP3, TNF 

hsa04610 Complement and coagulation cascades 1.33 0.00260 C3AR1, PLAUR, C5AR1 
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Term ID Pathway term description Strength False discovery rate Matching proteins in network 

hsa05146 Amoebiasis 1.25 0.00420 CXCL8, CXCL1, TNF 

hsa04620 Toll-like receptor signaling pathway 1.22 0.00500 MAP3K8, CXCL8, TNF 

hsa04931 Insulin resistance 1.20 0.00550 SOCS3, FOXO1, TNF 

hsa04152 AMPK signaling pathway 1.15 0.00720 ULK1, FOXO1, PFKFB3 

hsa04380 Osteoclast differentiation 1.13 0.00750 RELB, SOCS3, TNF 

hsa04068 FoxO signaling pathway 1.11 0.00820 GADD45B, FOXO1, BCL6 

hsa04210 Apoptosis 1.09 0.00820 GADD45B, TNF, DDIT3 

hsa05160 Hepatitis C 1.11 0.00820 CXCL8, SOCS3, TNF 

hsa05418 Fluid shear stress and atherosclerosis 1.10 0.00820 NFE2L2, TNF, VEGFA 

hsa05219 Bladder cancer 1.44 0.01110 CXCL8, VEGFA 

hsa04930 Type II diabetes mellitus 1.39 0.01330 SOCS3, TNF 

hsa05144 Malaria 1.38 0.01340 CXCL8, TNF 

hsa05152 Tuberculosis 0.99 0.01390 RIPK2, CEBPB, TNF 

hsa05150 Staphylococcus aureus infection 1.34 0.01460 C3AR1, C5AR1 

hsa04370 VEGF signaling pathway 1.28 0.01840 MAPKAPK2, VEGFA 

hsa05205 Proteoglycans in cancer 0.93 0.01840 PLAUR, TNF, VEGFA 

hsa05131 Shigellosis 1.25 0.01990 RIPK2, CXCL8 

hsa05120 
Epithelial cell signaling in Helicobacter pylori 
infection 

1.23 0.02110 CXCL8, CXCL1 

hsa04622 RIG-I-like receptor signaling pathway 1.20 0.02230 CXCL8, TNF 

hsa04920 Adipocytokine signaling pathway 1.21 0.02230 SOCS3, TNF 

hsa05212 Pancreatic cancer 1.18 0.02420 GADD45B, VEGFA 

hsa05132 Salmonella infection 1.12 0.02990 CXCL8, CXCL1 

hsa04211 Longevity regulating pathway 1.10 0.03180 ULK1, FOXO1 

hsa04066 HIF-1 signaling pathway 1.06 0.03800 PFKFB3, VEGFA 

hsa04660 T cell receptor signaling pathway 1.05 0.03800 MAP3K8, TNF 

hsa05142 Chagas disease (American trypanosomiasis) 1.04 0.03830 CXCL8, TNF 

hsa04722 Neurotrophin signaling pathway 0.98 0.04840 RIPK2, MAPKAPK2 
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Term ID Pathway term description Strength False discovery rate Matching proteins in network 

hsa05165 Human papillomavirus infection 0.72 0.04840 FOXO1, TNF, VEGFA 
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Supplemental Table S2: The most significantly enriched functional biological processes of upregulated genes from severe COVID-19 donors 

compared to healthy controls. 

Term ID Term description Strength 
False 

discovery 
rate 

Matching proteins in network 

GO:0048522 
positive regulation of cellular 
process 

0.59 <0.000001 

GADD45B, OSM, RIPK2, RELB, NAMPT, PLEK, MAP3K8, CXCL16, CCR1, 
C3AR1, CEBPB, CXCL8, MARCO, ULK1, SOCS3, NLRP3, PLAUR, B7RP1, 
C5AR1, HLX, MAPKAPK2, S100A12, PRDM1, MAFB, DDAH2, FOXO1, 
CXCL1, NFE2L2, BCL6, CXCR4, TNF, PFKFB3, DDIT3, VEGFA 

GO:0032101 
regulation of response to 
external stimulus 

1.09 <0.000001 
OSM, RIPK2, RELB, PLEK, CCR1, C3AR1, CXCL8, MARCO, SOCS3, NLRP3, 
PLAUR, C5AR1, MAPKAPK2, S100A12, PRDM1, CXCL1, NFE2L2, BCL6, 
CXCR4, TNF, VEGFA 

GO:0009893 
positive regulation of 
metabolic process 

0.68 <0.000001 

GADD45B, OSM, RIPK2, RELB, NAMPT, PLEK, MAP3K8, CCR1, CEBPB, 
MARCO, ULK1, SOCS3, NLRP3, PLAUR, C5AR1, MAPKAPK2, S100A12, 
PRDM1, MAFB, DDAH2, FOXO1, NFE2L2, BCL6, CXCR4, TNF, PFKFB3, 
DDIT3, VEGFA 

GO:0002376 immune system process 0.77 <0.000001 
SLC2A3, OSM, RIPK2, RELB, PLEK, MAP3K8, CXCL16, CCR1, C3AR1, 
CEBPB, CXCL8, MARCO, NLRP3, PLAUR, B7RP1, C5AR1, MAPKAPK2, 
S100A12, PRDM1, MAFB, CXCL1, BCL6, CXCR4, TNF, VEGFA 

GO:0002682 
regulation of immune system 
process 

0.93 <0.000001 
RIPK2, RELB, MAP3K8, CCR1, C3AR1, CEBPB, CXCL8, MARCO, SOCS3, 
NLRP3, B7RP1, C5AR1, HLX, MAPKAPK2, PRDM1, MAFB, CXCL1, NFE2L2, 
BCL6, TNF, VEGFA 

GO:0031325 
positive regulation of cellular 
metabolic process 

0.69 <0.000001 

GADD45B, OSM, RIPK2, RELB, NAMPT, PLEK, MAP3K8, CCR1, CEBPB, 
MARCO, ULK1, SOCS3, NLRP3, PLAUR, C5AR1, MAPKAPK2, S100A12, 
MAFB, DDAH2, FOXO1, NFE2L2, BCL6, CXCR4, TNF, PFKFB3, DDIT3, 
VEGFA 

GO:0006954 inflammatory response 1.24 <0.000001 
RIPK2, RELB, CCR1, C3AR1, CEBPB, CXCL8, NLRP3, C5AR1, MAPKAPK2, 
S100A12, CXCL1, NFE2L2, BCL6, CXCR4, TNF 

GO:0048584 
positive regulation of 
response to stimulus 

0.80 <0.000001 
GADD45B, OSM, RIPK2, RELB, PLEK, MAP3K8, CCR1, C3AR1, CXCL8, 
MARCO, SOCS3, NLRP3, PLAUR, C5AR1, HLX, MAPKAPK2, S100A12, 
CXCL1, NFE2L2, CXCR4, TNF, DDIT3, VEGFA 

GO:0006952 defense response 0.93 <0.000001 
RIPK2, RELB, CXCL16, CCR1, C3AR1, CEBPB, CXCL8, MARCO, NLRP3, 
B7RP1, C5AR1, MAPKAPK2, S100A12, PRDM1, CXCL1, NFE2L2, BCL6, 
CXCR4, TNF 
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GO:0002684 
positive regulation of immune 
system process 

1.03 <0.000001 
RIPK2, RELB, MAP3K8, CCR1, C3AR1, CXCL8, MARCO, NLRP3, B7RP1, 
C5AR1, HLX, MAPKAPK2, PRDM1, CXCL1, BCL6, TNF, VEGFA 

GO:0048583 
regulation of response to 
stimulus 

0.61 <0.000001 

GADD45B, OSM, RIPK2, RELB, NAMPT, PLEK, MAP3K8, CXCL16, CCR1, 
C3AR1, CXCL8, MARCO, SOCS3, NLRP3, PLAUR, C5AR1, HLX, MAPKAPK2, 
S100A12, PRDM1, FOXO1, CXCL1, NFE2L2, BCL6, CXCR4, TNF, DDIT3, 
VEGFA 

GO:0080134 
regulation of response to 
stress 

0.91 <0.000001 
GADD45B, OSM, RIPK2, RELB, PLEK, C3AR1, MARCO, SOCS3, NLRP3, 
PLAUR, C5AR1, MAPKAPK2, S100A12, FOXO1, NFE2L2, BCL6, TNF, DDIT3, 
VEGFA 

GO:0006950 response to stress 0.65 <0.000001 
GADD45B, RIPK2, RELB, MAP3K8, CXCL16, CCR1, C3AR1, CEBPB, CXCL8, 
MARCO, ULK1, NLRP3, PLAUR, B7RP1, C5AR1, MAPKAPK2, S100A12, 
PRDM1, FOXO1, CXCL1, NFE2L2, BCL6, CXCR4, TNF, DDIT3, VEGFA 

GO:0051173 
positive regulation of nitrogen 
compound metabolic process 

0.68 <0.000001 
GADD45B, OSM, RIPK2, RELB, NAMPT, MAP3K8, CCR1, CEBPB, MARCO, 
SOCS3, NLRP3, PLAUR, C5AR1, MAPKAPK2, S100A12, MAFB, DDAH2, 
FOXO1, NFE2L2, BCL6, CXCR4, TNF, PFKFB3, DDIT3, VEGFA 

GO:0009966 
regulation of signal 
transduction 

0.66 <0.000001 
GADD45B, OSM, RIPK2, NAMPT, PLEK, MAP3K8, CXCL16, CCR1, CXCL8, 
MARCO, SOCS3, NLRP3, PLAUR, C5AR1, MAPKAPK2, S100A12, PRDM1, 
FOXO1, CXCL1, NFE2L2, BCL6, CXCR4, TNF, DDIT3, VEGFA 

GO:0009605 response to external stimulus 0.76 <0.000001 
RIPK2, RELB, CXCL16, CCR1, C3AR1, CEBPB, CXCL8, MARCO, ULK1, 
NLRP3, PLAUR, C5AR1, MAPKAPK2, S100A12, PRDM1, FOXO1, CXCL1, 
NFE2L2, CXCR4, TNF, DDIT3, VEGFA 

GO:0034097 response to cytokine 0.96 <0.000001 
OSM, RIPK2, RELB, MAP3K8, CXCL16, CCR1, CEBPB, CXCL8, SOCS3, 
MAPKAPK2, FOXO1, CXCL1, NFE2L2, BCL6, CXCR4, TNF, VEGFA 

GO:1902531 
regulation of intracellular 
signal transduction 

0.80 <0.000001 
GADD45B, OSM, RIPK2, PLEK, MAP3K8, CCR1, MARCO, SOCS3, NLRP3, 
PLAUR, C5AR1, MAPKAPK2, S100A12, FOXO1, NFE2L2, BCL6, CXCR4, 
TNF, DDIT3, VEGFA 

GO:0006955 immune response 0.83 <0.000001 
SLC2A3, OSM, RIPK2, RELB, CXCL16, CCR1, C3AR1, CEBPB, CXCL8, 
MARCO, NLRP3, PLAUR, B7RP1, C5AR1, S100A12, PRDM1, CXCL1, BCL6, 
TNF 

GO:0032103 
positive regulation of 
response to external stimulus 

1.16 <0.000001 
OSM, RIPK2, RELB, CCR1, C3AR1, CXCL8, MARCO, C5AR1, MAPKAPK2, 
S100A12, CXCL1, TNF, VEGFA 

GO:0010604 
positive regulation of 
macromolecule metabolic 
process 

0.64 <0.000001 
GADD45B, OSM, RIPK2, RELB, NAMPT, MAP3K8, CCR1, CEBPB, MARCO, 
SOCS3, NLRP3, PLAUR, C5AR1, MAPKAPK2, S100A12, PRDM1, MAFB, 
FOXO1, NFE2L2, BCL6, CXCR4, TNF, DDIT3, VEGFA 
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GO:0007165 signal transduction 0.52 <0.000001 

OSM, RIPK2, RELB, NAMPT, PLEK, MAP3K8, CXCL16, CCR1, C3AR1, 
CEBPB, CXCL8, MARCO, ULK1, SOCS3, NLRP3, PLAUR, B7RP1, C5AR1, 
MAPKAPK2, DDAH2, FOXO1, CXCL1, NFE2L2, BCL6, CXCR4, TNF, DDIT3, 
VEGFA 

GO:0045937 
positive regulation of 
phosphate metabolic process 

0.93 <0.000001 
GADD45B, OSM, RIPK2, PLEK, MAP3K8, CCR1, MARCO, SOCS3, PLAUR, 
C5AR1, MAPKAPK2, S100A12, CXCR4, TNF, PFKFB3, VEGFA 

GO:0051247 
positive regulation of protein 
metabolic process 

0.8 <0.000001 
GADD45B, OSM, RIPK2, MAP3K8, CCR1, MARCO, SOCS3, NLRP3, PLAUR, 
C5AR1, MAPKAPK2, S100A12, FOXO1, NFE2L2, BCL6, CXCR4, TNF, VEGFA 

GO:0060326 cell chemotaxis 1.44 <0.000001 CXCL16,CCR1,C3AR1,CXCL8,C5AR1,S100A12,CXCL1,CXCR4,VEGFA 

GO:0042327 
positive regulation of 
phosphorylation 

0.93 <0.000001 
GADD45B, OSM, RIPK2, MAP3K8, CCR1, MARCO, SOCS3, PLAUR, C5AR1, 
MAPKAPK2, S100A12, CXCR4, TNF, PFKFB3, VEGFA 

GO:0043410 
positive regulation of MAPK 
cascade 

1.12 <0.000001 
GADD45B, OSM, RIPK2, MAP3K8, CCR1, MARCO, C5AR1, MAPKAPK2, 
S100A12, CXCR4, TNF, VEGFA 

GO:0007166 
cell surface receptor signaling 
pathway 

0.71 <0.000001 
OSM, RIPK2, RELB, PLEK, MAP3K8, CCR1, C3AR1, CXCL8, MARCO, 
SOCS3, PLAUR, C5AR1, MAPKAPK2, FOXO1, CXCL1, BCL6, CXCR4, TNF, 
DDIT3, VEGFA 

GO:0051171 
regulation of nitrogen 
compound metabolic process 

0.44 <0.000001 

GADD45B, OSM, RIPK2, RELB, NAMPT, PLEK, MAP3K8, CCR1, C3AR1, 
CEBPB, MARCO, SOCS3, NLRP3, PLAUR, C5AR1, HLX, MAPKAPK2, 
S100A12, PRDM1, MAFB, DDAH2, FOXO1, NFE2L2, BCL6, CXCR4, TNF, 
PFKFB3, DDIT3, VEGFA 

GO:0032270 
positive regulation of cellular 
protein metabolic process 

0.80 <0.000001 
GADD45B, OSM, RIPK2, MAP3K8, CCR1, MARCO, SOCS3, NLRP3, PLAUR, 
C5AR1, MAPKAPK2, S100A12, NFE2L2, BCL6, CXCR4 ,TNF, VEGFA 

GO:0043408 regulation of MAPK cascade 1.01 <0.000001 
GADD45B, OSM, RIPK2, MAP3K8, CCR1, MARCO, C5AR1, MAPKAPK2, 
S100A12, FOXO1, CXCR4, TNF, VEGFA 

GO:0019222 
regulation of metabolic 
process 

0.41 <0.000001 

GADD45B, OSM, RIPK2, RELB, NAMPT, PLEK, MAP3K8, CCR1, C3AR1, 
CEBPB, MARCO, ULK1, SOCS3, NLRP3, PLAUR, C5AR1, HLX, MAPKAPK2, 
S100A12, PRDM1, MAFB, DDAH2, FOXO1, NFE2L2, BCL6, CXCR4, TNF, 
PFKFB3, DDIT3, VEGFA 

GO:0051240 
positive regulation of 
multicellular organismal 
process 

0.79 <0.000001 
RIPK2, PLEK, CCR1, C3AR1, CEBPB, CXCL8, NLRP3, C5AR1, HLX, 
MAPKAPK2, PRDM1, NFE2L2, BCL6, CXCR4, TNF, DDIT3, VEGFA 
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GO:0070887 
cellular response to chemical 
stimulus 

0.64 <0.000001 
OSM, RIPK2, MAP3K8, CXCL16, CCR1, C3AR1, CEBPB, CXCL8, SOCS3, 
NLRP3, C5AR1, MAPKAPK2, S100A12, FOXO1, CXCL1, NFE2L2, BCL6, 
CXCR4, TNF, DDIT3, VEGFA 

GO:0050896 response to stimulus 0.36 <0.000001 

SLC2A3, GADD45B, OSM, RIPK2, RELB, NAMPT, PLEK, MAP3K8, CXCL16, 
CCR1, C3AR1, CEBPB, CXCL8, MARCO, ULK1, SOCS3, NLRP3, PLAUR, 
B7RP1, C5AR1, MAPKAPK2, S100A12, PRDM1, DDAH2, FOXO1, CXCL1, 
NFE2L2, BCL6, CXCR4, TNF, DDIT3, VEGFA 

GO:0001934 
positive regulation of protein 
phosphorylation 

0.92 <0.000001 
GADD45B, OSM, RIPK2, MAP3K8, CCR1, MARCO, SOCS3, PLAUR, C5AR1, 
MAPKAPK2, S100A12, CXCR4, TNF, VEGFA 

GO:0031323 
regulation of cellular 
metabolic process 

0.43 <0.000001 

GADD45B, OSM, RIPK2, RELB, NAMPT, PLEK, MAP3K8, CCR1, CEBPB, 
MARCO, ULK1, SOCS3, NLRP3, PLAUR, C5AR1, HLX, MAPKAPK2, S100A12, 
PRDM1, MAFB, DDAH2, FOXO1, NFE2L2, BCL6, CXCR4, TNF, PFKFB3, 
DDIT3, VEGFA 

GO:0031401 
positive regulation of protein 
modification process 

0.86 <0.000001 
GADD45B, OSM, RIPK2, MAP3K8, CCR1, MARCO, SOCS3, PLAUR, C5AR1, 
MAPKAPK2, S100A12, BCL6, CXCR4, TNF, VEGFA 

GO:0071345 
cellular response to cytokine 
stimulus 

0.91 <0.000001 
OSM, RIPK2, MAP3K8, CCR1, CEBPB, CXCL8, SOCS3, FOXO1, CXCL1, 
NFE2L2, BCL6, CXCR4, TNF, VEGFA 

GO:1902533 
positive regulation of 
intracellular signal 
transduction 

0.91 <0.000001 
GADD45B, OSM, RIPK2, MAP3K8, CCR1, MARCO, SOCS3, C5AR1, 
MAPKAPK2, S100A12, CXCR4, TNF, DDIT3, VEGFA 

GO:0051239 
regulation of multicellular 
organismal process 

0.62 <0.000001 
RIPK2, RELB, PLEK, CCR1, C3AR1, CEBPB, CXCL8, NLRP3, PLAUR, 
C5AR1, HLX, MAPKAPK2, PRDM1, MAFB, FOXO1, NFE2L2, BCL6, CXCR4, 
TNF, DDIT3, VEGFA 

GO:0010033 
response to organic 
substance 

0.62 <0.000001 
OSM, RIPK2, RELB, NAMPT, MAP3K8, CXCL16, CCR1, CEBPB, CXCL8, 
SOCS3, NLRP3, C5AR1, MAPKAPK2, FOXO1, CXCL1, NFE2L2, BCL6, 
CXCR4, TNF, DDIT3, VEGFA 

GO:0019220 
regulation of phosphate 
metabolic process 

0.76 <0.000001 
GADD45B, OSM, RIPK2, PLEK, MAP3K8, CCR1, MARCO, SOCS3, PLAUR, 
C5AR1, MAPKAPK2, S100A12, FOXO1, CXCR4, TNF, PFKFB3, VEGFA 

GO:0051716 cellular response to stimulus 0.42 <0.000001 

OSM, RIPK2, RELB, NAMPT, PLEK, MAP3K8, CXCL16, CCR1, C3AR1, 
CEBPB, CXCL8, MARCO, ULK1, SOCS3, NLRP3, PLAUR, B7RP1, C5AR1, 
MAPKAPK2, S100A12, DDAH2, FOXO1, CXCL1, NFE2L2, BCL6, CXCR4, 
TNF, DDIT3, VEGFA 

GO:0009607 response to biotic stimulus 0.84 <0.000001 
RIPK2, RELB, CXCL16, CEBPB, CXCL8, MARCO, NLRP3, C5AR1, 
MAPKAPK2, S100A12, PRDM1, CXCL1, CXCR4, TNF, DDIT3 
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GO:1902105 
regulation of leukocyte 
differentiation 

1.29 <0.000001 RIPK2, CCR1, CEBPB, NLRP3, HLX, PRDM1, MAFB, BCL6, TNF 

GO:0019221 
cytokine-mediated signaling 
pathway 

1.01 <0.000001 
OSM, RIPK2, MAP3K8, CCR1, CXCL8, SOCS3, FOXO1, CXCL1, BCL6, 
CXCR4, TNF, VEGFA 

GO:0043406 
positive regulation of MAP 
kinase activity 

1.28 <0.000001 
GADD45B, RIPK2, MAP3K8, C5AR1, MAPKAPK2, S100A12, CXCR4, TNF, 
VEGFA 

GO:0042325 regulation of phosphorylation 0.79 <0.000001 
GADD45B, OSM, RIPK2, MAP3K8, CCR1, MARCO, SOCS3, PLAUR, C5AR1, 
MAPKAPK2, S100A12, FOXO1, CXCR4, TNF, PFKFB3, VEGFA 

GO:0031347 
regulation of defense 
response 

1.00 <0.000001 
OSM, RIPK2, RELB, C3AR1, MARCO, SOCS3, NLRP3, C5AR1, MAPKAPK2, 
S100A12, BCL6, TNF 

GO:0051094 
positive regulation of 
developmental process 

0.81 <0.000001 
RIPK2, CCR1, C3AR1, CEBPB, CXCL8, SOCS3, NLRP3, C5AR1, HLX, 
PRDM1, NFE2L2, BCL6, CXCR4, TNF, VEGFA 

GO:0051246 
regulation of protein metabolic 
process 

0.62 <0.000001 
GADD45B, OSM, RIPK2, MAP3K8, CCR1, C3AR1, CEBPB, MARCO, SOCS3, 
NLRP3, PLAUR, C5AR1, MAPKAPK2, S100A12, FOXO1, NFE2L2, BCL6, 
CXCR4, TNF, VEGFA 

GO:1903706 regulation of hemopoiesis 1.13 <0.000001 RIPK2, CCR1, CEBPB, NLRP3, HLX, PRDM1, MAFB, NFE2L2, BCL6, TNF 

GO:0045321 leukocyte activation 0.91 <0.000001 
SLC2A3, RIPK2, RELB, C3AR1, CEBPB, CXCL8, PLAUR, B7RP1, C5AR1, 
S100A12, MAFB, CXCL1, BCL6 

GO:0050900 leukocyte migration 1.23 <0.000001 CXCL16, CCR1, C3AR1, CXCL8, C5AR1, S100A12, CXCR4, TNF, VEGFA 

GO:0080090 
regulation of primary 
metabolic process 

0.42 <0.000001 

GADD45B, OSM, RIPK2, RELB, NAMPT, PLEK, MAP3K8, CCR1, C3AR1, 
CEBPB, MARCO, SOCS3, NLRP3, PLAUR, C5AR1, HLX, MAPKAPK2, 
S100A12, PRDM1, MAFB, FOXO1, NFE2L2, BCL6, CXCR4, TNF, PFKFB3, 
DDIT3, VEGFA 

GO:0042221 response to chemical 0.51 <0.000001 
OSM, RIPK2, RELB, NAMPT, MAP3K8, CXCL16, CCR1, C3AR1, CEBPB, 
CXCL8, SOCS3, NLRP3, PLAUR, C5AR1, MAPKAPK2, S100A12, FOXO1, 
CXCL1, NFE2L2, BCL6, CXCR4, TNF, DDIT3, VEGFA 

GO:0002687 
positive regulation of 
leukocyte migration 

1.49 <0.000001 CCR1, C3AR1, CXCL8, C5AR1, CXCL1, TNF, VEGFA 

GO:0030595 leukocyte chemotaxis 1.48 <0.000001 CXCL16, CCR1, CXCL8, C5AR1, S100A12, CXCR4, VEGFA 

GO:0001932 
regulation of protein 
phosphorylation 

0.79 <0.000001 
GADD45B, OSM, RIPK2, MAP3K8, CCR1, MARCO, SOCS3, PLAUR, C5AR1, 
MAPKAPK2, S100A12, FOXO1, CXCR4, TNF, VEGFA 

GO:0051707 response to other organism 0.82 <0.000001 
RIPK2, RELB, CXCL16, CEBPB, CXCL8, MARCO, NLRP3, C5AR1, 
MAPKAPK2, S100A12, PRDM1, CXCL1, CXCR4, TNF 
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GO:1902107 
positive regulation of 
leukocyte differentiation 

1.45 <0.000001 RIPK2, CCR1, NLRP3, HLX, PRDM1, BCL6, TNF 

GO:0051272 
positive regulation of cellular 
component movement 

1.06 <0.000001 
CXCL16, CCR1, C3AR1, CXCL8, C5AR1, CXCL1, NFE2L2, BCL6, TNF, 
VEGFA 

GO:0048523 
negative regulation of cellular 
process 

0.48 <0.000001 
GADD45B, OSM, RIPK2, RELB, PLEK, CEBPB, CXCL8, ULK1, SOCS3, 
NLRP3, PLAUR, C5AR1, HLX, MAPKAPK2, PRDM1, MAFB, DDAH2, FOXO1, 
CXCL1, NFE2L2, BCL6, TNF, DDIT3, VEGFA 

GO:0006935 chemotaxis 1.06 <0.000001 
CXCL16, CCR1, C3AR1, CXCL8, PLAUR, C5AR1, S100A12, CXCL1, CXCR4, 
VEGFA 

GO:0031399 
regulation of protein 
modification process 

0.71 <0.000001 
GADD45B, OSM, RIPK2, MAP3K8, CCR1, MARCO, SOCS3, PLAUR, C5AR1, 
MAPKAPK2, S100A12, FOXO1, BCL6, CXCR4, TNF, VEGFA 

GO:0009967 
positive regulation of signal 
transduction 

0.75 <0.000001 
GADD45B, OSM, RIPK2, MAP3K8, CCR1, MARCO, SOCS3, PLAUR, C5AR1, 
MAPKAPK2, S100A12, CXCR4, TNF, DDIT3, VEGFA 

GO:0065009 
regulation of molecular 
function 

0.55 <0.000001 
GADD45B, OSM, RIPK2, NAMPT, PLEK, MAP3K8, CXCL16, CXCL8, SOCS3, 
NLRP3, PLAUR, C5AR1, MAPKAPK2, S100A12, DDAH2, CXCL1, BCL6, 
CXCR4, TNF, DDIT3, VEGFA 

GO:0048519 
negative regulation of 
biological process 

0.45 <0.000001 
GADD45B, OSM, RIPK2, RELB, PLEK, CCR1, CEBPB, CXCL8, ULK1, SOCS3, 
NLRP3, PLAUR, C5AR1, HLX, MAPKAPK2, PRDM1, MAFB, DDAH2, FOXO1, 
CXCL1, NFE2L2, BCL6, TNF, DDIT3, VEGFA 

GO:0042981 
regulation of apoptotic 
process 

0.75 <0.000001 
GADD45B, RIPK2, MAP3K8, CEBPB, SOCS3, NLRP3, PLAUR, C5AR1, 
DDAH2, FOXO1, NFE2L2, BCL6, TNF, DDIT3, VEGFA 

GO:0002690 
positive regulation of 
leukocyte chemotaxis 

1.57 <0.000001 CCR1, C3AR1, CXCL8, C5AR1, CXCL1, VEGFA 

GO:0032501 
multicellular organismal 
process 

0.38 <0.000001 

GADD45B, OSM, RELB, NAMPT, PLEK, C3AR1, CEBPB, CXCL8, MARCO, 
ULK1, SOCS3, NLRP3, PLAUR, C5AR1, HLX, MAPKAPK2, S100A12, PRDM1, 
MAFB, FOXO1, CXCL1, NFE2L2, BCL6, CXCR4, TNF, PFKFB3, DDIT3, 
VEGFA 

GO:0050793 
regulation of developmental 
process 

0.62 <0.000001 
RIPK2, CCR1, C3AR1, CEBPB, CXCL8, SOCS3, NLRP3, C5AR1, HLX, 
PRDM1, MAFB, FOXO1, NFE2L2, BCL6, CXCR4, TNF, DDIT3, VEGFA 

GO:0060255 
regulation of macromolecule 
metabolic process 

0.40 <0.000001 

GADD45B, OSM, RIPK2, RELB, NAMPT, PLEK, MAP3K8, CCR1, C3AR1, 
CEBPB, MARCO, SOCS3, NLRP3, PLAUR, C5AR1, HLX, MAPKAPK2, 
S100A12, PRDM1, MAFB, FOXO1, NFE2L2, BCL6, CXCR4, TNF, DDIT3, 
VEGFA 
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GO:1903037 
regulation of leukocyte cell-
cell adhesion 

1.21 <0.000001 RIPK2, MAP3K8, CEBPB, NLRP3, B7RP1, HLX, BCL6, TNF 

GO:0045597 
positive regulation of cell 
differentiation 

0.87 <0.000001 
RIPK2, CCR1, CEBPB, SOCS3, NLRP3, HLX, PRDM1, NFE2L2, BCL6, 
CXCR4, TNF, VEGFA 

GO:2000026 
regulation of multicellular 
organismal development 

0.68 <0.000001 
RIPK2, CCR1, C3AR1, CEBPB, CXCL8, NLRP3, C5AR1, HLX, PRDM1, MAFB, 
NFE2L2, BCL6, CXCR4, TNF, DDIT3, VEGFA 

GO:0032268 
regulation of cellular protein 
metabolic process 

0.61 <0.000001 
GADD45B, OSM, RIPK2, MAP3K8, CCR1, MARCO, SOCS3, NLRP3, PLAUR, 
C5AR1, MAPKAPK2, S100A12, FOXO1, NFE2L2, BCL6, CXCR4, TNF, VEGFA 

GO:0050920 regulation of chemotaxis 1.32 <0.000001 CCR1, C3AR1, CXCL8, C5AR1, CXCL1, CXCR4, VEGFA 

GO:0032496 
response to 
lipopolysaccharide 

1.18 <0.000001 RIPK2, CEBPB, CXCL8, NLRP3, C5AR1, MAPKAPK2, CXCL1, TNF 

GO:0071310 
cellular response to organic 
substance 

0.63 <0.000001 
OSM, RIPK2, MAP3K8, CCR1, CEBPB, CXCL8, SOCS3, NLRP3, MAPKAPK2, 
FOXO1, CXCL1, NFE2L2, BCL6, CXCR4, TNF, DDIT3, VEGFA 

GO:0050863 regulation of T cell activation 1.17 <0.000001 RIPK2, MAP3K8, CEBPB, NLRP3, B7RP1, HLX, PRDM1, BCL6 

GO:0050867 
positive regulation of cell 
activation 

1.16 <0.000001 RIPK2, PLEK, MAP3K8, NLRP3, B7RP1, HLX, PRDM1, BCL6 

GO:0045595 
regulation of cell 
differentiation 

0.69 <0.000001 
RIPK2, CCR1, CEBPB, SOCS3, NLRP3, HLX, PRDM1, MAFB, FOXO1, 
NFE2L2, BCL6, CXCR4, TNF, DDIT3, VEGFA 

GO:1903039 
positive regulation of 
leukocyte cell-cell adhesion 

1.29 <0.000001 RIPK2, MAP3K8, NLRP3, B7RP1, HLX, BCL6, TNF 

GO:0030335 
positive regulation of cell 
migration 

1.05 <0.000001 CXCL16, CCR1, C3AR1, CXCL8, C5AR1, CXCL1, NFE2L2, TNF, VEGFA 

GO:0001817 
regulation of cytokine 
production 

0.96 <0.000001 
RIPK2, RELB, C3AR1, CEBPB, NLRP3, C5AR1, MAPKAPK2, BCL6, TNF, 
DDIT3 

GO:0030155 regulation of cell adhesion 0.95 <0.000001 RIPK2, MAP3K8, CEBPB, CXCL8, NLRP3, B7RP1, HLX, BCL6, TNF, VEGFA 

GO:0046637 
regulation of alpha-beta T cell 
differentiation 

1.66 <0.000001 RIPK2, NLRP3, HLX, PRDM1, BCL6 

GO:0050727 
regulation of inflammatory 
response 

1.12 <0.000001 OSM, C3AR1, SOCS3, NLRP3, C5AR1, S100A12, BCL6, TNF 

GO:0035556 
intracellular signal 
transduction 

0.71 <0.000001 
RIPK2, RELB, PLEK, MAP3K8, CEBPB, CXCL8, SOCS3, MAPKAPK2, DDAH2, 
CXCL1, BCL6, CXCR4, TNF, DDIT3 

GO:0032147 
activation of protein kinase 
activity 

1.11 <0.000001 GADD45B, RIPK2, MAP3K8, C5AR1, MAPKAPK2, CXCR4, TNF, VEGFA 
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GO:0043066 
negative regulation of 
apoptotic process 

0.85 <0.000001 
RIPK2, CEBPB, SOCS3, PLAUR, C5AR1, DDAH2, FOXO1, NFE2L2, BCL6, 
TNF, VEGFA 

GO:0050865 regulation of cell activation 1.00 <0.000001 RIPK2, PLEK, MAP3K8, CEBPB, NLRP3, B7RP1, HLX, PRDM1, BCL6 

GO:0031328 
positive regulation of cellular 
biosynthetic process 

0.66 <0.000001 
OSM, RIPK2, RELB, NAMPT, CEBPB, NLRP3, MAPKAPK2, MAFB, DDAH2, 
FOXO1, NFE2L2, TNF, PFKFB3, DDIT3, VEGFA 

GO:0036003 

positive regulation of 
transcription from RNA 
polymerase II promoter in 
response to stress 

1.93 <0.000001 CEBPB, NFE2L2, DDIT3, VEGFA 

GO:0050776 
regulation of immune 
response 

0.85 <0.000001 
RIPK2, RELB, C3AR1, MARCO, SOCS3, NLRP3, C5AR1, HLX, MAPKAPK2, 
BCL6, TNF 

GO:0042127 
regulation of cell population 
proliferation 

0.69 <0.000001 
OSM, RIPK2, NAMPT, CEBPB, CXCL8, B7RP1, C5AR1, HLX, PRDM1, 
FOXO1, CXCL1, BCL6, TNF, VEGFA 

GO:0045944 
positive regulation of 
transcription by RNA 
polymerase II 

0.78 <0.000001 
OSM, RIPK2, RELB, NAMPT, CEBPB, NLRP3, MAFB, FOXO1, NFE2L2, TNF, 
DDIT3, VEGFA 

GO:0045785 
positive regulation of cell 
adhesion 

1.08 <0.000001 RIPK2, MAP3K8, NLRP3, B7RP1, HLX, BCL6, TNF, VEGFA 

GO:0051704 multi-organism process 0.58 0.00001 
RIPK2, RELB, NAMPT, CXCL16, CEBPB, CXCL8, MARCO, ULK1, NLRP3, 
C5AR1, MAPKAPK2, S100A12, PRDM1, CXCL1, BCL6, CXCR4, TNF 

GO:0090023 
positive regulation of 
neutrophil chemotaxis 

1.87 0.00001 C3AR1, CXCL8, C5AR1, CXCL1 

GO:0001819 
positive regulation of cytokine 
production 

1.06 0.00001 RIPK2, C3AR1, CEBPB, NLRP3, C5AR1, MAPKAPK2, TNF, DDIT3 

GO:0051251 
positive regulation of 
lymphocyte activation 

1.18 0.00001 RIPK2, MAP3K8, NLRP3, B7RP1, HLX, PRDM1, BCL6 

GO:0050790 regulation of catalytic activity 0.60 0.00001 
GADD45B, RIPK2, PLEK, MAP3K8, SOCS3, NLRP3, PLAUR, C5AR1, 
MAPKAPK2, S100A12, DDAH2, CXCL1, BCL6, CXCR4, TNF, VEGFA 

GO:0009617 response to bacterium 0.96 0.00001 RIPK2, CEBPB, CXCL8, NLRP3, C5AR1, MAPKAPK2, S100A12, CXCL1, TNF 

GO:0045622 
regulation of T-helper cell 
differentiation 

1.82 0.00001 RIPK2, NLRP3, HLX, BCL6 

GO:0044093 
positive regulation of 
molecular function 

0.66 0.00001 
GADD45B, RIPK2, PLEK, MAP3K8, NLRP3, PLAUR, C5AR1, MAPKAPK2, 
S100A12, CXCL1, CXCR4, TNF, DDIT3, VEGFA 
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GO:0048568 
embryonic organ 
development 

1.03 0.00001 CEBPB, CXCL8, SOCS3, HLX, PRDM1, MAFB, TNF, VEGFA 

GO:0045621 
positive regulation of 
lymphocyte differentiation 

1.49 0.00001 RIPK2, NLRP3, HLX, PRDM1, BCL6 

GO:0050778 
positive regulation of immune 
response 

0.93 0.00001 RIPK2, RELB, C3AR1, MARCO, NLRP3, C5AR1, HLX, MAPKAPK2, TNF 

GO:0002673 
regulation of acute 
inflammatory response 

1.48 0.00001 OSM, C3AR1, NLRP3, C5AR1, TNF 

GO:0071216 
cellular response to biotic 
stimulus 

1.28 0.00001 RIPK2, CEBPB, CXCL8, NLRP3, TNF, DDIT3 

GO:0045859 
regulation of protein kinase 
activity 

0.85 0.00001 
GADD45B, RIPK2, MAP3K8, SOCS3, C5AR1, MAPKAPK2, S100A12, CXCR4, 
TNF, VEGFA 

GO:0010648 
negative regulation of cell 
communication 

0.73 0.00001 
OSM, PLEK, CXCL8, SOCS3, NLRP3, PLAUR, PRDM1, FOXO1, NFE2L2, 
BCL6, TNF, DDIT3 

GO:0023057 
negative regulation of 
signaling 

0.73 0.00001 
OSM, PLEK, CXCL8, SOCS3, NLRP3, PLAUR, PRDM1, FOXO1, NFE2L2, 
BCL6, TNF, DDIT3 

GO:0080135 
regulation of cellular response 
to stress 

0.91 0.00002 GADD45B, RIPK2, MAPKAPK2, FOXO1, NFE2L2, BCL6, TNF, DDIT3, VEGFA 

GO:0016477 cell migration 0.84 0.00002 
CXCL16, CCR1, C3AR1, CXCL8, C5AR1, S100A12, CXCL1, CXCR4, TNF, 
VEGFA 

GO:0050870 
positive regulation of T cell 
activation 

1.24 0.00002 RIPK2, MAP3K8, NLRP3, B7RP1, HLX, BCL6 

GO:0071675 
regulation of mononuclear cell 
migration 

1.73 0.00002 CCR1, C3AR1, C5AR1, TNF 

GO:0007275 
multicellular organism 
development 

0.42 0.00002 
GADD45B, OSM, RELB, PLEK, CEBPB, CXCL8, ULK1, SOCS3, C5AR1, HLX, 
MAPKAPK2, PRDM1, MAFB, FOXO1, CXCL1, NFE2L2, BCL6, CXCR4, TNF, 
PFKFB3, DDIT3, VEGFA 

GO:0010628 
positive regulation of gene 
expression 

0.63 0.00002 
OSM, RIPK2, RELB, NAMPT, CEBPB, NLRP3, MAPKAPK2, PRDM1, MAFB, 
FOXO1, NFE2L2, TNF, DDIT3, VEGFA 

GO:0070374 
positive regulation of ERK1 
and ERK2 cascade 

1.23 0.00002 RIPK2, CCR1, MARCO, C5AR1, TNF, VEGFA 

GO:0033554 cellular response to stress 0.67 0.00002 
RIPK2, RELB, MAP3K8, CEBPB, CXCL8, ULK1, MAPKAPK2, FOXO1, 
NFE2L2, BCL6, TNF, DDIT3, VEGFA 
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GO:0045628 
regulation of T-helper 2 cell 
differentiation 

2.18 0.00002 NLRP3, HLX, BCL6 

GO:0098542 
defense response to other 
organism 

0.81 0.00002 
RIPK2, RELB, CXCL16, CEBPB, MARCO, NLRP3, C5AR1, S100A12, PRDM1, 
TNF 

GO:0051241 
negative regulation of 
multicellular organismal 
process 

0.75 0.00003 
RELB, CCR1, NLRP3, PLAUR, HLX, MAFB, FOXO1, NFE2L2, BCL6, TNF, 
DDIT3 

GO:0032494 response to peptidoglycan 2.15 0.00003 RIPK2, NLRP3, C5AR1 

GO:0036499 
PERK-mediated unfolded 
protein response 

2.15 0.00003 CXCL8, NFE2L2, DDIT3 

GO:0040012 regulation of locomotion 0.80 0.00003 
CXCL16, CCR1, C3AR1, CXCL8, C5AR1, CXCL1, NFE2L2, CXCR4, TNF, 
VEGFA 

GO:0043085 
positive regulation of catalytic 
activity 

0.69 0.00003 
GADD45B, RIPK2, PLEK, MAP3K8, NLRP3, C5AR1, MAPKAPK2, S100A12, 
CXCL1, CXCR4, TNF, VEGFA 

GO:1902532 
negative regulation of 
intracellular signal 
transduction 

0.94 0.00004 PLEK, SOCS3, NLRP3, PLAUR, FOXO1, NFE2L2, BCL6, DDIT3 

GO:0040011 locomotion 0.73 0.00004 
CXCL16, CCR1, C3AR1, CXCL8, PLAUR, C5AR1, S100A12, CXCL1, CXCR4, 
TNF, VEGFA 

GO:0002697 
regulation of immune effector 
process 

1.03 0.00004 RIPK2, C3AR1, NLRP3, C5AR1, HLX, BCL6, TNF 

GO:0010468 regulation of gene expression 0.41 0.00004 
OSM, RIPK2, RELB, NAMPT, PLEK, CCR1, C3AR1, CEBPB, NLRP3, C5AR1, 
HLX, MAPKAPK2, S100A12, PRDM1, MAFB, FOXO1, NFE2L2, BCL6, TNF, 
DDIT3, VEGFA 

GO:0031349 
positive regulation of defense 
response 

1.03 0.00004 OSM, RIPK2, RELB, MARCO, MAPKAPK2, S100A12, TNF 

GO:0009968 
negative regulation of signal 
transduction 

0.72 0.00004 
PLEK, CXCL8, SOCS3, NLRP3, PLAUR, PRDM1, FOXO1, NFE2L2, BCL6, 
TNF, DDIT3 

GO:0006357 
regulation of transcription by 
RNA polymerase II 

0.53 0.00004 
OSM, RIPK2, RELB, NAMPT, PLEK, CEBPB, NLRP3, HLX, PRDM1, MAFB, 
FOXO1, NFE2L2, BCL6, TNF, DDIT3, VEGFA 

GO:0048731 system development 0.43 0.00004 
RELB, PLEK, CEBPB, CXCL8, ULK1, SOCS3, C5AR1, HLX, MAPKAPK2, 
PRDM1, MAFB, FOXO1, CXCL1, NFE2L2, BCL6, CXCR4, TNF, PFKFB3, 
DDIT3, VEGFA 
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GO:0016192 vesicle-mediated transport 0.63 0.00004 
SLC2A3, PLEK, CXCL16, CCR1, C3AR1, CXCL8, MARCO, PLAUR, C5AR1, 
MAPKAPK2, S100A12, CXCL1, VEGFA 

GO:0002822 

regulation of adaptive immune 
response based on somatic 
recombination of immune 
receptors built from 
immunoglobulin superfamily 
domains 

1.32 0.00005 RIPK2, NLRP3, HLX, BCL6, TNF 

GO:0032940 secretion by cell 0.77 0.00005 
SLC2A3, PLEK, CCR1, C3AR1, NLRP3, PLAUR, C5AR1, S100A12, CXCL1, 
VEGFA 

GO:0042742 
defense response to 
bacterium 

1.13 0.00006 RIPK2, CEBPB, NLRP3, C5AR1, S100A12, TNF 

GO:0051091 
positive regulation of DNA-
binding transcription factor 
activity 

1.13 0.00006 RIPK2, NLRP3, S100A12, TNF, DDIT3, VEGFA 

GO:0010557 
positive regulation of 
macromolecule biosynthetic 
process 

0.62 0.00006 
OSM, RIPK2, RELB, NAMPT, CEBPB, NLRP3, MAPKAPK2, MAFB, FOXO1, 
NFE2L2, TNF, DDIT3, VEGFA 

GO:0048585 
negative regulation of 
response to stimulus 

0.66 0.00006 
PLEK, CXCL8, SOCS3, NLRP3, PLAUR, HLX, PRDM1, FOXO1, NFE2L2, 
BCL6, TNF, DDIT3 

GO:0031326 
regulation of cellular 
biosynthetic process 

0.42 0.00006 
OSM, RIPK2, RELB, NAMPT, PLEK, CEBPB, NLRP3, HLX, MAPKAPK2, 
S100A12, PRDM1, MAFB, DDAH2, FOXO1, NFE2L2, BCL6, TNF, PFKFB3, 
DDIT3, VEGFA 

GO:0045935 
positive regulation of 
nucleobase-containing 
compound metabolic process 

0.61 0.00006 
OSM, RIPK2, RELB, NAMPT, CEBPB, NLRP3, MAFB, FOXO1, NFE2L2, TNF, 
PFKFB3, DDIT3, VEGFA 

GO:0002274 myeloid leukocyte activation 0.89 0.00007 SLC2A3, RELB, C3AR1, CXCL8, PLAUR, C5AR1, S100A12, CXCL1 

GO:0006887 exocytosis 0.81 0.00007 SLC2A3, PLEK, CCR1, C3AR1, PLAUR, C5AR1, S100A12, CXCL1, VEGFA 

GO:0071222 
cellular response to 
lipopolysaccharide 

1.28 0.00007 RIPK2, CEBPB, CXCL8, NLRP3, TNF 

GO:0071621 granulocyte chemotaxis 1.53 0.00007 CXCL8, C5AR1, S100A12, VEGFA 

GO:0000187 activation of MAPK activity 1.27 0.00008 RIPK2, C5AR1, MAPKAPK2, CXCR4, TNF 
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GO:0045670 
regulation of osteoclast 
differentiation 

1.52 0.00008 CCR1, CEBPB, MAFB, TNF 

GO:0002683 
negative regulation of immune 
system process 

0.96 0.00009 CEBPB, HLX, PRDM1, MAFB, NFE2L2, BCL6, TNF 

GO:0043065 
positive regulation of 
apoptotic process 

0.87 0.00009 GADD45B, RIPK2, NLRP3, PLAUR, FOXO1, BCL6, TNF, DDIT3 

GO:0045624 
positive regulation of T-helper 
cell differentiation 

1.90 0.00010 RIPK2, NLRP3, HLX 

GO:0032879 regulation of localization 0.52 0.00011 
OSM, RIPK2, CXCL16, CCR1, C3AR1, CEBPB, CXCL8, NLRP3, C5AR1, 
CXCL1, NFE2L2, BCL6, TNF, DDIT3, VEGFA 

GO:0033993 response to lipid 0.79 0.00011 RIPK2, CEBPB, CXCL8, NLRP3, C5AR1, MAPKAPK2, FOXO1, CXCL1, TNF 

GO:0045766 
positive regulation of 
angiogenesis 

1.24 0.00011 C3AR1, CXCL8, C5AR1, NFE2L2, VEGFA 

GO:0070098 
chemokine-mediated 
signaling pathway 

1.47 0.00011 CCR1, CXCL8, CXCL1, CXCR4 

GO:0045582 
positive regulation of T cell 
differentiation 

1.46 0.00013 RIPK2, NLRP3, HLX, BCL6 

GO:0043900 
regulation of multi-organism 
process 

0.84 0.00015 RIPK2, RELB, CXCL8, MARCO, SOCS3, MAPKAPK2, PRDM1, TNF 

GO:0019219 
regulation of nucleobase-
containing compound 
metabolic process 

0.41 0.00016 
OSM, RIPK2, RELB, NAMPT, PLEK, CEBPB, NLRP3, HLX, MAPKAPK2, 
S100A12, PRDM1, MAFB, FOXO1, NFE2L2, BCL6, TNF, PFKFB3, DDIT3, 
VEGFA 

GO:0008284 
positive regulation of cell 
population proliferation 

0.76 0.00017 OSM, RIPK2, NAMPT, B7RP1, C5AR1, HLX, BCL6, TNF, VEGFA 

GO:0002824 

positive regulation of adaptive 
immune response based on 
somatic recombination of 
immune receptors built from 
immunoglobulin superfamily 
domains 

1.40 0.00020 RIPK2, NLRP3, HLX, TNF 

GO:0045055 regulated exocytosis 0.81 0.00022 SLC2A3, PLEK, C3AR1, PLAUR, C5AR1, S100A12, CXCL1, VEGFA 

GO:0002757 
immune response-activating 
signal transduction 

1.00 0.00023 RIPK2, RELB, C3AR1, MARCO, C5AR1, MAPKAPK2 
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GO:0006915 apoptotic process 0.74 0.00023 GADD45B, RIPK2, CEBPB, NLRP3, C5AR1, FOXO1, CXCR4, TNF, DDIT3 

GO:0042119 neutrophil activation 0.90 0.00023 SLC2A3, C3AR1, CXCL8, PLAUR, C5AR1,  S100A12, CXCL1 

GO:0002252 immune effector process 0.73 0.00025 SLC2A3, RELB, C3AR1, CEBPB, NLRP3, PLAUR, C5AR1, S100A12, CXCL1 

GO:0031331 
positive regulation of cellular 
catabolic process 

0.99 0.00028 RIPK2, ULK1, FOXO1, NFE2L2, TNF, PFKFB3 

GO:0051252 
regulation of RNA metabolic 
process 

0.41 0.00028 
OSM, RIPK2, RELB, NAMPT, PLEK, CEBPB, NLRP3, HLX, MAPKAPK2, 
S100A12, PRDM1, MAFB, FOXO1, NFE2L2, BCL6, TNF, DDIT3, VEGFA 

GO:0050670 
regulation of lymphocyte 
proliferation 

1.13 0.00029 RIPK2, CEBPB, B7RP1, PRDM1, BCL6 

GO:0032872 
regulation of stress-activated 
MAPK cascade 

1.13 0.00030 GADD45B, RIPK2, FOXO1, TNF, VEGFA 

GO:0048566 
embryonic digestive tract 
development 

1.69 0.00032 CXCL8, HLX, TNF 

GO:0009987 cellular process 0.13 0.00033 

SLC2A3, GADD45B, OSM, RIPK2, RELB, NAMPT, PLEK, MAP3K8, CXCL16, 
CCR1, C3AR1, CEBPB, CXCL8, MARCO, ULK1, SOCS3, NLRP3, PLAUR, 
B7RP1, C5AR1, HLX, MAPKAPK2, S100A12, PRDM1, MAFB, DDAH2, 
FOXO1, CXCL1, NFE2L2, BCL6, CXCR4, TNF, PFKFB3, DDIT3, VEGFA 

GO:0046649 lymphocyte activation 0.97 0.00033 RIPK2, RELB, CEBPB, B7RP1, MAFB, BCL6 

GO:0030162 regulation of proteolysis 0.78 0.00034 RIPK2, C3AR1, NLRP3, PLAUR, C5AR1, NFE2L2, TNF, VEGFA 

GO:0033138 
positive regulation of peptidyl-
serine phosphorylation 

1.33 0.00034 OSM, RIPK2, TNF, VEGFA 

GO:0051403 
stress-activated MAPK 
cascade 

1.32 0.00036 RIPK2, MAP3K8, MAPKAPK2, TNF 

GO:0045629 
negative regulation of T-
helper 2 cell differentiation 

2.45 0.00037 HLX, BCL6 

GO:0050830 
defense response to Gram-
positive bacterium 

1.3 0.00041 RIPK2, NLRP3, C5AR1, TNF 

GO:0032675 
regulation of interleukin-6 
production 

1.3 0.00042 RIPK2, CEBPB, MAPKAPK2, TNF 

GO:0042110 T cell activation 1.09 0.00042 RIPK2, RELB, CEBPB, B7RP1, MAFB 

GO:0006355 
regulation of transcription, 
DNA-templated 

0.41 0.00048 
OSM, RIPK2, RELB, NAMPT, PLEK, CEBPB, NLRP3, HLX, S100A12, PRDM1, 
MAFB, FOXO1, NFE2L2, BCL6, TNF, DDIT3, VEGFA 
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GO:0010469 
regulation of signaling 
receptor activity 

0.83 0.00051 OSM, NAMPT, CXCL16, CXCL8, CXCL1, TNF, VEGFA 

GO:0061419 

positive regulation of 
transcription from RNA 
polymerase II promoter in 
response to hypoxia 

2.35 0.00051 NFE2L2, VEGFA 

GO:0045598 
regulation of fat cell 
differentiation 

1.27 0.00053 CEBPB, FOXO1, TNF, DDIT3 

GO:0048513 animal organ development 0.46 0.00053 
RELB, PLEK, CEBPB, CXCL8, SOCS3, C5AR1, HLX, MAPKAPK2, PRDM1, 
MAFB, FOXO1, BCL6, TNF, PFKFB3, VEGFA 

GO:2000116 
regulation of cysteine-type 
endopeptidase activity 

1.06 0.00057 RIPK2, NLRP3, PLAUR, TNF, VEGFA 

GO:0000122 
negative regulation of 
transcription by RNA 
polymerase II 

0.74 0.00058 RELB, CEBPB, PRDM1, FOXO1, BCL6, TNF, DDIT3, VEGFA 

GO:0010556 
regulation of macromolecule 
biosynthetic process 

0.39 0.00059 
OSM, RIPK2, RELB, NAMPT, PLEK, CEBPB, NLRP3, HLX, MAPKAPK2, 
S100A12, PRDM1, MAFB, FOXO1, NFE2L2, BCL6, TNF, DDIT3, VEGFA 

GO:0071347 
cellular response to 
interleukin-1 

1.26 0.00059 RIPK2, MAP3K8, CEBPB, CXCL8 

GO:0048565 digestive tract development 1.25 0.00062 CXCL8, HLX, PRDM1, TNF 

GO:0007204 
positive regulation of cytosolic 
calcium ion concentration 

1.05 0.00064 CCR1, C3AR1, C5AR1, CXCR4, DDIT3 

GO:0045627 
positive regulation of T-helper 
1 cell differentiation 

2.27 0.00064 RIPK2, HLX 

GO:0071224 
cellular response to 
peptidoglycan 

2.27 0.00064 RIPK2, NLRP3 

GO:0045599 
negative regulation of fat cell 
differentiation 

1.56 0.00067 FOXO1, TNF, DDIT3 

GO:0002366 
leukocyte activation involved 
in immune response 

0.80 0.00072 SLC2A3, RELB, C3AR1, PLAUR, C5AR1, S100A12, CXCL1 

GO:0002831 
regulation of response to 
biotic stimulus 

0.90 0.00076 RIPK2, RELB, MARCO, SOCS3, MAPKAPK2, PRDM1 
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GO:0051250 
negative regulation of 
lymphocyte activation 

1.22 0.00077 CEBPB, HLX, PRDM1, BCL6 

GO:0009653 
anatomical structure 
morphogenesis 

0.53 0.00080 
CEBPB, CXCL8, ULK1, SOCS3, HLX, PRDM1, MAFB, FOXO1, BCL6, CXCR4, 
TNF, VEGFA 

GO:0051092 
positive regulation of NF-
kappaB transcription factor 
activity 

1.20 0.00092 RIPK2, NLRP3, S100A12, TNF 

GO:0002250 adaptive immune response 1.00 0.00100 RIPK2, RELB, B7RP1, PRDM1, BCL6 

GO:1901700 
response to oxygen-
containing compound 

0.59 0.00100 
RIPK2, CEBPB, CXCL8, NLRP3, C5AR1, MAPKAPK2, FOXO1, CXCL1, 
NFE2L2, TNF 

GO:0001568 blood vessel development 0.86 0.00110 CXCL8, SOCS3, PRDM1, FOXO1, DDIT3, VEGFA 

GO:0008285 
negative regulation of cell 
population proliferation 

0.77 0.00110 OSM, CEBPB, CXCL8, PRDM1, CXCL1, BCL6, TNF 

GO:0009892 
negative regulation of 
metabolic process 

0.45 0.00110 
GADD45B, RELB, PLEK, CCR1, CEBPB, SOCS3, PLAUR, MAPKAPK2, 
PRDM1, FOXO1, BCL6, TNF, DDIT3, VEGFA 

GO:0032874 
positive regulation of stress-
activated MAPK cascade 

1.18 0.00110 GADD45B, RIPK2, TNF, VEGFA 

GO:0040008 regulation of growth 0.77 0.00110 OSM, CXCL16, SOCS3, HLX, BCL6, TNF, VEGFA 

GO:1903707 
negative regulation of 
hemopoiesis 

1.18 0.00110 HLX, MAFB, NFE2L2, BCL6 

GO:0008283 cell population proliferation 0.76 0.00120 OSM, RIPK2, CEBPB, C5AR1, PRDM1, CXCL1, TNF 

GO:0030593 neutrophil chemotaxis 1.45 0.00120 CXCL8, C5AR1, S100A12 

GO:0045087 innate immune response 0.76 0.00120 RIPK2, RELB, CXCL16, MARCO, NLRP3, S100A12, PRDM1 

GO:0045596 
negative regulation of cell 
differentiation 

0.76 0.00120 HLX, MAFB, FOXO1, NFE2L2, BCL6, TNF, DDIT3 

GO:0051093 
negative regulation of 
developmental process 

0.69 0.00120 CCR1, HLX, MAFB, FOXO1, NFE2L2, BCL6, TNF, DDIT3 

GO:0065008 regulation of biological quality 0.40 0.00120 
OSM, PLEK, CCR1, C3AR1, PLAUR, C5AR1, MAPKAPK2, MAFB, DDAH2, 
FOXO1, NFE2L2, BCL6, CXCR4, TNF, DDIT3, VEGFA 

GO:0031324 
negative regulation of cellular 
metabolic process 

0.47 0.00130 
GADD45B, RELB, PLEK, CEBPB, SOCS3, PLAUR, MAPKAPK2, PRDM1, 
FOXO1, BCL6, TNF, DDIT3, VEGFA 
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GO:2000121 
regulation of removal of 
superoxide radicals 

2.05 0.00130 NFE2L2, TNF 

GO:0043312 neutrophil degranulation 0.84 0.00140 SLC2A3, C3AR1, PLAUR, C5AR1, S100A12, CXCL1 

GO:0071396 cellular response to lipid 0.84 0.00140 RIPK2, CEBPB, CXCL8, NLRP3, FOXO1, TNF 

GO:0071417 
cellular response to 
organonitrogen compound 

0.84 0.00140 RIPK2, CEBPB, NLRP3, FOXO1, NFE2L2, TNF 

GO:0002430 
complement receptor 
mediated signaling pathway 

2.01 0.00150 C3AR1, C5AR1 

GO:0002521 leukocyte differentiation 0.95 0.00150 RELB, MAFB, BCL6, TNF, VEGFA 

GO:0002758 
innate immune response-
activating signal transduction 

1.12 0.00150 RIPK2, RELB, MARCO, MAPKAPK2 

GO:2000377 
regulation of reactive oxygen 
species metabolic process 

1.12 0.00160 DDAH2, FOXO1, NFE2L2, TNF 

GO:0006970 response to osmotic stress 1.39 0.00170 RELB, B7RP1, TNF 

GO:0007186 
G protein-coupled receptor 
signaling pathway 

0.61 0.00170 PLEK, CXCL16, CCR1, C3AR1, CXCL8, MARCO, C5AR1, CXCL1, CXCR4 

GO:0010759 
positive regulation of 
macrophage chemotaxis 

1.97 0.00170 C3AR1, C5AR1 

GO:0042594 response to starvation 1.11 0.00170 ULK1, FOXO1, NFE2L2, DDIT3 

GO:0060707 
trophoblast giant cell 
differentiation 

1.97 0.00170 SOCS3, PRDM1 

GO:1990440 

positive regulation of 
transcription from RNA 
polymerase II promoter in 
response to endoplasmic 
reticulum stress 

1.97 0.00170 CEBPB, DDIT3 

GO:0002718 
regulation of cytokine 
production involved in 
immune response 

1.39 0.00180 NLRP3, BCL6, TNF 

GO:0002920 
regulation of humoral immune 
response 

1.38 0.00180 C3AR1, C5AR1, TNF 
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GO:0006810 transport 0.36 0.00180 
SLC2A3, PLEK, CXCL16, CCR1, C3AR1, CXCL8, MARCO, NLRP3, PLAUR, 
C5AR1, MAPKAPK2, S100A12, CXCL1, BCL6, TNF, DDIT3, VEGFA 

GO:0007249 
I-kappaB kinase/NF-kappaB 
signaling 

1.38 0.00180 RIPK2, RELB, TNF 

GO:0007399 nervous system development 0.48 0.00180 
CEBPB, ULK1, C5AR1, HLX, PRDM1, MAFB, CXCL1, NFE2L2, BCL6, CXCR4, 
PFKFB3, VEGFA 

GO:0010605 
negative regulation of 
macromolecule metabolic 
process 

0.45 0.00180 
GADD45B, RELB, CCR1, CEBPB, SOCS3, PLAUR, MAPKAPK2, PRDM1, 
FOXO1, BCL6, TNF, DDIT3, VEGFA 

GO:0031329 
regulation of cellular catabolic 
process 

0.72 0.00180 RIPK2, ULK1, MAPKAPK2, FOXO1, NFE2L2, TNF, PFKFB3 

GO:0002544 
chronic inflammatory 
response 

1.93 0.00190 CEBPB, TNF 

GO:0030097 hemopoiesis 0.80 0.00190 RELB, PLEK, MAFB, BCL6, TNF, VEGFA 

GO:0050731 
positive regulation of peptidyl-
tyrosine phosphorylation 

1.09 0.00190 OSM, RIPK2, SOCS3, VEGFA 

GO:0002699 
positive regulation of immune 
effector process 

1.08 0.00210 RIPK2, NLRP3, HLX, TNF 

GO:0051253 
negative regulation of RNA 
metabolic process 

0.59 0.00220 RELB, CEBPB, MAPKAPK2, PRDM1, FOXO1, BCL6, TNF, DDIT3, VEGFA 

GO:0030193 
regulation of blood 
coagulation 

1.34 0.00230 PLEK, PLAUR, NFE2L2 

GO:0010638 
positive regulation of 
organelle organization 

0.78 0.00240 PLEK, ULK1, PLAUR, BCL6, TNF, VEGFA 

GO:0050930 
induction of positive 
chemotaxis 

1.87 0.00240 CXCL8, VEGFA 

GO:0045088 
regulation of innate immune 
response 

0.89 0.00260 RIPK2, RELB, MARCO, SOCS3, MAPKAPK2 

GO:0051172 
negative regulation of 
nitrogen compound metabolic 
process 

0.46 0.00260 
GADD45B, RELB, CEBPB, SOCS3, PLAUR, MAPKAPK2, PRDM1, FOXO1, 
BCL6, TNF, DDIT3, VEGFA 

GO:0030154 cell differentiation 0.38 0.00270 
GADD45B, RELB, PLEK, CEBPB, ULK1, SOCS3, HLX, PRDM1, MAFB, 
FOXO1, NFE2L2, BCL6, CXCR4, TNF, VEGFA 
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GO:0019725 cellular homeostasis 0.69 0.00280 CCR1, C3AR1, C5AR1, FOXO1, NFE2L2, CXCR4, DDIT3 

GO:0030099 myeloid cell differentiation 1.04 0.00280 RELB, BCL6, TNF, VEGFA 

GO:0051179 localization 0.31 0.00290 
SLC2A3, PLEK, CXCL16, CCR1, C3AR1, CXCL8, MARCO, ULK1, NLRP3, 
PLAUR, C5AR1, MAPKAPK2, S100A12, CXCL1, BCL6, CXCR4, TNF, DDIT3, 
VEGFA 

GO:0001892 
embryonic placenta 
development 

1.29 0.00300 CEBPB, SOCS3, PRDM1 

GO:0043281 
regulation of cysteine-type 
endopeptidase activity 
involved in apoptotic process 

1.03 0.00310 NLRP3, PLAUR, TNF, VEGFA 

GO:0031640 
killing of cells of other 
organism 

1.28 0.00330 CXCL8, S100A12, CXCL1 

GO:0044364 
disruption of cells of other 
organism 

1.28 0.00330 CXCL8, S100A12, CXCL1 

GO:0000185 activation of MAPKKK activity 1.77 0.00350 GADD45B, TNF 

GO:0002407 dendritic cell chemotaxis 1.77 0.00350 CCR1, CXCR4 

GO:0031065 
positive regulation of histone 
deacetylation 

1.77 0.00350 BCL6, VEGFA 

GO:0034612 
response to tumor necrosis 
factor 

1.01 0.00350 CXCL16, CXCL8, NFE2L2, TNF 

GO:0048732 gland development 0.85 0.00370 CEBPB, HLX, MAFB, TNF, VEGFA 

GO:2000379 
positive regulation of reactive 
oxygen species metabolic 
process 

1.25 0.00370 DDAH2, NFE2L2, TNF 

GO:0042789 
mRNA transcription by RNA 
polymerase II 

1.75 0.00380 C5AR1, DDIT3 

GO:0042035 
regulation of cytokine 
biosynthetic process 

1.24 0.00390 CEBPB, MAPKAPK2, TNF 

GO:0009887 animal organ morphogenesis 0.66 0.00400 CEBPB, HLX, PRDM1, MAFB, FOXO1, TNF, VEGFA 

GO:1902106 
negative regulation of 
leukocyte differentiation 

1.24 0.00400 HLX, MAFB, BCL6 
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GO:0010243 
response to organonitrogen 
compound 

0.65 0.00430 RIPK2, CEBPB, NLRP3, C5AR1, FOXO1, NFE2L2, TNF 

GO:0002429 
immune response-activating 
cell surface receptor signaling 
pathway 

0.98 0.00440 RIPK2, RELB, C3AR1, C5AR1 

GO:0002573 
myeloid leukocyte 
differentiation 

1.22 0.00450 RELB, TNF, VEGFA 

GO:0010508 
positive regulation of 
autophagy 

1.21 0.00460 RIPK2, ULK1, FOXO1 

GO:0034976 
response to endoplasmic 
reticulum stress 

0.97 0.00470 CEBPB, CXCL8, NFE2L2, DDIT3 

GO:0050868 
negative regulation of T cell 
activation 

1.21 0.00470 CEBPB, HLX, BCL6 

GO:0051050 positive regulation of transport 0.64 0.00470 RIPK2, CCR1, CEBPB, NLRP3, NFE2L2, TNF, VEGFA 

GO:1900745 
positive regulation of 
p38MAPK cascade 

1.69 0.00470 GADD45B, VEGFA 

GO:1901701 
cellular response to oxygen-
containing compound 

0.64 0.00470 RIPK2, CEBPB, CXCL8, NLRP3, FOXO1, NFE2L2, TNF 

GO:0031327 
negative regulation of cellular 
biosynthetic process 

0.53 0.00480 RELB, PLEK, CEBPB, PRDM1, FOXO1, BCL6, TNF, DDIT3, VEGFA 

GO:0001818 
negative regulation of 
cytokine production 

0.96 0.00490 RELB, NLRP3, BCL6, TNF 

GO:0002719 
negative regulation of 
cytokine production involved 
in immune response 

1.67 0.00490 BCL6, TNF 

GO:0032753 
positive regulation of 
interleukin-4 production 

1.67 0.00490 CEBPB, NLRP3 

GO:0045672 
positive regulation of 
osteoclast differentiation 

1.67 0.00490 CCR1, TNF 

GO:0051194 
positive regulation of cofactor 
metabolic process 

1.67 0.00490 NFE2L2, PFKFB3 
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GO:0061844 
antimicrobial humoral immune 
response mediated by 
antimicrobial peptide 

1.20 0.00490 CXCL8, S100A12, CXCL1 

GO:0042592 homeostatic process 0.53 0.00500 CCR1, C3AR1, C5AR1, FOXO1, NFE2L2, BCL6, CXCR4, DDIT3, VEGFA 

GO:0050718 
positive regulation of 
interleukin-1 beta secretion 

1.65 0.00520 RIPK2, NLRP3 

GO:0071677 
positive regulation of 
mononuclear cell migration 

1.65 0.00520 CCR1, TNF 

GO:0006959 humoral immune response 0.95 0.00530 CXCL8, S100A12, CXCL1, TNF 

GO:0055082 cellular chemical homeostasis 0.7 0.00530 CCR1, C3AR1, C5AR1, FOXO1, CXCR4, DDIT3 

GO:0002675 
positive regulation of acute 
inflammatory response 

1.63 0.00550 OSM, TNF 

GO:0002698 
negative regulation of immune 
effector process 

1.17 0.00550 HLX, BCL6, TNF 

GO:0030194 
positive regulation of blood 
coagulation 

1.63 0.00550 PLEK, NFE2L2 

GO:0002221 
pattern recognition receptor 
signaling pathway 

1.17 0.00560 RIPK2, MARCO, MAPKAPK2 

GO:0010575 
positive regulation of vascular 
endothelial growth factor 
production 

1.62 0.00580 C3AR1, C5AR1 

GO:0045662 
negative regulation of 
myoblast differentiation 

1.62 0.00580 TNF, DDIT3 

GO:0050715 
positive regulation of cytokine 
secretion 

1.16 0.00590 RIPK2, NLRP3, TNF 

GO:0051336 
regulation of hydrolase 
activity 

0.56 0.00610 RIPK2, PLEK, NLRP3, PLAUR, C5AR1, BCL6, TNF, VEGFA 

GO:0050729 
positive regulation of 
inflammatory response 

1.15 0.00630 OSM, S100A12, TNF 

GO:0022603 
regulation of anatomical 
structure morphogenesis 

0.61 0.00650 C3AR1, CXCL8, C5AR1, NFE2L2, BCL6, TNF, VEGFA 
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GO:0043123 
positive regulation of I-
kappaB kinase/NF-kappaB 
signaling 

1.14 0.00660 RIPK2, S100A12, TNF 

GO:0030866 
cortical actin cytoskeleton 
organization 

1.57 0.00680 PLEK, TNF 

GO:0046330 
positive regulation of JNK 
cascade 

1.12 0.00710 GADD45B, RIPK2, TNF 

GO:0031663 
lipopolysaccharide-mediated 
signaling pathway 

1.56 0.00720 RIPK2, TNF 

GO:0050869 
negative regulation of B cell 
activation 

1.56 0.00720 PRDM1, BCL6 

GO:0070059 
intrinsic apoptotic signaling 
pathway in response to 
endoplasmic reticulum stress 

1.56 0.00720 CEBPB, DDIT3 

GO:0062013 
positive regulation of small 
molecule metabolic process 

1.11 0.00750 FOXO1, TNF, PFKFB3 

GO:0048878 chemical homeostasis 0.59 0.00760 CCR1, C3AR1, C5AR1, FOXO1, CXCR4, DDIT3, VEGFA 

GO:0050671 
positive regulation of 
lymphocyte proliferation 

1.11 0.00760 RIPK2, B7RP1, BCL6 

GO:0002706 
regulation of lymphocyte 
mediated immunity 

1.10 0.00800 NLRP3, BCL6, TNF 

GO:0009306 protein secretion 1.10 0.00820 PLEK, NLRP3, S100A12 

GO:0042462 
eye photoreceptor cell 
development 

1.52 0.00820 PRDM1, VEGFA 

GO:0043243 
positive regulation of protein 
complex disassembly 

1.52 0.00820 PLEK, TNF 

GO:0051345 
positive regulation of 
hydrolase activity 

0.66 0.00830 RIPK2, PLEK, NLRP3, C5AR1, TNF, VEGFA 

GO:0050777 
negative regulation of immune 
response 

1.09 0.00840 HLX, BCL6, TNF 

GO:2001056 
positive regulation of 
cysteine-type endopeptidase 
activity 

1.08 0.00890 RIPK2, NLRP3, TNF 
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GO:0035924 
cellular response to vascular 
endothelial growth factor 
stimulus 

1.49 0.00900 MAPKAPK2, VEGFA 

GO:0001701 
in utero embryonic 
development 

0.86 0.00930 CEBPB, SOCS3, PRDM1, VEGFA 

GO:0010629 
negative regulation of gene 
expression 

0.48 0.00940 RELB, CCR1, CEBPB, PRDM1, FOXO1, BCL6, TNF, DDIT3, VEGFA 

GO:0035710 
CD4-positive, alpha-beta T 
cell activation 

1.48 0.00940 RELB, CEBPB 

GO:1905898 
positive regulation of 
response to endoplasmic 
reticulum stress 

1.48 0.00940 NFE2L2, DDIT3 

GO:0032102 
negative regulation of 
response to external stimulus 

0.86 0.00970 SOCS3, NLRP3, PLAUR, PRDM1 

GO:0035690 cellular response to drug 0.86 0.00970 RIPK2, FOXO1, NFE2L2, TNF 

GO:0009628 response to abiotic stimulus 0.57 0.00980 RELB, B7RP1, FOXO1, NFE2L2, CXCR4, TNF, VEGFA 

GO:0001959 
regulation of cytokine-
mediated signaling pathway 

1.05 0.01080 RIPK2, SOCS3, TNF 

GO:0031099 regeneration 1.05 0.01080 CEBPB, ULK1, C5AR1 

GO:0042129 
regulation of T cell 
proliferation 

1.05 0.01080 RIPK2, CEBPB, B7RP1 

GO:0070482 response to oxygen levels 0.84 0.01080 FOXO1, NFE2L2, CXCR4, VEGFA 

GO:0001101 response to acid chemical 0.84 0.01100 CEBPB, FOXO1, TNF, VEGFA 

GO:0045429 
positive regulation of nitric 
oxide biosynthetic process 

1.43 0.01140 DDAH2, TNF 

GO:0006109 
regulation of carbohydrate 
metabolic process 

1.03 0.01190 PLEK, FOXO1, PFKFB3 

GO:0045744 
negative regulation of G 
protein-coupled receptor 
signaling pathway 

1.41 0.01190 PLEK, CXCL8 

GO:0062012 
regulation of small molecule 
metabolic process 

0.83 0.01190 PLEK, FOXO1, TNF, PFKFB3 
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GO:0097193 
intrinsic apoptotic signaling 
pathway 

1.03 0.01190 CEBPB, TNF, DDIT3 

GO:2001242 
regulation of intrinsic 
apoptotic signaling pathway 

1.02 0.01200 PLAUR, NFE2L2, DDIT3 

GO:0050663 cytokine secretion 1.41 0.01220 NLRP3, S100A12 

GO:0071495 
cellular response to 
endogenous stimulus 

0.55 0.01240 RIPK2, CEBPB, CXCL8, NLRP3, FOXO1, NFE2L2, TNF 

GO:0045936 
negative regulation of 
phosphate metabolic process 

0.7 0.01250 GADD45B, PLEK, SOCS3, FOXO1, TNF 

GO:0060976 
coronary vasculature 
development 

1.4 0.01260 PRDM1, VEGFA 

GO:0071453 
cellular response to oxygen 
levels 

1.01 0.01280 FOXO1, NFE2L2, VEGFA 

GO:0044092 
negative regulation of 
molecular function 

0.54 0.01300 GADD45B, SOCS3, NLRP3, PLAUR, TNF, DDIT3, VEGFA 

GO:0045862 
positive regulation of 
proteolysis 

0.81 0.01340 RIPK2, NLRP3, NFE2L2, TNF 

GO:0051130 
positive regulation of cellular 
component organization 

0.54 0.01350 PLEK, ULK1, PLAUR, NFE2L2, BCL6, TNF, VEGFA 

GO:0001763 
morphogenesis of a 
branching structure 

1.00 0.01370 SOCS3, PRDM1, VEGFA 

GO:0032757 
positive regulation of 
interleukin-8 production 

1.37 0.01390 TNF, DDIT3 

GO:0001541 ovarian follicle development 1.36 0.01440 CEBPB, VEGFA 

GO:0032648 
regulation of interferon-beta 
production 

1.36 0.01440 RIPK2, RELB 

GO:0006351 transcription, DNA-templated 0.38 0.01540 
RELB, CEBPB, NLRP3, C5AR1, HLX, PRDM1, MAFB, FOXO1, NFE2L2, BCL6, 
DDIT3 

GO:0070498 
interleukin-1-mediated 
signaling pathway 

1.34 0.01540 RIPK2, MAP3K8 

GO:1903531 
negative regulation of 
secretion by cell 

0.97 0.01540 OSM, NLRP3, TNF 

GO:0000186 activation of MAPKK activity 1.33 0.01570 GADD45B, MAP3K8 
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GO:0002889 
regulation of immunoglobulin 
mediated immune response 

1.33 0.01570 BCL6, TNF 

GO:0030449 
regulation of complement 
activation 

1.33 0.01570 C3AR1, C5AR1 

GO:0031295 T cell costimulation 1.33 0.01570 MAP3K8, B7RP1 

GO:0044237 cellular metabolic process 0.18 0.01570 
SLC2A3, RIPK2, RELB, NAMPT, PLEK, MAP3K8, CEBPB, CXCL8, ULK1, 
SOCS3, NLRP3, C5AR1, HLX, MAPKAPK2, S100A12, PRDM1, MAFB, 
DDAH2, FOXO1, NFE2L2, BCL6, TNF, PFKFB3, DDIT3 

GO:0030278 regulation of ossification 0.97 0.01590 CCR1, CEBPB, TNF 

GO:0060688 
regulation of morphogenesis 
of a branching structure 

1.32 0.01610 TNF, VEGFA 

GO:2000257 
regulation of protein activation 
cascade 

1.32 0.01660 C3AR1, C5AR1 

GO:0032922 
circadian regulation of gene 
expression 

1.31 0.01710 RELB, NAMPT 

GO:0043536 
positive regulation of blood 
vessel endothelial cell 
migration 

1.31 0.01710 NFE2L2, VEGFA 

GO:0032722 
positive regulation of 
chemokine production 

1.30 0.01760 RIPK2, TNF 

GO:0032768 
regulation of monooxygenase 
activity 

1.30 0.01760 DDAH2, TNF 

GO:0034654 
nucleobase-containing 
compound biosynthetic 
process 

0.35 0.01770 
RELB, NAMPT, CEBPB, NLRP3, C5AR1, HLX, PRDM1, MAFB, FOXO1, 
NFE2L2, BCL6, DDIT3 

GO:2001233 
regulation of apoptotic 
signaling pathway 

0.76 0.01840 PLAUR, NFE2L2, TNF, DDIT3 

GO:0042108 
positive regulation of cytokine 
biosynthetic process 

1.29 0.01860 MAPKAPK2, TNF 

GO:0050710 
negative regulation of 
cytokine secretion 

1.29 0.01860 NLRP3, TNF 

GO:0043523 
regulation of neuron apoptotic 
process 

0.93 0.01890 CEBPB, C5AR1, DDIT3 
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GO:0097237 
cellular response to toxic 
substance 

0.93 0.01890 FOXO1, NFE2L2, TNF 

GO:0016239 
positive regulation of 
macroautophagy 

1.28 0.01900 RIPK2, ULK1 

GO:0043902 
positive regulation of multi-
organism process 

0.75 0.01900 RIPK2, RELB, MARCO, MAPKAPK2 

GO:0048844 artery morphogenesis 1.28 0.01900 PRDM1, VEGFA 

GO:0071229 
cellular response to acid 
chemical 

0.93 0.01900 CEBPB, TNF, VEGFA 

GO:0071356 
cellular response to tumor 
necrosis factor 

0.93 0.01920 CXCL8, NFE2L2, TNF 

GO:0005996 
monosaccharide metabolic 
process 

0.93 0.01940 SLC2A3, TNF, PFKFB3 

GO:0042531 
positive regulation of tyrosine 
phosphorylation of STAT 
protein 

1.27 0.01940 OSM, SOCS3 

GO:0071230 
cellular response to amino 
acid stimulus 

1.27 0.01940 CEBPB, TNF 

GO:0002637 
regulation of immunoglobulin 
production 

1.26 0.02050 BCL6, TNF 

GO:0030888 
regulation of B cell 
proliferation 

1.26 0.02050 PRDM1, BCL6 

GO:0048608 
reproductive structure 
development 

0.74 0.02050 CEBPB, SOCS3, PRDM1, VEGFA 

GO:0044271 
cellular nitrogen compound 
biosynthetic process 

0.31 0.02080 
RELB, NAMPT, CEBPB, NLRP3, C5AR1, HLX, PRDM1, MAFB, DDAH2, 
FOXO1, NFE2L2, BCL6, DDIT3 

GO:0031669 
cellular response to nutrient 
levels 

0.91 0.02120 ULK1, FOXO1, NFE2L2 

GO:0070301 
cellular response to hydrogen 
peroxide 

1.24 0.02150 FOXO1, NFE2L2 

GO:0006898 
receptor-mediated 
endocytosis 

0.90 0.02200 CXCL16, CXCL8, MARCO 
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GO:0030036 
actin cytoskeleton 
organization 

0.73 0.02270 PLEK, CXCL1, BCL6, TNF 

GO:0032729 
positive regulation of 
interferon-gamma production 

1.23 0.02270 RIPK2, TNF 

GO:0046324 regulation of glucose import 1.23 0.02270 NFE2L2, TNF 

GO:0032760 
positive regulation of tumor 
necrosis factor production 

1.22 0.02330 RIPK2, MAPKAPK2 

GO:0048010 
vascular endothelial growth 
factor receptor signaling 
pathway 

1.22 0.02330 MAPKAPK2, VEGFA 

GO:0043254 
regulation of protein complex 
assembly 

0.72 0.02380 PLEK, ULK1, TNF, VEGFA 

GO:0045454 cell redox homeostasis 1.22 0.02380 NFE2L2, DDIT3 

GO:0050769 
positive regulation of 
neurogenesis 

0.72 0.02380 NFE2L2, BCL6, CXCR4, VEGFA 

GO:1902117 
positive regulation of 
organelle assembly 

1.22 0.02380 ULK1, TNF 

GO:0045732 
positive regulation of protein 
catabolic process 

0.89 0.02390 FOXO1, NFE2L2, TNF 

GO:2001234 
negative regulation of 
apoptotic signaling pathway 

0.89 0.02420 PLAUR, NFE2L2, TNF 

GO:0045913 
positive regulation of 
carbohydrate metabolic 
process 

1.20 0.02490 FOXO1, PFKFB3 

GO:0030279 
negative regulation of 
ossification 

1.20 0.02540 CCR1, TNF 

GO:0050672 
negative regulation of 
lymphocyte proliferation 

1.20 0.02540 CEBPB, PRDM1 

GO:0051193 
regulation of cofactor 
metabolic process 

1.20 0.02540 NFE2L2, PFKFB3 

GO:1902930 
regulation of alcohol 
biosynthetic process 

1.20 0.02540 PLEK, TNF 

GO:0030098 lymphocyte differentiation 0.87 0.02620 RELB, MAFB, BCL6 
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GO:0032755 
positive regulation of 
interleukin-6 production 

1.18 0.02720 RIPK2, TNF 

GO:0030218 erythrocyte differentiation 1.17 0.02830 BCL6, VEGFA 

GO:0032269 
negative regulation of cellular 
protein metabolic process 

0.52 0.02870 GADD45B, SOCS3, PLAUR, FOXO1, TNF, VEGFA 

GO:0044419 
interspecies interaction 
between organisms 

0.59 0.02960 CXCL8, ULK1, S100A12, CXCL1, CXCR4 

GO:0031100 animal organ regeneration 1.15 0.03010 CEBPB, C5AR1 

GO:2000177 
regulation of neural precursor 
cell proliferation 

1.15 0.03010 FOXO1, VEGFA 

GO:0031334 
positive regulation of protein 
complex assembly 

0.84 0.03030 PLEK, TNF, VEGFA 

GO:0048661 
positive regulation of smooth 
muscle cell proliferation 

1.15 0.03060 NAMPT, TNF 

GO:0050871 
positive regulation of B cell 
activation 

1.15 0.03060 PRDM1, BCL6 

GO:0070167 
regulation of biomineral tissue 
development 

1.14 0.03120 CCR1, CEBPB 

GO:0090596 
sensory organ 
morphogenesis 

0.83 0.03230 PRDM1, MAFB, VEGFA 

GO:0043255 
regulation of carbohydrate 
biosynthetic process 

1.13 0.03240 PLEK, FOXO1 

GO:0050673 epithelial cell proliferation 1.13 0.03240 CEBPB, TNF 

GO:0051049 regulation of transport 0.41 0.03240 OSM, RIPK2, CCR1, CEBPB, NLRP3, NFE2L2, TNF, VEGFA 

GO:1901888 
regulation of cell junction 
assembly 

1.13 0.03240 TNF, VEGFA 

GO:0006974 
cellular response to DNA 
damage stimulus 

0.57 0.03290 MAPKAPK2, FOXO1, BCL6, TNF, DDIT3 

GO:0045927 positive regulation of growth 0.82 0.03330 CXCL16, HLX, VEGFA 

GO:0006919 
activation of cysteine-type 
endopeptidase activity 
involved in apoptotic process 

1.12 0.03340 NLRP3, TNF 
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Term ID Term description Strength 
False 

discovery 
rate 

Matching proteins in network 

GO:0007254 JNK cascade 1.12 0.03340 RIPK2, TNF 

GO:0045069 
regulation of viral genome 
replication 

1.12 0.03340 CXCL8, TNF 

GO:0050878 regulation of body fluid levels 0.67 0.03380 PLEK, PLAUR, NFE2L2, VEGFA 

GO:0002224 
toll-like receptor signaling 
pathway 

1.11 0.03460 RIPK2, MAPKAPK2 

GO:0002708 
positive regulation of 
lymphocyte mediated 
immunity 

1.1 0.03520 NLRP3, TNF 

GO:0009791 post-embryonic development 1.09 0.03630 PRDM1, VEGFA 

GO:0044089 
positive regulation of cellular 
component biogenesis 

0.65 0.03670 PLEK, ULK1, TNF, VEGFA 

GO:0048699 generation of neurons 0.44 0.03680 CEBPB, ULK1, PRDM1, NFE2L2, BCL6, CXCR4, VEGFA 

GO:0043154 

negative regulation of 
cysteine-type endopeptidase 
activity involved in apoptotic 
process 

1.09 0.03690 PLAUR, VEGFA 

GO:0019932 
second-messenger-mediated 
signaling 

0.80 0.03730 CXCL8, DDAH2, CXCR4 

GO:0042102 
positive regulation of T cell 
proliferation 

1.08 0.03760 RIPK2, B7RP1 

GO:0006366 
transcription by RNA 
polymerase II 

0.55 0.03820 CEBPB, C5AR1, MAFB, NFE2L2, DDIT3 

GO:0009615 response to virus 0.79 0.03850 NLRP3, CXCR4, TNF 

GO:0022612 gland morphogenesis 1.08 0.03880 CEBPB, TNF 

GO:0006897 endocytosis 0.64 0.03920 CXCL16, CXCL8, MARCO, MAPKAPK2 

GO:0035295 tube development 0.55 0.03950 CXCL8, HLX, PRDM1, TNF, VEGFA 

GO:0043112 receptor metabolic process 1.07 0.03950 CXCL8, TNF 

GO:0050848 
regulation of calcium-
mediated signaling 

1.07 0.03950 PLEK, TNF 
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False 

discovery 
rate 

Matching proteins in network 

GO:2001243 
negative regulation of intrinsic 
apoptotic signaling pathway 

1.07 0.04010 PLAUR, NFE2L2 

GO:0007423 sensory organ development 0.64 0.04020 MAPKAPK2, PRDM1, MAFB, VEGFA 

GO:0045786 
negative regulation of cell 
cycle 

0.64 0.04060 CXCL8, BCL6, TNF, DDIT3 

GO:1901222 
regulation of NIK/NF-kappaB 
signaling 

1.06 0.04060 NLRP3, TNF 

GO:0043086 
negative regulation of 
catalytic activity 

0.54 0.04230 GADD45B, SOCS3, PLAUR, TNF, VEGFA 

GO:0045444 fat cell differentiation 1.05 0.04280 CEBPB, FOXO1 

GO:0051726 regulation of cell cycle 0.47 0.04280 GADD45B, MAP3K8, CXCL8, BCL6,TNF, DDIT3 

GO:0006606 protein import into nucleus 1.04 0.04350 BCL6, TNF 

GO:0001666 response to hypoxia 0.77 0.04440 NFE2L2, CXCR4, VEGFA 

GO:1901653 cellular response to peptide 0.76 0.04470 RIPK2, FOXO1, NFE2L2 

GO:0001952 
regulation of cell-matrix 
adhesion 

1.03 0.04610 BCL6, VEGFA 

GO:0048646 
anatomical structure 
formation involved in 
morphogenesis 

0.53 0.04620 CXCL8, MAFB, FOXO1, BCL6, VEGFA 

GO:0051781 
positive regulation of cell 
division 

1.02 0.04750 OSM, VEGFA 

GO:0007200 
phospholipase C-activating G 
protein-coupled receptor 
signaling pathway 

1.01 0.04890 C3AR1, C5AR1 

GO:0060284 regulation of cell development 0.52 0.04890 NFE2L2, BCL6, CXCR4, TNF, VEGFA 

GO:0044260 
cellular macromolecule 
metabolic process 

0.20 0.04990 
RIPK2, RELB, MAP3K8, CEBPB, CXCL8, ULK1, SOCS3, NLRP3, C5AR1, 
HLX, MAPKAPK2, PRDM1, MAFB, FOXO1, NFE2L2, BCL6, TNF, DDIT3 
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Supplemental Table S3: The most significantly enriched functional molecular processes of upregulated genes from severe COVID-19 donors 

compared to healthy controls. 

Term ID Term description Strength 
False discovery 

rate 
Matching proteins in network 

GO:0005515 protein binding 0.37 0.00001 
OSM, RIPK2, RELB, NAMPT, PLEK, CXCL16, CCR1, CEBPB, CXCL8, MARCO, 
ULK1, SOCS3, NLRP3, PLAUR, B7RP1, C5AR1, MAPKAPK2, S100A12, PRDM1, 
MAFB, FOXO1, CXCL1, NFE2L2, BCL6, CXCR4, TNF, DDIT3, VEGFA 

GO:0005125 cytokine activity 1.26 0.00001 OSM, NAMPT, CXCL16, CXCL8, CXCL1, TNF, VEGFA 

GO:0005102 
signaling receptor 
binding 

0.68 0.00008 
OSM, RIPK2, NAMPT, CXCL16, CEBPB, CXCL8, MARCO, PLAUR, B7RP1, 
S100A12, CXCL1, TNF, VEGFA 

GO:0042802 
identical protein 
binding 

0.62 0.00032 
RIPK2, RELB, NAMPT, PLEK, CEBPB, ULK1, NLRP3, B7RP1, MAFB, BCL6, TNF, 
DDIT3, VEGFA 

GO:0005488 binding 0.19 0.00033 

SLC2A3, OSM, RIPK2, RELB, NAMPT, PLEK, MAP3K8, CXCL16, CCR1, CEBPB, 
CXCL8, MARCO, ULK1, SOCS3, NLRP3, PLAUR, B7RP1, C5AR1, HLX, 
MAPKAPK2, S100A12, PRDM1, MAFB, DDAH2, FOXO1, CXCL1, NFE2L2, BCL6, 
CXCR4, TNF, PFKFB3, DDIT3, VEGFA 

GO:0005126 
cytokine receptor 
binding 

1.09 0.00034 OSM, CXCL16, CXCL8, CXCL1, TNF, VEGFA 

GO:0043565 
sequence-specific 
DNA binding 

0.73 0.00035 RELB, CEBPB, NLRP3, HLX, PRDM1, MAFB, FOXO1, NFE2L2, BCL6, DDIT3 

GO:0000976 

transcription 
regulatory region 
sequence-specific 
DNA binding 

0.73 0.00210 RELB, CEBPB, PRDM1, MAFB, NFE2L2, BCL6, TNF, DDIT3 

GO:0008009 chemokine activity 1.54 0.00210 CXCL16, CXCL8, CXCL1 

GO:0000977 

RNA polymerase II 
transcription 
regulatory region 
sequence-specific 
DNA binding 

0.78 0.00240 RELB, CEBPB, PRDM1, MAFB, NFE2L2, BCL6, DDIT3 

GO:0004875 
complement 
receptor activity 

2.05 0.00330 C3AR1, C5AR1 
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False discovery 

rate 
Matching proteins in network 

GO:0000978 

RNA polymerase II 
proximal promoter 
sequence-specific 
DNA binding 

0.83 0.00340 RELB, CEBPB, PRDM1, MAFB, NFE2L2, DDIT3 

GO:0019957 
C-C chemokine 
binding 

2.01 0.00340 CCR1, CXCR4 

GO:0000981 

DNA-binding 
transcription factor 
activity, RNA 
polymerase II-
specific 

0.53 0.00500 RELB, PLEK, CEBPB, HLX, PRDM1, MAFB, FOXO1, NFE2L2, BCL6, DDIT3 

GO:0045236 
CXCR chemokine 
receptor binding 

1.84 0.00510 CXCL8, CXCL1 

GO:0042803 
protein 
homodimerization 
activity 

0.67 0.00620 RIPK2, NAMPT, PLEK, CEBPB, MAFB, DDIT3, VEGFA 

GO:0008134 
transcription factor 
binding 

0.74 0.00680 CEBPB, NLRP3, MAFB, FOXO1, NFE2L2, DDIT3 

GO:0001227 

DNA-binding 
transcription 
repressor activity, 
RNA polymerase 
II-specific 

0.99 0.00690 CEBPB, PRDM1, FOXO1, BCL6 

GO:0019899 enzyme binding 0.45 0.00950 
RIPK2, RELB, PLEK, CEBPB, ULK1, PLAUR, MAPKAPK2, PRDM1, FOXO1, 
CXCR4, TNF 

GO:0004950 
chemokine 
receptor activity 

1.62 0.00980 CCR1, CXCR4 

GO:0001664 
G protein-coupled 
receptor binding 

0.91 0.01070 CXCL16, CXCL8, MARCO, CXCL1 

GO:0003682 chromatin binding 0.75 0.01400 RELB, CEBPB, PRDM1, FOXO1, BCL6 

GO:0001221 
transcription 
cofactor binding 

1.49 0.01470 FOXO1, NFE2L2 

GO:0003677 DNA binding 0.40 0.01890 RELB, CEBPB, NLRP3, HLX, PRDM1, MAFB, FOXO1, NFE2L2, BCL6, TNF, DDIT3 
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Term ID Term description Strength 
False discovery 

rate 
Matching proteins in network 

GO:0008083 
growth factor 
activity 

1.02 0.01960 OSM, CXCL1, VEGFA 

GO:0005044 
scavenger 
receptor activity 

1.35 0.02440 CXCL16, MARCO 

GO:0001228 

DNA-binding 
transcription 
activator activity, 
RNA polymerase 
II-specific 

0.74 0.03670 CEBPB, MAFB, NFE2L2, DDIT3 

GO:0004674 
protein 
serine/threonine 
kinase activity 

0.70 0.04560 RIPK2, MAP3K8, ULK1, MAPKAPK2 
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Supplemental Table S4:The most significantly enriched KEGG pathways of downregulated genes from severe COVID-19 donors compared to 

healthy controls. 

Term ID Pathway term description Strength False discovery rate Matching proteins in network 

hsa05162 Measles 1.83 <0.000001 IFIH1, CBLB, OAS2, STAT1, DDX58, OAS1 

hsa05164 Influenza A 1.73 <0.000001 IFIH1, OAS2, STAT1, DDX58, OAS1, PRKCA 

hsa05160 Hepatitis C 1.76 <0.000001 IRF1, OAS2, STAT1, DDX58, OAS1 

hsa04621 NOD-like receptor signaling pathway 1.66 <0.000001 OAS2, STAT1, IFI16, GBP1, OAS1 

hsa05168 Herpes simplex infection 1.62 <0.000001 IFIH1, OAS2, STAT1, DDX58, OAS1 

hsa05161 Hepatitis B 1.63 0.00003 IFIH1, STAT1, DDX58, PRKCA 

hsa04622 RIG-I-like receptor signaling pathway 1.63 0.01300 IFIH1, DDX58 

hsa04917 Prolactin signaling pathway 1.64 0.01300 IRF1, STAT1 

hsa04012 ErbB signaling pathway 1.56 0.01440 CBLB, PRKCA 

hsa04933 
AGE-RAGE signaling pathway in diabetic 
complications 

1.49 0.01790 STAT1, PRKCA 

hsa04919 Thyroid hormone signaling pathway 1.42 0.02210 STAT1, PRKCA 

 

  



278 

Supplemental Table S5: The most significantly enriched functional biological processes of downregulated genes from severe COVID-19 donors 

compared to healthy controls. 

Term ID Term description Strength 
False 

discovery rate 
Matching proteins in network 

GO:0051607 defense response to virus 1.87 <0.000001 IRF1, IFIH1, DTX3L, OAS2, STAT1, IFI16, GBP1, DDX58, OAS1 

GO:0045087 innate immune response 1.35 <0.000001 
IRF1, TRIM21, IFIH1, DTX3L, OAS2, STAT1, IFI16, GBP1, 
DDX58, OAS1 

GO:0060333 
interferon-gamma-mediated signaling 
pathway 

2.12 <0.000001 IRF1, TRIM21, OAS2, STAT1, GBP1, OAS1 

GO:0043900 regulation of multi-organism process 1.32 <0.000001 
IRF1, TRIM21, IFIH1, DTX3L, STAT1, IFI16, DDX58, OAS1, 
PRKCA 

GO:0032479 
regulation of type I interferon 
production 

1.91 <0.000001 IRF1, TRIM21, IFIH1, STAT1, IFI16, DDX58 

GO:0032481 
positive regulation of type I interferon 
production 

2.06 <0.000001 IRF1, IFIH1, STAT1, IFI16, DDX58 

GO:0009605 response to external stimulus 0.89 <0.000001 
IRF1, TRIM21, IFIH1, DTX3L, OAS2, STAT1, IFI16, GBP1, 
DDX58, OAS1, PRKCA 

GO:0002831 
regulation of response to biotic 
stimulus 

1.39 <0.000001 IRF1, IFIH1, DTX3L, STAT1, IFI16, DDX58, PRKCA 

GO:0001817 regulation of cytokine production 1.23 <0.000001 IRF1, TRIM21, IFIH1, STAT1, IFI16, GBP1, DDX58 

GO:0034097 response to cytokine 1.07 <0.000001 IRF1, TRIM21, PTPN4, OAS2, STAT1, GBP1, OAS1, PRKCA 

GO:0060337 type I interferon signaling pathway 1.97 <0.000001 IRF1, OAS2, STAT1, OAS1 

GO:0006950 response to stress 0.70 0.00001 
IRF1, TRIM21, IFIH1, DTX3L, OAS2, STAT1, IFI16, GBP1, 
DDX58, OAS1, PRKCA 

GO:0051704 multi-organism process 0.78 0.00001 
IRF1, TRIM21, IFIH1, DTX3L, OAS2, STAT1, IFI16, GBP1, 
DDX58, OAS1 

GO:0051716 cellular response to stimulus 0.50 0.00001 
IRF1, TRIM21, IFIH1, PTPN4, CBLB, DTX3L, OAS2, STAT1, IFI16, 
GBP1, DDX58, OAS1, PRKCA 

GO:0048525 negative regulation of viral process 1.81 0.00001 TRIM21, STAT1, IFI16, OAS1 

GO:0032727 
positive regulation of interferon-alpha 
production 

2.29 0.00002 IFIH1, STAT1, DDX58 

GO:0002682 regulation of immune system process 0.94 0.00002 IRF1, IFIH1, DTX3L, STAT1, IFI16, GBP1, DDX58, PRKCA 
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False 

discovery rate 
Matching proteins in network 

GO:0010033 response to organic substance 0.73 0.00002 
IRF1, TRIM21, IFIH1, PTPN4, OAS2, STAT1, GBP1, DDX58, 
OAS1, PRKCA 

GO:0002230 
positive regulation of defense 
response to virus by host 

2.24 0.00002 DTX3L, STAT1, DDX58 

GO:0032101 
regulation of response to external 
stimulus 

1.04 0.00002 IRF1, IFIH1, DTX3L, STAT1, IFI16, DDX58, PRKCA 

GO:0071345 cellular response to cytokine stimulus 1.04 0.00002 IRF1, TRIM21, PTPN4, OAS2, STAT1, GBP1, OAS1 

GO:0032728 
positive regulation of interferon-beta 
production 

2.15 0.00004 IRF1, IFIH1, DDX58 

GO:0071310 
cellular response to organic 
substance 

0.79 0.00004 
IRF1, TRIM21, IFIH1, PTPN4, OAS2, STAT1, GBP1, DDX58, 
OAS1 

GO:0031347 regulation of defense response 1.13 0.00006 IRF1, IFIH1, DTX3L, STAT1, IFI16, DDX58 

GO:0045088 regulation of innate immune response 1.32 0.00006 IRF1, IFIH1, STAT1, IFI16, DDX58 

GO:0043902 
positive regulation of multi-organism 
process 

1.28 0.00008 TRIM21, IFIH1, IFI16, DDX58, PRKCA 

GO:0034344 
regulation of type III interferon 
production 

3.00 0.00008 IFIH1, DDX58 

GO:0035549 
positive regulation of interferon-beta 
secretion 

2.88 0.00012 IFIH1, DDX58 

GO:0080134 regulation of response to stress 0.91 0.00013 IRF1, IFIH1, DTX3L, STAT1, IFI16, DDX58, PRKCA 

GO:0007165 signal transduction 0.54 0.00014 
IRF1, TRIM21, IFIH1, CBLB, OAS2, STAT1, IFI16, GBP1, DDX58, 
OAS1, PRKCA 

GO:0009597 detection of virus 2.78 0.00015 IFIH1, DDX58 

GO:0039528 
cytoplasmic pattern recognition 
receptor signaling pathway in 
response to virus 

2.78 0.00015 IFIH1, DDX58 

GO:0043901 
negative regulation of multi-organism 
process 

1.45 0.00016 TRIM21, STAT1, IFI16, OAS1 

GO:0051239 
regulation of multicellular organismal 
process 

0.69 0.00016 
IRF1, TRIM21, IFIH1, OAS2, STAT1, IFI16, GBP1, DDX58, 
PRKCA 

GO:0050776 regulation of immune response 1.01 0.00017 IRF1, IFIH1, STAT1, IFI16, GBP1, DDX58 

GO:0048519 
negative regulation of biological 
process 

0.52 0.00020 
IRF1, TRIM21, IFIH1, CBLB, DTX3L, STAT1, IFI16, GBP1, DDX58, 
OAS1, PRKCA 
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discovery rate 
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GO:1902741 
positive regulation of interferon-alpha 
secretion 

2.63 0.00022 IFIH1, DDX58 

GO:1903901 negative regulation of viral life cycle 1.77 0.00026 TRIM21, IFI16, OAS1 

GO:0007166 
cell surface receptor signaling 
pathway 

0.74 0.00028 IRF1, TRIM21, CBLB, OAS2, STAT1, GBP1, OAS1, PRKCA 

GO:0002833 
positive regulation of response to 
biotic stimulus 

1.34 0.00037 IFIH1, IFI16, DDX58, PRKCA 

GO:1904469 
positive regulation of tumor necrosis 
factor secretion 

2.40 0.00049 IFIH1, DDX58 

GO:0035458 cellular response to interferon-beta 2.3 0.00072 IRF1, STAT1 

GO:0071360 
cellular response to exogenous 
dsRNA 

2.3 0.00072 IFIH1, DDX58 

GO:0051046 regulation of secretion 1.01 0.00093 IFIH1, OAS2, GBP1, DDX58, PRKCA 

GO:0050708 regulation of protein secretion 1.15 0.00160 IFIH1, GBP1, DDX58, PRKCA 

GO:2000778 
positive regulation of interleukin-6 
secretion 

2.08 0.00170 IFIH1, DDX58 

GO:0048583 regulation of response to stimulus 0.54 0.00180 IRF1, IFIH1, CBLB, DTX3L, STAT1, IFI16, GBP1, DDX58, PRKCA 

GO:0060759 
regulation of response to cytokine 
stimulus 

1.45 0.00180 IFIH1, STAT1, DDX58 

GO:0044764 multi-organism cellular process 2.05 0.00190 IFIH1, DDX58 

GO:0002684 
positive regulation of immune system 
process 

0.93 0.00200 IFIH1, STAT1, IFI16, DDX58, PRKCA 

GO:0044260 
cellular macromolecule metabolic 
process 

0.41 0.00200 
IRF1, TRIM21, IFIH1, PTPN4, CBLB, DTX3L, OAS2, STAT1, IFI16, 
DDX58, PRKCA 

GO:0032880 regulation of protein localization 0.92 0.00210 IFIH1, DTX3L, GBP1, DDX58, PRKCA 

GO:0050707 regulation of cytokine secretion 1.41 0.00210 IFIH1, GBP1, DDX58 

GO:0002218 activation of innate immune response 1.39 0.00250 IFIH1, IFI16, DDX58 

GO:0070647 
protein modification by small protein 
conjugation or removal 

0.90 0.00250 TRIM21, IFIH1, CBLB, DTX3L, DDX58 

GO:0032103 
positive regulation of response to 
external stimulus 

1.08 0.00260 IFIH1, IFI16, DDX58, PRKCA 
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discovery rate 
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GO:0051240 
positive regulation of multicellular 
organismal process 

0.77 0.00270 IRF1, IFIH1, STAT1, IFI16, DDX58, PRKCA 

GO:0006807 
nitrogen compound metabolic 
process 

0.34 0.00290 
IRF1, TRIM21, IFIH1, PTPN4, CBLB, DTX3L, OAS2, STAT1, IFI16, 
DDX58, OAS1, PRKCA 

GO:0051172 
negative regulation of nitrogen 
compound metabolic process 

0.66 0.00290 IRF1, TRIM21, CBLB, DTX3L, STAT1, IFI16, GBP1 

GO:0032269 
negative regulation of cellular protein 
metabolic process 

0.87 0.00330 TRIM21, CBLB, DTX3L, IFI16, GBP1 

GO:0032480 
negative regulation of type I 
interferon production 

1.85 0.00380 IFIH1, DDX58 

GO:0031324 
negative regulation of cellular 
metabolic process 

0.63 0.00410 IRF1, TRIM21, CBLB, DTX3L, STAT1, IFI16, GBP1 

GO:0031400 
negative regulation of protein 
modification process 

1.01 0.00450 TRIM21, CBLB, DTX3L, GBP1 

GO:0051241 
negative regulation of multicellular 
organismal process 

0.84 0.00450 IRF1, IFIH1, STAT1, GBP1, DDX58 

GO:0001818 
negative regulation of cytokine 
production 

1.27 0.00470 IFIH1, GBP1, DDX58 

GO:0044237 cellular metabolic process 0.31 0.00470 
IRF1, TRIM21, IFIH1, PTPN4, CBLB, DTX3L, OAS2, STAT1, IFI16, 
DDX58, OAS1, PRKCA 

GO:0044238 primary metabolic process 0.31 0.00470 
IRF1, TRIM21, IFIH1, PTPN4, CBLB, DTX3L, OAS2, STAT1, IFI16, 
DDX58, OAS1, PRKCA 

GO:0010605 
negative regulation of macromolecule 
metabolic process 

0.61 0.00480 IRF1, TRIM21, CBLB, DTX3L, STAT1, IFI16, GBP1 

GO:0045071 
negative regulation of viral genome 
replication 

1.76 0.00490 IFI16, OAS1 

GO:0060760 
positive regulation of response to 
cytokine stimulus 

1.76 0.00490 IFIH1, DDX58 

GO:0051171 
regulation of nitrogen compound 
metabolic process 

0.41 0.00520 
IRF1, TRIM21, CBLB, DTX3L, STAT1, IFI16, GBP1, DDX58, 
OAS1, PRKCA 

GO:0051246 
regulation of protein metabolic 
process 

0.60 0.00590 IRF1, TRIM21, CBLB, DTX3L, IFI16, GBP1, PRKCA 

GO:0051865 protein autoubiquitination 1.71 0.00590 TRIM21, DTX3L 

GO:0006508 proteolysis 0.80 0.00600 IFIH1, CBLB, DTX3L, IFI16, DDX58 
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GO:0006513 protein monoubiquitination 1.69 0.00610 TRIM21, DTX3L 

GO:0071704 organic substance metabolic process 0.30 0.00610 
IRF1, TRIM21, IFIH1, PTPN4, CBLB, DTX3L, OAS2, STAT1, IFI16, 
DDX58, OAS1, PRKCA 

GO:0080090 
regulation of primary metabolic 
process 

0.40 0.00610 
IRF1, TRIM21, CBLB, DTX3L, STAT1, IFI16, GBP1, DDX58, 
OAS1, PRKCA 

GO:0031323 
regulation of cellular metabolic 
process 

0.39 0.00660 
IRF1, TRIM21, CBLB, DTX3L, STAT1, IFI16, GBP1, DDX58, 
OAS1, PRKCA 

GO:0032446 
protein modification by small protein 
conjugation 

0.94 0.00660 TRIM21, IFIH1, CBLB, DTX3L 

GO:0060255 
regulation of macromolecule 
metabolic process 

0.39 0.00660 
IRF1, TRIM21, CBLB, DTX3L, STAT1, IFI16, GBP1, DDX58, 
OAS1, PRKCA 

GO:0038127 ERBB signaling pathway 1.62 0.00770 CBLB, PRKCA 

GO:0031329 
regulation of cellular catabolic 
process 

0.91 0.00810 TRIM21, DTX3L, IFI16, PRKCA 

GO:0051252 regulation of RNA metabolic process 0.49 0.00850 IRF1, TRIM21, DTX3L, STAT1, IFI16, DDX58, OAS1, PRKCA 

GO:1903321 
negative regulation of protein 
modification by small protein 
conjugation or removal 

1.57 0.00940 TRIM21, DTX3L 

GO:0006464 cellular protein modification process 0.55 0.01000 TRIM21, IFIH1, PTPN4, CBLB, DTX3L, DDX58, PRKCA 

GO:0045639 
positive regulation of myeloid cell 
differentiation 

1.53 0.01070 STAT1, PRKCA 

GO:0031325 
positive regulation of cellular 
metabolic process 

0.54 0.01080 IRF1, TRIM21, DTX3L, STAT1, IFI16, DDX58, PRKCA 

GO:0045893 
positive regulation of transcription, 
DNA-templated 

0.72 0.01080 IRF1, DTX3L, STAT1, IFI16, DDX58 

GO:1901564 
organonitrogen compound metabolic 
process 

0.41 0.01150 
TRIM21, IFIH1, PTPN4, CBLB, DTX3L, IFI16, DDX58, OAS1, 
PRKCA 

GO:0019538 protein metabolic process 0.46 0.01270 TRIM21, IFIH1, PTPN4, CBLB, DTX3L, IFI16, DDX58, PRKCA 

GO:0035556 intracellular signal transduction 0.69 0.01340 IFIH1, STAT1, IFI16, DDX58, PRKCA 

GO:1903706 regulation of hemopoiesis 1.04 0.01390 IRF1, STAT1, PRKCA 

GO:0002683 
negative regulation of immune 
system process 

1.03 0.01500 IRF1, IFI16, GBP1 
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GO:0001936 
regulation of endothelial cell 
proliferation 

1.39 0.01690 STAT1, PRKCA 

GO:0048523 
negative regulation of cellular 
process 

0.43 0.01720 IRF1, TRIM21, CBLB, DTX3L, STAT1, IFI16, GBP1, PRKCA 

GO:0032268 
regulation of cellular protein 
metabolic process 

0.56 0.01840 TRIM21, CBLB, DTX3L, IFI16, GBP1, PRKCA 

GO:0032879 regulation of localization 0.55 0.01970 IFIH1, DTX3L, OAS2, GBP1, DDX58, PRKCA 

GO:0050878 regulation of body fluid levels 0.97 0.02010 IRF1, OAS2, PRKCA 

GO:0050794 regulation of cellular process 0.24 0.02040 
IRF1, TRIM21, IFIH1, CBLB, DTX3L, OAS2, STAT1, IFI16, GBP1, 
DDX58, OAS1, PRKCA 

GO:0031399 
regulation of protein modification 
process 

0.63 0.02170 TRIM21, CBLB, DTX3L, GBP1, PRKCA 

GO:0071407 
cellular response to organic cyclic 
compound 

0.95 0.02220 IFIH1, STAT1, DDX58 

GO:0051259 protein complex oligomerization 0.95 0.02270 TRIM21, GBP1, OAS1 

GO:0070555 response to interleukin-1 1.31 0.02270 GBP1, PRKCA 

GO:0045944 
positive regulation of transcription by 
RNA polymerase II 

0.74 0.02530 IRF1, STAT1, IFI16, DDX58 

GO:0044092 
negative regulation of molecular 
function 

0.73 0.02620 TRIM21, CBLB, DTX3L, IFI16 

GO:0002758 
innate immune response-activating 
signal transduction 

1.25 0.02800 IFIH1, DDX58 

GO:1901699 
cellular response to nitrogen 
compound 

0.90 0.02880 IFIH1, STAT1, DDX58 

GO:0016032 viral process 0.90 0.02890 IFIH1, STAT1, DDX58 

GO:0048522 positive regulation of cellular process 0.39 0.02890 IRF1, TRIM21, IFIH1, DTX3L, STAT1, IFI16, DDX58, PRKCA 

GO:0030155 regulation of cell adhesion 0.86 0.03570 IRF1, GBP1, PRKCA 

GO:0071356 
cellular response to tumor necrosis 
factor 

1.18 0.03620 STAT1, GBP1 

GO:0051173 
positive regulation of nitrogen 
compound metabolic process 

0.49 0.03720 IRF1, DTX3L, STAT1, IFI16, DDX58, PRKCA 
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GO:0048584 
positive regulation of response to 
stimulus 

0.56 0.03840 IFIH1, DTX3L, IFI16, DDX58, PRKCA 

GO:0016567 protein ubiquitination 0.85 0.03850 TRIM21, CBLB, DTX3L 

GO:0009612 response to mechanical stimulus 1.16 0.03980 IRF1, STAT1 

GO:0045596 
negative regulation of cell 
differentiation 

0.82 0.04390 IRF1, STAT1, GBP1 

GO:0010604 
positive regulation of macromolecule 
metabolic process 

0.47 0.04460 IRF1, DTX3L, STAT1, IFI16, DDX58, PRKCA 
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Supplemental Table S6: The most significantly enriched functional molecular processes of downregulated genes from severe COVID-19 donors 

compared to healthy controls. 

Term ID Term description Strength False discovery rate Matching proteins in network 

GO:0003725 double-stranded RNA binding 1.93 0.00002 IFIH1, OAS2, DDX58, OAS1 

GO:0001730 2'-5'-oligoadenylate synthetase activity 3.00 0.00028 OAS2, OAS1 

GO:0003723 RNA binding 0.95 0.00530 TRIM21, IFIH1, OAS2, DDX58, OAS1 

GO:0008270 zinc ion binding 0.97 0.00530 TRIM21, IFIH1, CBLB, DDX58, PRKCA 

GO:0097159 organic cyclic compound binding 0.45 0.00620 
IRF1, TRIM21, IFIH1, OAS2, STAT1, IFI16, GBP1, 
DDX58, OAS1, PRKCA 

GO:1901363 heterocyclic compound binding 0.45 0.00620 
IRF1, TRIM21, IFIH1, OAS2, STAT1, IFI16, GBP1, 
DDX58, OAS1, PRKCA 

GO:0003676 nucleic acid binding 0.56 0.00710 
IRF1, TRIM21, IFIH1, OAS2, STAT1, IFI16, DDX58, 
OAS1 

GO:0003824 catalytic activity 0.43 0.00710 
TRIM21, IFIH1, PTPN4, CBLB, DTX3L, OAS2, GBP1, 
DDX58, OAS1, PRKCA 

GO:0035639 
purine ribonucleoside triphosphate 
binding 

0.70 0.00710 IFIH1, OAS2, GBP1, DDX58, OAS1, PRKCA 

GO:0042802 identical protein binding 0.71 0.00710 TRIM21, IFIH1, STAT1, IFI16, GBP1, DDX58 

GO:0032555 purine ribonucleotide binding 0.69 0.00750 IFIH1, OAS2, GBP1, DDX58, OAS1, PRKCA 

GO:0044389 ubiquitin-like protein ligase binding 1.14 0.01030 DTX3L, STAT1, DDX58 

GO:0003690 double-stranded DNA binding 0.86 0.01080 IRF1, STAT1, IFI16, DDX58 

GO:0003727 single-stranded RNA binding 1.58 0.01080 IFIH1, DDX58 

GO:0004842 ubiquitin-protein transferase activity 1.09 0.01080 TRIM21, CBLB, DTX3L 

GO:0005488 binding 0.22 0.01080 
IRF1, TRIM21, IFIH1, PTPN4, CBLB, DTX3L, OAS2, 
STAT1, IFI16, GBP1, DDX58, OAS1, PRKCA 

GO:0005515 protein binding 0.36 0.01080 
TRIM21, IFIH1, PTPN4, CBLB, DTX3L, STAT1, IFI16, 
GBP1, DDX58, PRKCA 

GO:0005524 ATP binding 0.71 0.01080 IFIH1, OAS2, DDX58, OAS1, PRKCA 

GO:0016740 transferase activity 0.60 0.01080 TRIM21, CBLB, DTX3L, OAS2, OAS1, PRKCA 

GO:0019899 enzyme binding 0.61 0.01080 CBLB, DTX3L, STAT1, GBP1, DDX58, PRKCA 

GO:0046872 metal ion binding 0.47 0.01080 TRIM21,IFIH1,CBLB,DTX3L,OAS2,DDX58,OAS1,PRKCA 
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GO:0003677 DNA binding 0.57 0.01300 IRF1, TRIM21, IFIH1, STAT1, IFI16, DDX58 

GO:0008144 drug binding 0.64 0.01410 IFIH1, OAS2, DDX58, OAS1, PRKCA 

GO:0000978 
RNA polymerase II proximal promoter 
sequence-specific DNA binding 

0.96 0.01440 IRF1, STAT1, IFI16 

GO:0004386 helicase activity 1.31 0.01560 IFIH1, DDX58 

GO:0043167 ion binding 0.35 0.01770 
TRIM21, IFIH1, CBLB, DTX3L, OAS2, GBP1, DDX58, 
OAS1, PRKCA 

GO:0042393 histone binding 1.20 0.02270 DTX3L, STAT1 

GO:0140096 catalytic activity, acting on a protein 0.54 0.03240 TRIM21, PTPN4, CBLB, DTX3L, PRKCA 

GO:0017111 nucleoside-triphosphatase activity 0.76 0.04080 IFIH1, GBP1, DDX58 
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