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Abstract 

Inflammasomes are multimeric complexes whose activation triggers caspase-1 

cleavage resulting in processing of the cytokines interleukin (IL)-1β and IL-18, 

and the pore-forming protein gasdermin D. This, in turn, initiates programmed 

inflammatory cell death (pyroptosis). However, even in the absence of IL-1β and 

IL-18 signalling, inflammation develops, pointing towards the importance of other 

factors released upon inflammasome activation, such as activated inflammasome 

itself or extracellular vesicles (EVs). We therefore hypothesised that EVs 

enhance the paracrine inflammatory effects of inflammasome-activated cells. 

 

To investigate this, we isolated EVs from inflammasome-activated cells using 

differential centrifugation and size-exclusion chromatography. We next analysed 

the ribonucleic acid (RNA) and protein content of EVs and investigated their 

uptake by and their effect on different bystander cells. 

 

Our results show that EV secretion is increased in macrophages stimulated with 

inflammasome activators relative to controls. Inflammasome-elicited EVs can be 

identified by the presence of N-terminal gasdermin D, as well as by their distinct 

RNA signatures. Thus, they have the potential to be used as biomarkers in clinical 

settings. 

 

EVs can exert their effects over long distances and may therefore contribute to 

the propagation of inflammatory signals from one part of the body to cells at 

distant sites. We could show that inflammasome-elicited EVs are taken up by 

diverse recipient cells, including macrophages, endothelial cells, epithelial cells, 

fibroblasts, and T cells (primarily activated T cells). We then used transcriptomics 

to determine the effect of inflammasome-elicited EVs on these recipient cells. 

They for example induced inflammatory gene sets in endothelial cells and led to 

the upregulation of marker genes of activated endothelium, including adhesion 

molecules, which are known to facilitate the attachment and tissue invasion of 

immune cells. Upon interaction with fibroblasts EVs have the potential to induce 

inflammatory signalling, further propagating inflammation. Gene sets such as 



 XX 

interferon (IFN)-α/-γ, and tumour necrosis factor (TNF)-α signalling were enriched 

in these cells. 

 

Taken together, these findings indicate that EVs may not only serve as diagnostic 

markers for inflammatory disease, but also play an important role in the systemic 

response towards inflammasome activation. 
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1 Introduction 

From the moment one is born, one is surrounded by microorganisms and it is 

currently estimated that the ratio of bacterial to host cells is around 1:1 (Sender 

et al, 2016). While microorganisms can cause harm – these are called pathogens 

– not all do so. Instead they can constantly colonise a host without causing 

damage and form microbial communities called the microbiome (Murphy et al, 

2017). 

 

The microorganisms that make up the microbiome, also called commensals, 

consist of archaea, bacteria, and fungi. They live in a symbiotic relationship with 

their host. Pathogenic microorganisms, on the other hand, can be divided into 

four classes: viruses, bacteria, fungi and parasites (Murphy et al, 2017). 

 

The human immune system has evolved to defend against these damaging 

microorganisms, while allowing the presence of commensals at the same time. 

Besides being crucial in the defence against pathogens, the immune system is 

also involved in other processes, including homeostatic and developmental 

processes, such as the clearance of dead cells (Pradeu, 2020). It achieves all of 

this through the orchestration of its two branches: the innate and the adaptive 

immune system. 

 

The role of the innate immune system is to act as a first line of defence against 

pathogens (Murphy et al, 2017), as well as a sensor for imbalances in 

homeostasis (Liston & Masters, 2017). The first level of defence employed by the 

innate immune system includes anatomic and chemical barriers, such as the skin 

and mucosal tissues. These barriers act to prevent exposure of internal tissues 

to pathogens (Murphy et al, 2017). If this level of defence is breached, the second 

line of defence comes into play: the complement system. It consists of around 30 

different plasma proteins that target invading microorganisms for phagocytosis 

and lysis (Murphy et al, 2017). If these first two lines of defence fail, innate 

immune cells are activated through the engagement of pattern recognition 

receptors (PRRs). Most innate immune cells develop from common myeloid 
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progenitor cells, which give rise to dendritic cells (DCs), neutrophils, eosinophils, 

basophils, mast cell precursor cells and monocytes. Mast cell precursor cells then 

give rise to mast cells and monocytes differentiate into macrophages (MΦs). 

Additionally, natural killer (NK) cells and innate lymphoid cells (ILCs) are 

important innate immune cells. They develop from common lymphoid progenitor 

cells (Murphy et al, 2017). 

 

While all the above-described mechanisms are employed within minutes and are 

essential for the defence against pathogens, they rely on germline-encoded 

receptors, resulting in limited variability. This variability is immensely expanded 

by the adaptive immune system: the primary immune cells of the adaptive 

immune system are T and B lymphocytes with T cell receptors (TCR) and B cell 

receptors (BCR) respectively. These receptors are created through somatic 

recombination and, in the case of BCRs, subsequent mutagenesis (Murphy et al, 

2017). This generation of antigen-specific receptors results in highly specific and 

efficient immune responses, but also in the formation of antigen-specific memory 

(Murphy et al, 2017). 

 

While the human immune system is commonly described as being divided into 

the innate and the adaptive part, in the end, there is a lot of crosstalk between 

both systems: innate immunity is needed to mount an adaptive immune response, 

with the main player being DCs that present antigens to T cells. Once mounted, 

adaptive immunity then influences innate immunity, for example through the 

secretion of cytokines (Murphy et al, 2017). 

1.1 The Innate Immune System and the Role of PRRs 

Recognition of both pathogens and homeostatic imbalances by the innate 

immune system relies on a range of receptors, which are called PRRs. PRRs can 

be further grouped into five families: Toll-like receptors (TLRs), Absent in 

melanoma 2 (AIM2)-like receptors (ALRs), nucleotide-binding domain, leucine-

rich repeat (LRR)-containing (or NOD-like) receptors (NLRs), C-type lectin 
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receptors (CLRs), and retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) 

(Brubaker et al, 2015). Sometimes, the sequestosome 1-like receptors (SLRs) 

are also included in the definition of PRRs, resulting in six families of PRRs 

(Deretic et al, 2013). 

PRRs respond to pathogens through recognition of pathogen-associated 

molecular patterns (PAMPs) and to imbalances in homeostasis through sensing 

of danger-associated molecular patterns (DAMPs) and homeostasis-altering 

molecular processes (HAMPs) (Murphy et al, 2017; Liston & Masters, 2017). 

1.2 Inflammasomes 

Inflammasomes are protein complexes of high molecular weight (MW) that act as 

signalling platforms for activation of caspase-1. Active caspase-1 cleaves the 

cytokines interleukin (IL)-1β and IL-18, and gasdermin D (GSDMD), thereby 

initiating a form of cell death known as pyroptosis (Martinon et al, 2002; Broz & 

Dixit, 2016). 

 

Inflammasomes typically consist of an inflammasome sensor molecule, an 

adaptor protein called apoptosis-associated speck-like protein containing a 

carboxy-terminal caspase activation and recruitment domain (CARD) (ASC), and 

pro-caspase-1 (Figure 1). 

Inflammasome sensor molecules usually consist of a variable C-terminal sensor 

domain and an N-terminal death domain (DD), either a pyrin domain (PYD) or 

CARD. They recognise PAMPs, DAMPs, or HAMPs with their sensor domain 

and, upon recognition, are believed to form a homomultimer seed and thereby 

cluster the PYD domains. Most inflammasomes employ these PYD domains to 

recruit ASC. ASC consists of two DDs, an N-terminal PYD, and a C-terminal 

CARD domain. The N-terminal PYD domain allows interaction with the 

homomultimer seed PYD domains and, additionally, with the PYD domains of 

other ASC molecules. This capability of ASC molecules to interact with one 

another allows a prion-like polymerisation of basically all ASC proteins in the cell, 

which is seen upon inflammasome-activation and leads to the formation of an 
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ASC speck about 1 µm in size (Masumoto et al, 1999; Richards et al, 2001; 

Franklin et al, 2014). When fluorescently tagged, these ASC specks can be 

observed under the microscope to quantify inflammasome activation (Stutz et al, 

2013). The resulting clustering of ASC CARD domains leads to the recruitment 

of pro-caspase-1 to the ASC speck (Fernandes-Alnemri et al, 2007; Cai et al, 

2014; Lu et al, 2014). Pro-caspase-1 molecules are brought into close proximity 

of each other, resulting in dimerisation and auto-activation (Wilson et al, 1994; 

Elliott et al, 2009). 

 

Active caspase-1 then cleaves pro-IL-1β to IL-1β (Thornberry et al, 1992) and 

pro-IL-18 to IL-18 (Ghayur et al, 1997). Additionally, caspase-1 cleaves GSDMD, 

allowing its N-terminal domain to mediate pore formation in the plasma 

membrane (Shi et al, 2015). GSDMD pores provide a pathway for the release of 

IL-1β and IL-18 into the extracellular space (Kayagaki et al, 2015; Shi et al, 2015; 

He et al, 2015). However, caspase-1-dependent IL-1β release does not have to 

depend on GSDMD pore formation but can be both GSDMD-dependent and 

GSDMD-independent (Monteleone et al, 2018). 

 

ASC specks have been found to persist in the extracellular space after cells have 

undergone pyroptosis and have even been shown to remain active when 

phagocytosed by surrounding MΦs, thus continually leading to the activation of 

caspase-1 (Franklin et al, 2014; Baroja-Mazo et al, 2014). However, caspase-1 

undergoes proteolytic self-inactivation, thus acting as a negative feedback signal 

in inflammasome activation (Boucher et al, 2018). 

 

Inflammasome sensors can be grouped based on their structure (Figure 1). The 

largest group consists of members of the NLR family. Several NACHT, LRR and 

PYD domains-containing (NLRP) proteins, as well as the NLR family CARD 

domain-containing (NLRC) protein 4, can assemble inflammasomes (Poyet et al, 

2001; Martinon et al, 2002; Agostini et al, 2004; Yu et al, 2006a; Franchi et al, 

2006; Miao et al, 2006; Faustin et al, 2007; Roberts et al, 2009; Bürckstümmer et 

al, 2009; Fernandes-Alnemri et al, 2009; Hornung et al, 2009). Inflammasome-
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forming NLRs contain an N-terminal DD (CARD in case of NLRC4, PYD in case 

of the NLRPs), a central nucleotide-binding domain (NBD), and a C-terminal LRR 

domain (Latz et al, 2013). In case of the NLRP3 sensor molecule, the NBD is a 

NACHT domain with adenosine triphosphate(ATP)ase activity (Duncan et al, 

2007) and the LRR domain is thought to have an autoinhibitory function 

(Swanson et al, 2019) (Figure 1). 

 

Besides the NLR family of inflammasome sensors, additional inflammasome-

forming receptors have been recognised to date: pyrin, which contains a PYD, a 

B-box region, a coiled-coil domain, and a B30.2 domain (Xu et al, 2014; Broz & 

Dixit, 2016), AIM2, which contains a PYD and a HIN-200 domain (Roberts et al, 

2009; Bürckstümmer et al, 2009; Fernandes-Alnemri et al, 2009; Hornung et al, 

2009) (Figure 1), and CARD8, which consists of a small N-terminal region, a 

function-to-find domain (FIIND), and a CARD domain (Ball et al, 2020; Linder et 

al, 2020; Barnett et al, 2023). Furthermore, caspases-4 and -5 (murine 

caspase-11) have been shown to form an inflammasome (non-canonical 

inflammasome, section 1.3.2; Kayagaki et al, 2013; Shi et al, 2014). 

 

 

Figure 1: Inflammasome sensor structure and assembly. Inflammasomes 
consist of an inflammasome sensor molecule that contains a sensor domain and 
a death domain (DD). They interact with apoptosis-associated speck-like protein 
containing a carboxy-terminal caspase activation and recruitment domain 
(CARD) (ASC) via their DD. ASC has two DDs: a pyrin domain (PYD) interacting 
with the inflammasome sensor and a CARD interacting with the CARD of pro-
caspase-1. A member of the nucleotide-binding domain, leucine-rich repeat 
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(LRR)-containing receptor (NLR) family is NLRP3. It consists of a PYD, a 
nucleotide-binding domain (NBD), and a LRR domain. A member of the absent 
in melanoma 2 (AIM2)-like receptor (ALR) family is AIM2. It consists of a PYD 
and a HIN-200 domain. Pyrin consists of a PYD, a B-box region, a coiled-coil 
(CC) domain, and a B30.2 domain. 

1.3 The NLRP3 Inflammasome 

NLRP3 is mainly expressed in monocytes, MΦs, and Schwann cells and to a 

lesser extent in DCs and T cells (The Human Protein Atlas; Karlsson et al., 2021). 

In most cell types, including in both murine and human MΦs, NLRP3 is expressed 

at low levels under baseline conditions (Bauernfeind et al, 2009). 

 

While the inflammasome sensor molecules have all been shown to lead to 

caspase-1 activation, they differ with regard to their activators. For the NLRP3 

inflammasome, various activators have been identified that commonly induce 

cellular stress. They can be grouped into canonical NLRP3 activation, non-

canonical NLRP3 activation, and alternative NLRP3 activation (Xu & Núñez, 

2022). 

1.3.1 Canonical NLRP3 Activation 

Canonical NLRP3 activation is a two-step process comprising a priming and an 

activation step (Xu & Núñez, 2022; Figure 2): 

 

To increase NLRP3 expression, but also to increase expression of pro-IL-1β and 

pro-IL-18, cells are usually treated with an activator of nuclear factor kappa B 

(NF-κB) like lipopolysaccharide (LPS). This is called “priming” (Bauernfeind et al, 

2009; Latz et al, 2013; Franchi et al, 2009).  

Additionally, priming leads to post-transcriptional changes like deubiquitylation or 

phosphorylation of NLRP3, which license NLRP3 for activation (Juliana et al, 

2012; Schroder et al, 2012; Song et al, 2017; Song & Li, 2018). 
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After priming, a second treatment is needed to activate the licensed NLRP3 

inflammasome. These stimuli are extremely diverse and include viral and 

bacterial proteins such as the bacterial pore forming toxin nigericin (Nig), 

intracellular molecules released into the extracellular fluid upon cellular damage 

such as ATP, and insoluble particles such as uric acid crystal or amyloid-β (Aβ) 

depositions (Coll et al, 2022). They usually perturb cellular homeostasis (e.g., 

ions or organelles) in addition to activating the NLRP3 inflammasome. This, and 

the fact that NLRP3 activation varies between cell types and species, makes it 

hard to elucidate the exact mechanism by which such diverse stimuli lead to the 

activation of NLRP3. While the exact mechanism is still unknown, it has been 

suggested that they lead to a common upstream cellular event, which then 

activates NLRP3. 

 

One recognised signal upstream of NLRP3 activation is potassium ion (K+) efflux. 

For example, extracellular ATP, a well-known NLRP3 activator, activates the P2X 

purinoreceptor 7 (P2X7). P2X7 promotes calcium ion (Ca2+) and sodium ion (Na+) 

influx and, in cooperation with the two-pore domain K+ channel (K2P) (TWIK2), K+ 

efflux (Di et al, 2018). K+ efflux then leads to the activation of the NLRP3 

inflammasome.  

The K+ and hydrogen ion (H+) ionophore nigericin, a model agonist commonly 

used in in vitro studies, also activates NLRP3 through induction of K+ efflux 

(Perregaux & Gabel, 1994). 

 

However, not all stimuli known to activate NLRP3 do so through potassium 

depletion: changes in metabolism can lead to activation of the NLRP3 

inflammasome in a K+-independent way (Groß & Groß, 2016; Sanman et al, 

2016; Wolf et al, 2016; Groß et al, 2016). Chemical disruption of glycolysis was, 

for example, shown to activate NLRP3 (Sanman et al, 2016), as was inhibition of 

the mitochondrial electron transport chain complex I (e.g., by R837 ;Groß et al, 

2016) or N-acetylglucosamine (GlcNAc)-induced hexokinase delocalisation into 

the cytosol (Wolf et al, 2016). 
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Other upstream signals described to be involved in NLRP3 inflammasome 

formation are lysosomal disruption and trans-Golgi disassembly (Swanson et al, 

2019). 

1.3.2 Non-Canonical NLRP3 Activation 

During non-canonical activation of NLRP3, the bacterial PAMP LPS, once in the 

cytosol, leads to activation of caspase-11 (in mice), or caspases-4 and -5 (in 

humans; Kayagaki et al, 2013; Shi et al, 2014). Caspases-4/5 and -11 can then 

directly cleave GSDMD, leading to GSDMD pore formation. Of note, the non-

canonical inflammasome cannot (or only to a limited extend) cleave pro-IL-1β and 

pro-IL-18 (Ramirez et al, 2018; Bibo-Verdugo et al, 2020). However, GSDMD 

pore formation results in potassium efflux, NLRP3 activation, ASC specking, 

caspase-1 activation and finally IL-1β and IL-18 cleavage and release through 

the pre-formed GSDMD pore (Kayagaki et al, 2013, 2015; Shi et al, 2015; Yang 

et al, 2015; Jorgensen et al, 2017). 

While canonical NLRP3 activation requires an adaptor to link it to caspase-1, it is 

believed that non-canonical inflammasomes directly act as a receptor for LPS 

without the need for an adaptor. However, this hypothesis has been challenged 

in recent years, as several members of the GBP protein family have been linked 

to the formation of a caspase-4 signalling platform (Kutsch et al, 2020; Santos et 

al, 2020; Wandel et al, 2020; Fisch et al, 2020). 

1.3.3 Alternative NLRP3 Activation 

Certain cells are able to employ alternative NLRP3 activation. During alternative 

NLRP3 activation, stimulation of cells with TLR ligands directly leads to NLRP3 

activation without the need for a second activation stimulus (Gaidt & Hornung, 

2017). This is for example the case in human monocytes (but not in human MΦs 

or DCs): here, stimulation with TLR2 and TLR4 activators leads to direct 

activation of NLRP3 (Netea et al, 2009; Gaidt et al, 2016). Alternative NLRP3 

activation is independent of K+ depletion (Gaidt et al, 2016). Instead activation is 

mediated through Toll/IL-1 receptor homology (TIR)-domain-containing adaptor 
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inducing interferon-β (TRIF), kinase receptor-interacting serine/threonine-protein 

kinase (RIPK) 1, Fas-associated protein with death domain (FADD) and 

caspase-8 signalling (Gaidt et al, 2016). Caspase-8 then activates NLRP3 in a 

so far unknown mechanism. However, no ASC specking is observed, and no 

pyroptosis results. Instead, IL-1β is released in an pyroptosis-independent way 

(Gaidt & Hornung, 2017). 

1.4 Pyroptosis 

Activation of inflammasome sensors, and resulting cleavage of 

pro-caspases-1/4/5/11 and GSDMD, leads to a form of programmed cell death 

called pyroptosis (Shi et al, 2015; Kayagaki et al, 2015; Jorgensen et al, 2017). 

There are two forms of cell death that can be distinguished: accidental cell death 

and programmed cell death (Nagata & Tanaka, 2017). Programmed cell death 

can be further grouped into non-lytic cell death, which is the case for apoptosis, 

and lytic cell death. Lytic cell death types include necroptosis, neutrophil 

extracellular trap (NET)-based cell death (NETosis), and pyroptosis (Jorgensen 

et al, 2017). Pyroptosis can be initiated by a range of signalling pathways. In the 

case of NLRP3, the canonical and non-canonical initiation pathways lead to 

pyroptosis while alternative NLRP3 activation does not lead to pyroptosis (Gaidt 

et al, 2016). 

During pyroptosis osmotic lysis of cells occurs, resulting in plasma membrane 

tears that allow for the release of cytosolic contents but not cellular organelles 

(Jorgensen et al, 2016b). Instead, the collapsed organelles, together with the 

mostly intact cell membrane and other cellular structures, form a pore-induced 

intracellular trap (PIT) (Jorgensen et al, 2016a, 2016b). When pyroptosis has 

been initiated by bacteria, pyroptosis does not lead to their direct killing (Miao et 

al, 2010; Jorgensen et al, 2016b), but rather the still viable bacteria are trapped 

within these PITs, leading to activation of the complement system, release of 

IL-1β and IL-18 from the pyroptotic cell and eicosanoid production (Jorgensen et 

al, 2016a). This results in recruitment of neutrophils which, using phagocytic 

scavenger receptors and complement receptors, phagocytose PITs containing 
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entrapped bacteria in a process called efferocytosis. Neutrophils then kill 

phagocytosed bacteria through reactive oxygen species (ROS) production 

(Jorgensen et al, 2016a, 2016b). 

There is a way to restrict pyroptosis as a result of GSDMD pore formation: Rühl 

and colleagues have found that cells have a mechanism to remove GSDMD 

pores from the membrane (Rühl et al, 2018). Upon GSDMD pore formation, Ca2+ 

influx occurs, which acts as a signal to recruit the endosomal sorting complexes 

required for transport (ESCRT) machinery to GSDMD pores. This leads to 

ESCRT-induced microvesicle formation which bud off the plasma membrane, 

thus allowing cells to remove GSDMD from their membranes and restrict 

pyroptosis (Rühl et al, 2018). 

Pyroptosis has classically been described in the context of innate immune cells. 

However, it has also been shown for epithelial cells (Knodler et al, 2014; Shi et 

al, 2014), endothelial cells (Cheng et al, 2017), hepatocytes (Liu et al, 2020), 

keratinocytes (Shi et al, 2014), and other non-immune cells (Downs et al, 2020). 

1.5 The IL-1 Family 

IL-1β and IL-18 are both members of the IL-1 family. The IL-1 family consists of 

11 soluble and 10 receptor molecules (Dinarello, 2018). While most cytokines 

(e.g., tumour necrosis factor (TNF)-α and IL-6) contain a signal sequence that 

directs them to the ER from which they are trafficked through the Golgi apparatus 

and released via the secretory pathway, most members of the IL-1 family lack 

this signal sequence. Instead, they are synthesised in the cytosol and released 

through mechanisms independent of the ER and Golgi apparatus (Monteleone et 

al, 2015; Rubartelli et al, 1990). As discussed above, one of these mechanisms 

is the release through GSDMD pores (Kayagaki et al, 2015; Shi et al, 2015; He 

et al, 2015), however, other pathways have been proposed as well (Monteleone 

et al, 2018). 

 

The IL-1 receptors contain TIR domains (Dinarello, 2009). TIR domains are 

intracellular signalling domains also found in TLRs. Ligand binding leads to 
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dimerisation through the TIR domains, inducing recruitment of myeloid 

differentiation primary response 88 (MyD88), finally resulting in the activation of 

transcription factors NF-κB, activator protein 1 (AP-1), c-Jun N-terminal kinase 

(JNK), mitogen-activated protein kinases (MAPKs) such as p38, extracellular 

signal-regulated kinase (ERKs), and different interferon regulatory factors (IRFs) 

(Dinarello, 2009). Despite leading to the initiation of the same signalling 

pathways, the diversity of IL-1 receptor responses comes from the different 

expression of receptors and regulatory molecules (Mantovani et al, 2019). 

1.5.1 IL-1α and IL-1β 

IL-1β shares a receptor with IL-1α and IL-1 receptor antagonist (IL-1RA)—the 

IL-1 receptor (IL-1R) 1 (Dinarello, 2018). Upon IL-1α or IL-1β (IL-1 is commonly 

used to refer to both) binding to IL-1R1, a conformational change of IL-1R1 allows 

the binding of the co-receptor IL-1 receptor accessory protein (IL-1RAP), to the 

IL-1R1. This allows the initiation of signalling through the TIR domains (Dinarello, 

2018). IL-1β can additionally bind to IL-1R2. IL-1R2 acts as a soluble or 

membrane bound (although without a cytoplasmic domain) decoy receptor for 

IL-1β (Dinarello, 2018). The receptor’s decoy function is even enhanced upon 

complex formation with soluble IL-1RAP (Dinarello, 2018). Finally, IL-1R2 can 

bind IL-1α intracellularly to inhibit the release of IL-1α (Dinarello, 2018). 

 

IL-1α is special in that it is constitutively expressed in mesenchymal cells 

(Mantovani et al, 2019). It is expressed in its precursor form and can be cleaved 

by proteases, however, does not need to be cleaved for its activity and for 

secretion (Kim et al, 2013a). Furthermore, it is special in that it has been found to 

localise to the nucleus, to the cytoplasm, and to the cell membrane (Broderick & 

Hoffman, 2022). When in the nucleus, IL-1α acts as a transcription factor and 

regulates cytokine expression (amongst others IL-6 and IL-8) downstream of 

NF-κB and AP-1 (Broderick & Hoffman, 2022; Wessendorf et al, 1993; Werman 

et al, 2004). In the cytosol, on the other hand, it has been proposed to bind to 

mitochondrial cardiolipin and thereby regulate the NLRP3 inflammasome 

(Dagvadorj et al, 2021). Finally, at the cell membrane, IL-1α can bind to IL-1R1 
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on neighbouring cells (Kurt-Jones et al, 1985; Broderick & Hoffman, 2022) or be 

released as part of the membrane of apoptotic bodies, spreading inflammation 

further (Berda-Haddad et al, 2011), or by itself, acting as a DAMP and resulting 

in pro-inflammatory signalling through IL-1R1 engagement (Di Paolo & 

Shayakhmetov, 2016). Location to the nucleus is generally induced by pro-

apoptotic signals while location to the cytoplasm is induced by necrotic signals 

(Cohen et al, 2010). IL-1α is especially known to be a mediator of local and sterile 

inflammation and is not found in circulation under inflammatory conditions (Malik 

& Kanneganti, 2018; Mantovani et al, 2019). 

 

IL-1β was discovered as an inducer of fever in rabbits and originally termed a 

pyrogen (Dinarello et al, 1974, 1977). While IL-1α is expressed constitutively in 

most cells, IL-1β expression is primarily found in monocytes, MΦs, and 

neutrophils in an inducible (Schindler et al, 1990a, 1990b), highly regulated 

fashion (Shi et al, 2020; Sneezum et al, 2020). Through binding of IL-1β to its 

receptor, it can lead to further expression of inflammatory proteins and, to 

expression of IL-1β itself, thus leading to a feed-forward loop (Warner et al, 

1987a, 1987b; Dinarello et al, 1987). Of note, the induction of IL-1β messenger 

ribonucleic acid (mRNA) through IL-1 stimulation leads to a rapid (within 15 min) 

upregulation of mRNA levels that is sustained for over 24 h. In contrast, induction 

of IL-1β mRNA levels using a microbial stimulus such as LPS leads to the same 

rapid onset of mRNA upregulation, but levels are only increased for 4 h and 

decrease thereafter (Schindler et al, 1990a). 

Unlike IL-1α, IL-1β cannot be secreted in its precursor form and instead needs 

cleavage to generate active IL-1β. Cleavage of IL-1β to its active form can be 

either caspase-1 dependent, or caspase-1 independent (Dinarello, 2018). 

Locally, IL-1β leads to the activation of vascular endothelium and lymphocytes 

and to the recruitment of neutrophils (Murphy et al, 2017). Systemically, it 

contributes to fever and induces acute-phase protein production (Bode et al, 

2012). While IL-1β-induced responses are generally beneficial during infection, 

they can be detrimental in case of uncontrolled production such as in genetic and 

acquired diseases (Monteleone et al, 2015). 
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One important regulator of IL-1β and IL-1α is IL-1RA (Hannum et al, 1990; 

Eisenberg et al, 1990). Like IL-1α, IL-1RA is expressed in all cells. It is induced 

by different inflammatory stimuli and acts as an anti-inflammatory cytokine 

through competitive binding to IL-1R1 (Seckinger et al, 1987). The importance of 

IL-1RA has especially become clear since the use of anakinra, a recombinant 

form of IL-1RA, as a therapeutic in autoinflammatory diseases (Broderick & 

Hoffman, 2022). Anakinra was introduced in 2002 for the treatment of rheumatoid 

arthritis. 

1.5.2 IL-18 

IL-18 was discovered in 1989 as an “interferon (IFN)-γ-inducing factor” 

(Nakamura et al, 1989) and later named IL-18 (Dinarello, 2018). IL-18 is 

structurally similar to IL-1β in that it is does not have a signal peptide for secretion 

and is synthesised as an inactive precursor that needs cleavage (e.g., by 

caspase-1) to become activated (Okamura et al, 1995; Bazan et al, 1996; Gu et 

al, 1997; Ghayur et al, 1997). 

One of the main differences between IL-1β and IL-18 is that, while pro-IL-1β 

expression is inducible and absent in healthy human cells such as monocytes, 

MΦs, and epithelial cells, the precursor form of IL-18 is constitutively expressed 

in blood monocytes and MΦs of healthy subjects (Puren et al, 1999), as well as 

in endothelial cells, keratinocytes, and in epithelial cells of the gastrointestinal 

tract (Dinarello, 2018). The primary sources of active IL-18 are MΦs and DCs 

(Novick et al, 2013), although intestinal epithelial cells have recently been 

recognised as another important source of active IL-18 (Yasuda et al, 2019; 

Chiang et al, 2022). 

 

IL-18 forms a low affinity complex with the IL-18 receptor alpha chain (IL-18Rα, 

encoded by IL18R1). This receptor is ubiquitously expressed. Upon joining of the 

co-receptor IL-18 receptor beta chain (IL-18Rβ, encoded by IL18RAP) to IL-18 

and IL-18Rα, a high-affinity complex is formed, which allows signalling (Dinarello, 

2018; Zhou et al, 2020). This signalling is similar to the signalling induced by IL-1β 

or IL-1α binding to IL-1R1 and its co-receptor IL-1RAP in that it induces TIR 
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domain-mediated MyD88 recruitment and signalling, leading to the release of 

NF-ĸB. However, expression of the co-receptor is restricted to certain cells and 

higher concentrations of IL-18 (cells expressing IL-18Rα and co-receptor IL-18Rβ 

require about ≥10–20 ng/mL IL-18) are needed to activate said signalling than in 

the case of IL-1α and IL-1β (concentrations in the low ng/mL range or even pg/mL 

range; Dinarello, 2018; Morel et al, 2001; Lee et al, 2004). 

Interestingly, the affinity of IL-18 for IL-18 binding protein (IL-18BP) is higher than 

the affinity for the IL-18 receptor (Novick et al, 2013). IL-18BP is a secreted 

protein without a cytoplasmic domain and acts as a decoy receptor for IL-18 

(Dinarello, 2018). It was first isolated and cloned in 1999 and shown to specifically 

bind and neutralise IL-18 activity (Novick et al, 1999). IL-18BP is a constitutively 

secreted protein, present in the serum of healthy humans at a level 20-fold higher 

than IL-18 (Novick et al, 2001). In diseases associated with higher levels of 

secreted IL-18, IL-18BP levels have also been found to be increased (Novick et 

al, 2010, 2009) and, as one molecule of IL-18 binds to one molecule of IL-18BP, 

it is worth investigating the ratio between IL-18 and IL-18BP and determining not 

only if overall IL-18 levels are increased but also levels of free IL-18 (Dinarello, 

2018). 

 

From the very moment of its discovery, IL-18 has been linked to the production 

of IFN-γ. For example, scientists treated wild type and caspase-1 knockout mice 

with LPS and attributed the absence of IFN-γ in caspase-1 knockout mice to the 

absence of IL-18 (Gu et al, 1997; Ghayur et al, 1997; Fantuzzi et al, 1998). 

Induction of IFN-γ was also absent in IL-18 knockout mice, further supporting this 

finding (Takeda et al, 1998). 

Later, the mechanism of IFN-γ induction by IL-18 was revealed. IL-18, together 

with IL-12 and IL-15, was shown to be capable of inducing IFN-γ: both IL-12 and 

IL-15 lead to an increase in co-receptor IL-18R7 expression, enabling 

downstream signalling once IL-18 binds to its high affinity receptor consisting of 

IL-18R5 and IL-18R7 (Dinarello, 2018; Novick et al, 2013). IL-18 and IFN-γ are 

associated with several human autoimmune diseases, such as systemic lupus 

erythematosus (SLE), rheumatoid arthritis, type 1 diabetes, Crohn’s disease, 
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psoriasis, and graft-vs-host disease (Dinarello, 2018). In the context of T cell 

immune responses, IL-18 and IL-12 induce T helper type 1 (TH1) immune 

responses (Nakanishi et al, 2001). 

Without IL-12 and IL-15, on the other hand, IL-18 has been implicated in T helper 

type 2 (TH2) diseases (Nakanishi et al, 2001). Generally, in the absence of IL-12 

and IL-15, IL-18 responses are similar to those of other pro-inflammatory 

cytokines of the IL-1 family. Those include the upregulation of adhesion 

molecules, NO (nitric oxide) synthesis, as well as chemokine production 

(Dinarello, 2018). And as with anakinra for IL-1 signalling, the inhibition of IL-18 

also leads to a reduction in disease severity (Dinarello, 2018). However, while 

IL-1α and IL-1β induce fever, this is not one of the significant outcomes of IL-18 

signalling (Dinarello, 2018). When injected into mice or rabbits, IL-18 did not 

cause fever (Gatti et al, 2002; Li et al, 2003a), neither did it cause fever in most 

cancer patients when injected at low intravenous doses (Robertson et al, 2006). 

Additionally, while IL-18 has been shown to be pro-inflammatory when injected 

systemically, in the gut a constitutive release of IL-18 seems to promote barrier 

functions in some mouse models (Elinav et al, 2011; Levy et al, 2015). 

1.6 Involvement of NLRP3 in Various Diseases 

While NLRP3 inflammasome activation is an important mechanism of the immune 

system to protect against various pathogens, aberrant NLRP3 activation has 

been linked to various diseases. 

1.6.1 NLRP3-Dependent Genetic Diseases 

Cryopyrin-associated periodic syndromes (CAPS) are a group of genetic, 

NLRP3-dependent, autoinflammatory diseases. They are caused by gain-of-

function mutations of the NLRP3 gene and include familial cold autoinflammatory 

syndrome (FCAS), Muckle-Wells syndrome (MWS), and neonatal-onset 

multisystem inflammatory disorder (NOMID) (Hoffman et al, 2001b, 2001a; 

Milhavet et al, 2008). All three involve recurrent systemic fever episodes, blood 

neutrophilia, and tissue-specific inflammation in the skin, joints, and conjunctiva 
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(Mangan et al, 2018). Symptom severity increases from FCAS to NOMID with 

patients suffering from NOMID experiencing the most severe symptoms (de 

Jesus et al, 2015; Xiao et al, 2018). 

Mouse lines expressing CAPS-associated variants of NLRP3 for all three 

syndromes have been developed. They all show lethal inflammation that is 

dependent on ASC and caspase-1, but only partially dependent on IL-1β and 

IL-18 (Brydges et al, 2013). 

1.6.2 The Role of NLRP3 and Western Diet in Inflammatory Diseases 

While CAPS are very rare diseases with one to two cases per 1 million inhabitants 

in the USA (Kuemmerle-Deschner, 2015) and one case per 360,000 inhabitants 

in France (Cuisset et al, 2011), non-communicable diseases (NCDs) are very 

common. They lead to the death of 41 million people each year, accounting for 

an equivalent of 74 % of all deaths globally. Of those, 17 million people 

prematurely die from NCDs before the age of 70 (World Health Organisation, 

2022). 

NCDs are caused by a combination of genetic, physiological, environmental, and 

behavioural factors. They include cardiovascular disease (CVDs) such as heart 

attacks and stroke, chronic respiratory diseases such as asthma, diabetes, 

cancers (World Health Organisation, 2022), and neurodegenerative diseases 

(Christ & Latz, 2019). 

 

The Global Burden of Diseases, Injuries, and Risk Factors Study provides data 

quantifying the health loss caused by hundreds of different diseases, injuries, and 

risk factors by systematically assessing published, publicly available, and 

contributed data (Vos et al, 2020). In their most recent study published in 2020, 

the authors have estimated the impact of 369 diseases and injuries (Vos et al, 

2020). They showed that, in 1990, NCDs contributed to less than half (43.2 %) of 

the overall global health loss measured in the proportion of healthy years lost 

(DALYs: disability-adjusted life years). Since then, the global estimate for DALYs 

has increased to 63.8 % in 2019 (Global Burden of Disease, 2019, 2020). The 

strongest impact on DALYs was seen for CVDs (Global Burden of Disease, 



 17 

2020). Cases of CVD nearly doubled from 271 million CVD cases in 1990 to 

523 million CVD cases in 2019. Of all the deaths attributed to CVD in 2019, 

ischemic heart disease accounted for 49.2 %, followed by ischemic stroke 

accounting for 17.7 %, and intracerebral haemorrhage for 15.5 %. Highest risk 

factors were a high systolic blood pressure, dietary risks, high low-density 

lipoprotein (LDL) cholesterol, high body-mass index, tobacco exposure, high 

fasting plasma glucose, and kidney dysfunction (Roth et al, 2020). 

 

Taking into account these risk factors, it is of no surprise that countries with a 

high prevalence of what is called a “western diet” have seen an increase in NCDs 

(Christ et al, 2019). The typical western diet consists of foods high in calories, 

simple sugars, trans and saturated fats, cholesterol, salt, and food additives. It is 

missing or low in complex carbohydrates, fibres, vitamins, and minerals (Christ & 

Latz, 2019). 

A western diet, coupled to a sedentary lifestyle, leads to the accumulation of lipids 

such as LDL cholesterol or oxidised LDL: cholesterol is usually taken up by cells 

as LDL on an on-demand basis through the upregulation of the LDL receptor 

(LDL-R). However, if cells have taken up enough cholesterol, they downregulate 

the LDL-R, leading to the accumulation of cholesterol outside cells (Christ et al, 

2019). In the presence of free radicals, LDL can be oxidised, forming oxidised 

LDL. Free radicals can increase through the consumption of trans fats and 

sugars, smoking or exposure to toxins such as pollutants or certain preservatives. 

Oxidised LDL is more reactive than LDL and can be taken up by MΦs through 

scavenger receptors such as cluster of differentiation (CD)36 or through TLRs. 

While LDL-R mediated uptake of LDL is dependent on a negative feedback loop, 

limiting the amount of cholesterol in cells, uptake of oxidised LDL through 

scavenger receptors and TLRs does not have a negative feedback loop and thus 

can lead to the accumulation of oxidised LDL in MΦs and finally to the formation 

of cholesterol crystals (Christ et al, 2019). 

 

Lipids like oxidised LDL can act as a priming signal for NLRP3 through the 

activation of e.g., TLR4 (Shi et al, 2006; Saberi et al, 2009; Stewart et al, 2010; 
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Duewell et al, 2010). They can further activate NLRP3, for example through 

above mentioned cholesterol crystal formation: cholesterol crystals can form 

inside the phagolysosomal compartment of MΦs from previously internalised 

oxidised LDL and lead to the rupture of lysosomes (Duewell et al, 2010; Rajamäki 

et al, 2010). Lysosomal rupture leads to the release of the lysosomal protease 

cathepsin B into the cytoplasm, which has been linked to NLRP3 activation 

(Rajamäki et al, 2010). As a result, chronic, low-grade inflammation is triggered. 

This chronic, low-grade inflammation contributes, for example, to atherosclerosis 

and it has been shown that NLRP3 indeed plays an important role in 

atherosclerosis: Duewell and colleagues have demonstrated that cholesterol 

crystals are found early in the development of atherosclerosis and that these 

cholesterol crystals can prime and activate NLRP3. This leads to IL-1β release, 

which allows recruitment of MΦs, DCs, and neutrophils to the intima space of 

atherosclerotic lesions (Duewell et al, 2010). 

 

Not only cholesterol and oxidised LDL have been linked to NLRP-associated 

diseases and chronic, low-grade inflammation—dietary palmitate and ceramide 

have also been shown to lead to NLRP3 activation: 

Wen and colleagues have shown that palmitate, a saturated fatty acid, can induce 

NLRP3 activation (Wen et al, 2011). Palmitate was shown to inhibit the activation 

of adenosine monophosphate (AMP)-activated protein kinase, leading to the 

inhibition of autophagy and mitochondrial ROS production. As a result, they saw 

NLRP3 activation, leading to IL-1β and IL-18 production, a decrease in insulin 

sensitivity, and a reduced glucose tolerance (Wen et al, 2011). 

In addition to palmitate, ceramide has been linked to NLRP3 inflammasome 

activation in type 2 diabetes mellitus: ceramide is generated from fatty acids 

during obesity and has been linked to inflammation (Shah et al, 2008; Park et al, 

2008; Håversen et al, 2009; Prieur et al, 2010) and it has been shown that NLRP3 

can sense an increase in intracellular ceramide (Vandanmagsar et al, 2011).  

Ablation of NLRP3 led to the prevention of obesity-induced inflammasome 

activation and an enhancement in insulin signalling, as well as to a reduction in 

IL-18 and IFN-γ expression (Vandanmagsar et al, 2011). Resulting chronic 
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inflammation reduces the size of the pancreatic beta-cell compartment, leading 

to insulin resistance (Mangan et al, 2018). 

1.6.3 Inflammatory Diseases of the Lung Involving NLRP3 

NLRP3 has further been shown to be involved in many lung-related NCDs, 

including pulmonary fibrosis, asthma, and COPD. 

 

Pulmonary fibrosis is a result of a chronic and progressive tissue repair response 

that leads to tissue scarring and remodelling of the lung. It is caused by diverse 

fibrogenic triggers such as infections, cigarette smoke (CS), pollutants, obesity, 

or diabetes mellitus (Kolahian et al, 2016). Of interest, increased levels of IL-1β 

and IL-18 have been shown in pulmonary fibrosis (Zhang et al, 1993; Pan et al, 

1996; Kitasato et al, 2004) and IL-1β has been shown to contribute to an increase 

of transforming growth factor beta (TGF-β) and the progression of pulmonary 

fibrosis (Kolb et al, 2001). In a common mouse model of pulmonary fibrosis, the 

administration of bleomycin, an increase in IL-1β has been observed, in addition 

to increased levels of TNF-α and TNF-β (Cavarra et al, 2004). Additionally, 

common triggers of pulmonary fibrosis are also triggers of NLRP3 inflammasome 

activation, such as silica, asbestos, and uric acid (Dostert et al, 2008; Cassel et 

al, 2008; Hornung et al, 2008; Gasse et al, 2009; Peeters et al, 2013). 

Indeed, silica crystals have been shown to lead to silicosis, a progressive, 

irreversible and incurable form of lung fibrosis (Hornung et al, 2008). Silica 

crystals are naturally found in sand or quartz and, while the ingestion of silica 

crystals is harmless, their inhalation causes acute lung inflammation and, if 

exposure becomes chronic (e.g., due to occupational reasons), leads to 

pneumoconiosis (progressive massive fibrosis) silicosis (Hornung et al, 2008; 

Mossman & Churg, 1998). The inhaled silica crystals end up in the small airways 

of the lung where they cannot be cleared by mucocilial clearance. Instead, they 

are phagocytosed by resident MΦs. Once inside phagosomes, silica crystals 

activate NLRP3 in a mechanism common with cholesterol crystals (Duewell et al, 

2010; Rajamäki et al, 2010) and other crystals such as uric acid (Gasse et al, 

2009), Charcot-Leyden crystals (Rodríguez-Alcázar et al, 2019), or aluminium: 
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they induce lysosomal swelling and damage, and the release of the lysosomal 

cysteine protease cathepsin B. This activates the NLPR3 inflammasome and 

leads to the release of IL-1β (Hornung et al, 2008). 

 

Asthma is a chronic inflammatory airway disease. Inflammation of the airways 

leads to mucous production, airway wall remodelling resulting in airway 

obstruction, and bronchial hyperresponsiveness. It manifests as coughing and 

wheezing, shortness of breath, and chest tightness (Hammad & Lambrecht, 

2021). While previously only two main forms of asthma – allergic and non-allergic 

asthma – had been identified, nowadays asthma is classified into endotypes such 

as type 2-high and type 2-low which each include a spectrum of different 

phenotypes. The type 2-high endotype is characterised by TH2 cell involvement 

and the corresponding TH2 cytokines IL-4, IL-5, and IL-13 and the accumulation 

of type 2-associated cells like eosinophils and mast cells. Type 2-high asthma 

can be studied using ovalbumin-induced models. While these models are not very 

physiologically relevant, since the sensitisation happens through intraperitoneal 

administration of ovalbumin plus alum, these models lead to IL-4, IL-5, and IL-13 

production and antigen-specific IgE. The type 2-low (also referred to as non-

type 2) endotype is characterised by the lack of the above-mentioned type 2 

biomarkers. It has been associated with a later onset of the disease, an 

unresponsiveness of patients to corticosteroids, and obesity. Of interest, the 

pathways most consistently linked to type 2-low asthma are linked to 

inflammasome signalling and IL-1β. Both IL-1β and IL-6 have been identified as 

mediators of some of the type 2-low asthma phenotypes (Hammad & Lambrecht, 

2021). 

 

The involvement of NLRP3 in asthma has been shown in more and more studies, 

however, the exact role it plays remains controversial (Wu et al, 2022). 

Some evidence links the non-canonical inflammasome to asthma: caspase-11 

has been shown to be elevated in the lungs of mice suffering from allergic airway 

inflammation and, similarly, caspase-4 has been shown to be elevated in alveolar 

MΦs from asthma patients (Zasłona et al, 2020). 
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The above-mentioned Charcot-Leyden crystals, which have been shown to 

activate the NLRP3 inflammasome and cause IL-1β release (Rodríguez-Alcázar 

et al, 2019), are formed from the eosinophilic and basophilic granular protein 

Galectin-10, also known as Charcot-Leyden protein (Golightly et al, 1992; Archer 

& Blackwood, 1965). They are found in tissues from patients with eosinophilic 

disorders including asthma and allergic reactions (Dor et al, 1984). This points 

towards an involvement of NLRP3 activation in allergic asthma. 

Indeed, one study has shown that NLRP3 activation through mitochondrial ROS 

production in bronchial epithelial cells induces IL-1β production and contributes 

to allergic asthma (Kim et al, 2014b). The authors have additionally shown that 

NLRP3 and caspase-1 levels are increased in BAL fluids from patients with 

asthma compared to levels in healthy controls (Kim et al, 2014b). 

Along the same lines, it has been shown that NLRP3 drives allergic airway 

inflammation and mucous hypersecretion: airway eosinophilia and TH2 cytokine 

production after ovalbumin challenge is reduced in NLRP3, IL-1R1, IL-1β, and 

IL-1α knockout mice (Besnard et al, 2011). 

 

In contrast, Allen and colleagues, as well as Kool and colleagues, have shown 

that airway inflammation after allergen challenge shows no difference between 

NLRP3 knockout and wild type mice (Allen et al, 2012; Kool et al, 2011). Finally, 

a study by Madouri and colleagues even found that NLRP3 activation can lead to 

a dampening of allergic lung inflammation in a house dust mite model (Madouri 

et al, 2015). 

 

All of the above-mentioned studies - those pointing towards and those pointing 

against NLRP3 involvement in asthma - have looked at the type 2-high asthma 

endotype. While involvement of NLRP3 in this endotype remains controversial, 

evidence for the involvement of NLRP3 in the type 2-low endotype is less 

controversial and suggests involvement of NLRP3 in these phenotypes: 

Kim and colleagues have for example studied obesity-related asthma, a 

phenotype of type 2-low asthma. They have shown that obesity-related asthma 
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is independent of T and B cells and dependent on NLRP3, and IL-17A (Kim et al, 

2014a). Kim and colleagues further showed that NLRP3 seems to play a role in 

severe, steroid-resistant asthma (Kim et al, 2017), yet another phenotype 

belonging to the type 2-low asthma endotype. 

 

Chronic obstructive pulmonary disease (COPD) is characterised by chronic 

airway inflammation, alveolar destruction, and limitation of airflow (Kaur et al, 

2022). Risk factors for COPD include exposure to CS, air pollution (Kaur et al, 

2022), and occupational particular matter, gases, and fumes (Murgia & 

Gambelunghe, 2022). 

COPD is commonly modelled with CS in animal models and cell culture. In mice, 

CS induces TLR4-, MyD88-, NLRP3-, and IL-1R1-dependent neutrophil 

recruitment (Doz et al, 2008; Eltom et al, 2011), as well as NLRP3-dependent 

IL-1β and IL-18 production (Eltom et al. 2011, 2014). CS has furthermore been 

shown to induce pyroptosis in human bronchial epithelial cells in a ROS-, 

NLRP3-, and caspase-1-dependent manner (Zhang et al, 2021) and, in an in vitro 

model of COPD exacerbation in A549 cells, NLRP-3 and IL-1β levels increased 

in a dose-dependent manner (Nachmias et al, 2019). 

The involvement of NLRP3 in COPD is further supported by a large lung gene 

expression study: Yi and colleagues demonstrated higher IL-1β gene expression 

in small airway epithelial cells from COPD patients compared to healthy controls. 

Interestingly, IL-1β gene expression was only increased in small airway epithelial 

cells and not in COPD lung tissue, sputum, and blood (Yi et al, 2018). This 

difference of IL-1β expression in the different parts of the lung might for example 

explain why Di Stefano and colleagues, contrary to the above-mentioned studies, 

could not identify a role of NLRP3 in COPD, as they looked at caspase-1 

activation, IL-1, and IL-18 levels in samples from the bronchial mucosa and from 

bronchoalveolar lavage (Di Stefano et al, 2014). 

 

While the above mentioned diseases already demonstrate that NLRP3 is 

involved in a very diverse set of diseases, it is involved in even more pathologies 

(Mangan et al, 2018), which would go beyond the scope of this introduction. 
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1.7 Extracellular Vesicles 

1.7.1 Further Consequences of Inflammasome Activation 

NLRP3 activation is primarily known for activation of caspase-1 and subsequent 

cleavage of IL-1β, IL-18, GSDMD, and the initiation of pyroptosis (Figure 2; Broz 

& Dixit, 2016). However, inflammasome activation has further consequences. An 

inducible NLRP3 gain-of-function mouse model has shown that, even in the 

absence of IL-1 receptor and IL-18 signalling, lethal inflammation develops 

(Brydges et al, 2013), suggesting that factors other than IL-1β and IL-18 are 

involved: 

 

As discussed above, inflammasome activation—in most cases—results in the 

initiation of pyroptosis, a lytic form of cell death that involves the disruption of the 

plasma membrane and the release of intracellular content. As a consequence, 

DAMPS such as high mobility group box 1 (HMGB1) or LDH have been shown 

to be released (Kayagaki et al, 2021; Lamkanfi et al, 2010; Barlan et al, 2011; 

Craven et al, 2009; Lu et al, 2012; Volchuk et al, 2020). Extracellular HMGB1 

acts as an inflammatory cytokine and is an important player in sepsis (Wang et 

al, 1999; Yang et al, 2004). It leads to the activation of macrophages (Yang et al, 

2010; Lu et al, 2012) and endothelial cells (Xiang et al, 2011; Fiuza et al, 2003), 

and has been shown to play a role in priming of NLRP3 (Xiang et al, 2011; Yu et 

al, 2006b; Barnett et al, 2023). Other molecules released upon lytic cell death are 

ATP and DNA (Yang et al, 2015; Denning et al, 2019), which have the potential 

to activate inflammasomes (Sutterwala et al, 2006; Mariathasan et al, 2006; Hu 

et al, 2016; Jakobs et al, 2015; Lammert et al, 2020). 

 

Furthermore, it has been shown that inflammasomes themselves, in the form of 

ASC specks, are released upon NLRP3 activation (Franklin et al, 2014; Baroja-

Mazo et al, 2014). They accumulate in inflamed tissues and are able to 

continuously mature IL-1β (Franklin et al, 2014; Baroja-Mazo et al, 2014) or are 

even taken up by surrounding bystander macrophages, in which they can escape 
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from the endosome and nucleate further ASC specks (Franklin et al, 2018). 

Interestingly, although currently only hypothesised and not yet investigated, in 

combination with other intracellular content such as DNA released during 

pyroptosis, these extracellular ASC specks might even play a role in trapping 

bacteria for subsequent clearance by neutrophils (Franklin et al, 2018). 

Finally, extracellular vesicles have been shown to be released upon NLRP3 

activation (EVs; MacKenzie et al, 2001; Qu et al, 2007, 2009; Sarkar et al, 2009; 

Budden et al, 2021; Figure 2). 

 

Figure 2: NLRP3 activation leads to the release of IL-1β and IL-18 through 
GSDMD pores as well as to an increase in EV secretion. The NLRP3 
inflammasome recruits ASC through its PYD domain. With its CARD domain, 
ASC then recruits caspase-1. Canonical inflammasome activation requires a 
priming and an activation step. Upon stimulation of cells with an NF-κB activator, 
such as LPS, transcription of NLRP3, IL-1β, and IL-18 is upregulated. 
Additionally, priming leads to post-transcriptional changes, licensing NLRP3 for 
activation. A second stimulus, for example nigericin treatment, is needed to 
activate the NLRP3 inflammasome. Upon activation, NLRP3 forms a multimeric 
protein complex that results in the cleavage of IL-1β, IL-18, and GSDMD. IL-1β 
and IL-18 are released from the cell through GSDMD pores in the plasma 
membrane. An additional result of inflammasome activation is the release of 
extracellular vesicles (EVs). 

EVs are lipid bilayer-encapsulated particles released from cells. They are 

composed of phospholipids, nucleic acids, and proteins (Lötvall et al, 2014; Théry 

et al, 2018). EVs were discovered in 1983 in the context of research on the 

transferrin receptor in reticulocytes (Pan & Johnstone, 1983; Harding et al, 1983). 
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At that time, EVs were thought to play a role in the removal of cell debris 

(Johnstone et al, 1987); however, they have nowadays been shown to play a role 

in signalling and cell-cell communication through the exchange of nucleic acids, 

lipids, and proteins (Raposo et al, 1996; Ratajczak et al, 2006; Valadi et al, 2007; 

Subra et al, 2010). 

EVs are present in different bodily fluids including blood (Caby et al, 2005; Houali 

et al, 2007), bronchoalveolar lavage fluid (BALF; Admyre et al, 2003), urine 

(Pisitkun et al, 2004; Keller et al, 2007; Nilsson et al, 2009), saliva (Houali et al, 

2007), nasal lavage fluid (Lässer et al, 2011), breast milk (Admyre et al, 2007), 

semen (Poliakov et al, 2009), amniotic fluid (Keller et al, 2007), cerebrospinal 

fluid (Vella et al, 2008), bile (Masyuk et al, 2010), ascites fluid (Andre et al, 2002), 

synovial fluid (Skriner et al, 2006), and tears (Grigor’eva et al, 2016). Especially 

the presence of EVs in blood offers an important advantage: these EVs can exert 

their effects over long distances while their content stays protected. 

1.7.2 EV Biogenesis 

EV subtypes can be defined based on their origin and biogenesis pathway (Figure 

3): exosomes, the smallest EVs, range in size from 30–150 nm (Kalra et al, 2016; 

Turchinovich et al, 2019). They originate from the endosomal pathway: double 

invagination of the plasma membrane leads to the formation of multivesicular 

bodies (MVBs; Kalluri & LeBleu, 2020). MVBs contain intraluminal vesicles 

(ILVs), which are formed through inward budding into the lumen of the MVB. 

Once ILVs are secreted through fusion of the MVB with the plasma membrane, 

they are called exosomes (Harding et al, 1984; Pan et al, 1985; Johnstone et al, 

1987). An alternative fate for MVBs is the fusion with lysosomes or 

autophagosomes, resulting in the degradation of their content (Van Niel et al, 

2018). Exosome biogenesis has been described to involve proteins of the ESCRT 

machinery, tumour susceptibility 101 (TSG101), tetraspanins, ceramides, 

phospholipids, sphingomyelinases, and others (Kalluri & LeBleu, 2020). 

 

Microvesicles are of intermediate size, ranging in average from 50 nm–1 µm but 

can also be bigger (up to 10 µm in the case of tumour-derived oncosomes; Van 
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Niel et al, 2018). They shed from the plasma membrane through outward budding 

(Figure 3; Cocucci et al, 2009). Microvesicles were originally called “platelet dust”, 

a term coined by Wolf et al. who demonstrated the presence of subcellular 

material in plasma through ultracentrifugation (Wolf, 1967). After the discovery of 

ectocytosis (Stein & Luzio, 1991), they were later called ectosomes, a term often 

used interchangeably with microvesicles. 

 

Apoptotic bodies derive from apoptotic cells and are on average between 1–5 µm 

in size (Atkin-Smith et al, 2015; Atkin-Smith & Poon, 2017), making them the 

largest EV population (Figure 3). They can be formed by some cell types during 

later stages of apoptosis in a process called apoptotic cell disassembly (Atkin-

Smith et al, 2015). 

 

 

Figure 3: EVs are particles released from cells that are surrounded by a lipid 
bilayer. They are composed of phospholipids, nucleic acids, and proteins. EV 
subtypes can be defined based on their pathogenesis pathway: exosomes, the 
smallest EVs, range in size from 30–150 nm and derive from endosomes. 
Microvesicles are of intermediate size, ranging from 50 nm–1 μm. They are shed 
from the plasma membrane. Apoptotic bodies derive from apoptotic cells and are 
bigger than 1 μm, making them the largest EV population. 

1.7.3 EV RNA Content 

EVs harbour specific subsets of proteins, nucleic acids, and lipids that do not 

solely represent the donor cell content (Choi et al, 2015). Certain EV components 

have been shown to be commonly enriched within EV subsets and thus can 

provide information about EV cargo sorting and biogenesis. Other proteins, 
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nucleic acids, and lipids are cell-type specific and are therefore used as 

biomarkers or to study pathophysiological functions (Choi et al, 2015). 

 

Interest in nucleic acids contained in EVs sparked in the late 2000s. In 2006, it 

was shown that microvesicles from embryonic stem cells are selectively enriched 

in mRNA for several pluripotent transcription factors and that EV mRNA was 

translated in recipient cells (Ratajczak et al, 2006). This knowledge was 

expanded from microvesicles to exosomes in 2007 when Valadi and colleagues 

showed that exosomes contain mRNA and small RNAs, such as microRNAs, that 

can be transferred to recipient cells. Utilising an in vitro transfer of mouse 

exosomal RNA to a human cell line, they could show that exosome-derived 

mRNA can be translated within the recipient cell (Valadi et al, 2007). While these 

early studies used array techniques and were thus limited in their analysis, 

especially of small RNAs, the rise of next-generation sequencing led to the 

identification of further nucleic acid species. Deep sequencing of small non-

coding RNAs not only revealed that many of the RNAs found in EVs were 

enriched compared to the cellular RNA content, but also identified vault RNAs, 

Y-RNAs and transfer RNAs (tRNAs) as the most abundant small non-coding 

RNAs in EVs (Nolte-’t Hoen et al, 2012). 

 

Besides RNA, deoxyribonucleic acid (DNA) is also contained within EVs. For 

example, dsDNA was identified within EVs released by tumour cells (Thakur et 

al, 2014) and mitochondrial DNA (mtDNA) was shown to be present in 

microvesicles from glioblastoma and astrocyte cells (Guescini et al, 2010). 

1.7.4 EV Protein Content 

Early mass spectrometry techniques used gel electrophoresis to isolate and 

analyse abundant proteins by mass spectrometry (Théry et al, 1999; Van Niel et 

al, 2001; Skokos et al, 2003; Choi et al, 2015). These studies were able to reveal 

proteins commonly enriched in EVs, such as tetraspanins, annexins, and heat 

shock proteins (HSPs) (Choi et al, 2015). However, few cell-type specific EV 

proteins were discovered (Choi et al, 2015). This has changed with new high-
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throughput mass spectrometry-based techniques that allow for the cataloguing of 

thousands of EV proteins (Choi et al, 2013) and thus enable the identification of 

vesicle- and cell type-specific EV contents. These specific contents may serve as 

promising biomarkers, which is of particular interest in the field of tumour biology. 

For example, Hoshino and colleagues showed that tumour-derived exosomal 

membranes can be enriched in certain integrins and that distinct integrin 

expression patterns in these exosomes determine the site of tumour metastasis. 

Integrins α6β4 and α6β1 were demonstrated to be associated with lung metastasis 

while integrin αvβ5 was linked to liver metastasis (Hoshino et al, 2015). Thus, EVs 

could be studied to identify possible novel metastasis sites. 

1.7.5 EV Lipid Content 

Most studies investigate EV biology with regard to their RNA and protein content. 

However, some studies have focused on lipids present in EVs. They have 

revealed that while the EV lipid bilayer mainly resembles the lipid composition of 

the plasma membrane, including phospholipids, sphingomyelin, 

monosialodihexosyl ganglioside (GM3), and cholesterol (Choi et al, 2013), it is 

enriched in phosphatidylserine, desaturated phosphatidylethanolamine, 

desaturated phosphatidylcholine, sphingomyelin, GM3, and cholesterol (Choi et 

al, 2013). 

Besides forming the lipid bilayer of EVs, some lipids also play a functional role. 

For example, sphingomyelin from tumour-derived EVs has angiogenic activity 

that has been demonstrated in vitro as well as in vivo (Kim et al, 2002). EV lipids 

can further function as signalling entities. A study using rat basophil-derived 

exosomes showed that these EVs transport guanosine-5'-triphosphate (GTP)-

activatable phospholipase A2 and phospholipase D2, as well as the whole set of 

prostaglandins, and that they are able to modulate cell activation through their 

lipid contents (Subra et al, 2010). 

 

Protein, lipid, and nucleic acid data is collected in field-specific databases. 

EVpedia (Kim et al, 2013b, 2015) and Vesiclepedia (Kalra et al, 2012; formerly 

ExoCarta [Mathivanan & Simpson, 2009]) are online databases on EVs. In 
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addition, the extracellular RNA (exRNA) Atlas (Subramanian et al, 2015) contains 

data on EVs. 

1.7.6 EV Uptake Mechanisms 

After being secreted from cells, EVs can travel to near (including autocrine 

[Matsumoto et al, 2017]) or distant sites to exert their effects on recipient cells. 

How cells interact with EVs – whether no interaction is seen, surface interaction 

without uptake takes place, or EVs are taken up – is yet to be fully understood. 

 

There seems to be some target cell specificity through the interaction of EV 

surface proteins with receptors on the recipient cell’s membrane (Van Niel et al, 

2018). This has for example been shown for DC-derived exosomes that appear 

to be targeted to T cells (Nolte-‘t Hoen et al, 2009). Other examples are 

oligodendroglia-derived exosomes that are taken up by microglia but not by 

astrocytes, neurons, or oligodendrocytes (Fitzner et al, 2011), or cortical neuron-

derived exosomes that are taken up by neurons and not by glial cells (Chivet et 

al, 2014). 

Neuroblastoma-derived exosomes on the other hand were bound by both 

neurons and glial cells and preferentially taken up by glial cells (Chivet et al, 

2014), indicating that both mechanisms might be present: transfer of exosomes 

to specific cells and indiscriminate EV targeting. 

More indiscriminate targeting has been further shown by studies that 

demonstrated that HeLa cells are for example able to take up EVs from a variety 

of cell types (Costa Verdera et al, 2017) and by other studies showing that both 

normal and transformed cell-lines were able to take up exosomes (Svensson et 

al, 2013), or by the fact that interspecies EV cargo transfer has been observed 

(Valadi et al, 2007). 

 

It is important to note that, to be able to have an effect on recipient cells, EVs do 

not need to be taken up. The effect of EVs bound to recipient cells may be 

mediated through receptor signalling. An important example is the ability of B cell- 
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and DC-derived exosomes to present antigen to T cells to induce an antigen 

response (Raposo et al, 1996; Zitvogel et al, 1998; Tkach et al, 2017). 

 

EV uptake may be mediated by membrane fusion or by endocytosis followed by 

fusion with the endosomal membrane (Figure 4). 

While vesicle uptake through membrane fusion has for example been 

demonstrated for human melanoma cells (Parolini et al, 2009), for DCs 

(Montecalvo et al, 2012) or for platelets (del Conde et al, 2005), most studies 

have shown endocytosis to be the main mechanism of EV uptake (Escrevente et 

al, 2011; Fitzner et al, 2011; Svensson et al, 2013; Heusermann et al, 2016). 

Endosomal pathways include phagocytosis and pinocytosis (Figure 4). 

Phagocytosis involves the endocytosis of large (> 1 µm) particles and is 

employed by professional phagocytes such as MΦs or DCs. EVs have been 

shown to be taken up by phagocytosis in several studies. For example, Feng and 

colleagues have shown that leukaemia cell line-derived exosomes are taken up 

through phagocytosis by professional phagocytes. Non-phagocytic cells on the 

other hand just bound exosomes to the plasma membrane but did not take them 

up (Feng et al, 2010). 

While phagocytosis is mainly restricted to professional phagocytes, pinocytosis 

is not. There are different mechanisms of pinocytosis that can be broadly divided 

into clathrin-mediated endocytosis and clathrin-independent endocytosis. 

Clathrin-mediated endocytosis has been shown to be one of the uptake 

mechanisms of EVs. For example rat PC12 cell-derived exosomes have been 

shown to be taken up through clathrin-mediated endocytosis (as well as through 

macropinocytosis; Tian et al, 2014) 

Forms of clathrin-independent endocytosis are macropinocytosis (often grouped 

separately from clathrin-independent endocytosis as another category of uptake), 

lipid raft-mediated endocytosis, and caveolar endocytosis (Nichols & Lippincott-

Schwartz, 2001; Donaldson, 2019). All three pathways have been shown to be 

involved in EV uptake: using microscopy to look at co-localisation of the lipid raft 

marker cholera toxin subunit B with exosomes, Svensson and colleagues 

demonstrated that glioblastoma-derived exosomes are taken up through lipid raft-
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dependent endocytosis in HUVECs and human glioblastoma cells (Svensson et 

al, 2013). Fitzner and colleagues reported that oligodendrocyte-derived 

exosomes are taken up by microglia through macropinocytosis (Fitzner et al, 

2011). Finally, Qi and colleagues have demonstrated exosome uptake through 

caveolar endocytosis (together with uptake through clathrin-dependent 

endocytosis and macropinocytosis; Qi et al, 2023). 

 

Figure 4: EV interaction with recipient cells. Upon initial contact of EVs with 
recipient cells, surface binding takes place. This interaction can already trigger 
changes in the recipient cell—even without uptake. EV uptake is mediated either 
by membrane fusion or through endocytosis. EVs can either be phagocytosed or 
taken up through pinocytosis. There are different forms of pinocytosis that can be 
grouped based on their dependence on clathrin: clathrin-mediated endocytosis 
and clathrin-independent endocytosis. Clathrin-independent forms of 
endocytosis are for example macropinocytosis, lipid raft-mediated uptake, and 
caveolar endocytosis. 

1.8 Intracellular Fate of EVs 

When taken up through an endocytic pathway, EVs are destined to be targeted 

to the lysosome for degradation (Tian et al, 2010). However, it is possible for EVs 

to escape digestion in the lysosome by back fusion with the MVB membrane, 

leading to the release of their contents into the cytoplasm (Bissig & Gruenberg, 

2014). 

 

Alternatively, once in the endocytic compartment, EV contents might directly be 

processed, thus release to the cytoplasm is not needed to exert an effect on 

recipient cells in this case (Van Niel et al, 2018). This has for example been 
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observed in DCs as well as in intestinal epithelial cells, in which exosomal content 

has been processed and used for antigen presentation in the endo-lysosomal 

compartment (Morelli et al, 2004; Mallegol et al, 2007). 

 

When EVs fuse with the recipient cell’s membrane, their contents are directly 

released into the recipient cell’s cytoplasm (Mulcahy et al, 2014). 

1.9 The Role of EVs in Immunology 

In 1996, for the first time, a function of EVs in immunology was shown (Raposo 

et al, 1996). The study focused on the release of exosomes from Epstein-Barr 

virus-transformed B cell lines. Compared to the composition of the cell plasma 

membrane, the surface of these exosomes was enriched in major 

histocompatibility complex (MHC) class II molecules. They could induce antigen-

specific MHC class II-restricted T cell responses in vitro (Raposo et al, 1996). In 

1998, the first in vivo evidence was published (Zitvogel et al, 1998). Exosome 

release from DCs was studied. These exosomes were shown to express 

functional MHC class I and II and T cell costimulatory molecules. After peptide-

pulsing of the DC-derived exosomes, they were able to prime specific cytotoxic 

T lymphocytes in vivo, leading to the eradication of murine tumours (Zitvogel et 

al, 1998). 

1.9.1 MΦ-Derived EVs 

In 2003, it was shown for the first time that primary human MΦs release EVs in 

the context of human immunodeficiency virus (HIV) infection (Nguyen et al, 

2003). In addition to viral infection, infection of MΦs with mycobacteria, leads to 

an increase in EV release (Ramachandra et al, 2010). These EVs not only contain 

MHC Class II molecules capable of antigen presentation (Ramachandra et al, 

2010), but are also loaded with RNA that has been shown to still be functional 

upon uptake by recipient MΦs (Singh et al, 2015). Mycobacteria-induced EVs are 

able induce a pro-inflammatory response in recipient cells (Bhatnagar & Schorey, 

2007). Indeed, MΦs can release EVs containing pro-inflammatory microRNAs 
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(miRNAs) that have the ability to change the recipient cell’s transcriptome 

(Hulsmans & Holvoet, 2013). MΦs were additionally shown to release 

mitochondria-containing EVs that can lead to the induction of type I IFN and TNF 

signalling (Puhm et al, 2019). All of this suggests that EVs play an important role 

in inflammation. 

1.9.2 The Inflammasome and EVs 

EVs were first linked to inflammasome activation in 2001, when IL-1β was shown 

to be released in microvesicles after ATP stimulation (MacKenzie et al, 2001). 

This finding was confirmed in 2007 in murine MΦs. Indeed, the release of IL-1β 

in EVs was demonstrated to be NLRP3 dependent (Qu et al, 2007). Besides 

IL-1β, caspase-1 is found in EVs after LPS stimulation and was shown to induce 

pyroptosis in recipient cells (Sarkar et al, 2009). 

Microvesicle release has been shown to be increased by Ca2+-related stimuli 

(Sidhu et al, 2004; Bianco et al, 2005; Pizzirani et al, 2007). This is of special 

interest with regard to inflammasome activation, as many NLRP3 activators 

induce changes in Ca2+ flux (Swanson et al, 2019). Indeed, in DCs and MΦs, it 

was shown that activation of the P2X7 receptor, which leads to Ca2+ influx, leads 

to an increase in microvesicle release (MacKenzie et al, 2001; Pizzirani et al, 

2007). 

The NLRP3 inflammasome has not only been studied as a source of EVs—it has 

also been studied as a target of EVs: Bottino and colleagues studied EVs derived 

from head and neck squamous cells carcinoma. These tumour-derived EVs, 

when transferred to recipient MΦs, reduced the secretion of IL-1β and caspase-1 

by inhibiting the induction of pro-IL-1β during the priming phase (Bottino et al, 

2021). 

Interestingly, in a study by Sur and colleagues looking at COVID-19 patient-

derived EVs, it was shown that EVs trigger NLRP3 inflammasome activation in 

recipient endothelial cells (Sur et al, 2022): COVID-19 patient-derived EVs, from 

both patients with mild or severe COVID, were investigated with regards to their 

effect on endothelial cells. Compared to EVs from mild COVID-19 patients, EVs 

from severe COVID-19 patients lead to the strong induction of NLRP3, 
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caspase-1, and IL-1β mRNA expression in endothelial cells. COVID-19 patient-

derived EVs furthermore lead to the secretion of IL-1β, thus playing a role in both 

priming and activation of the NLRP3 inflammasome (Sur et al, 2022). 

Along these lines, exosomes from burn injury patient serum have been shown to 

contain S100 calcium-binding protein A9 (S100A9) and lead to an induction of 

IL-1β and IL-18 release in recipient cells, as well as to an increase in protein 

levels of NLRP3, caspase-1, GSDMD, and S100A9 itself in recipient cells, 

pointing towards an induction of pyroptosis in recipient cells (Wang et al, 2022). 

 

Our lab has built on, and contributed to, the above-described knowledge on the 

role of EVs in the context of NLRP3 activation. 

Work on inflammasome-derived EVs was originally started in our lab by 

Dr. Christina Budden during her work as a PhD student in the Bonn & Melbourne 

Research and Graduate School Immunosciences IRTG2168. Christina 

established EV isolation from cell culture supernatant and human blood samples 

(Budden et al, 2021). Combined differential centrifugation and size-exclusion 

chromatography (SEC) turned out to be the most efficient isolation technique, 

separating three different EV fractions: large EVs, intermediately sized EVs, and 

small EVs. Since EV origin was not investigated here and EV subtypes were 

solely classified based on their size, the nomenclature of exosomes, 

microvesicles, and apoptotic bodies, as suggested in the literature, could not be 

applied. Therefore, EVs were named based on their isolation procedure: large 

EVs pelleting at 2,000 g were called 2K EVs, intermediately sized EVs pelleting 

at 10,000 g were termed 10K EVs, and small EVs isolated using size exclusion 

chromatography were called SEC EVs. It can be noted, however, that 2K EVs fell 

roughly in the size range of apoptotic bodies, 10K EVs within the size range of 

microvesicles, and SEC EVs in the size range of exosomes. 

Dr. Christina Budden studied EV release after inflammasome activation. She 

focused on EVs released from THP-1 MΦs after treatment with different 

inflammasome and TLR activators. She could show that inflammasome activation 

leads to secretion of EVs in an NLRP3-, caspase-1-, and GSDMD-dependent 
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way (Budden et al, 2021). TLR stimulation also triggered EV secretion, but in an 

NLRP3- and caspase-1-independent manner (Budden et al, 2021). 

Additionally, the RNA content of 10K and SEC EVs released from inflammasome- 

and TLR-activated cells was investigated. Vast differences between the 10K and 

SEC subtypes became apparent, suggesting that the loading of cargo into EVs 

is a regulated process (Budden et al, 2021). For example, the 10K subtype of 

EVs derived from both TLR- and inflammasome-stimulated MΦs was enriched in 

mitochondrially encoded transcripts compared to the SEC subtype (Budden et al, 

2021). Furthermore, EV content varied depending on the initial PRR trigger 

(Budden et al, 2021). 

Next, Dr. Christina Budden transferred EVs from inflammasome-activated MΦs 

to recipient MΦs and investigated EV uptake and transcriptional changes induced 

in these cells. MΦs rapidly took up EVs. In contrast to TLR-induced EVs, 

inflammasome-elicited EVs induced an interferon signature in recipient MΦs 

(Budden et al, 2021). When transferring inflammasome-elicited EVs to un-primed 

primary MΦs the inflammasome response in these recipient cells was 

downregulated, suggesting a negative feedback loop that limits the detrimental 

effects of inflammasome activation in the body (Budden et al, 2021). 
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1.10 Aims 

As mentioned above, NCDs pose a huge challenge to today’s healthcare systems 

and are expected to increase in frequency even further. With western diet on the 

rise and air pollution worsening in many parts of the worlds, it is not surprising 

that NCDs related to the cardiovascular system are currently the main cause of 

premature death, closely followed by NCDs of the lung. Most NCDs are related 

to chronic, low-grade systemic inflammation, with the NLRP3 inflammasome 

playing a prominent role in many. 

But how does this chronic, low-grade inflammation spread systemically and what 

can be done to intervene early enough to stop inflammation turning chronic and 

leading to cardiovascular or lung diseases in the first place? 

Considering the state of current knowledge described above of inflammasome 

involvement in many NCDs and EV involvement in both inflammasome 

responses and diseases, as well as what we have learned from previous research 

in our lab, we believe that inflammasome-elicited EVs might play an important 

role. While they might not only explain how inflammation becomes systemic, they 

might also be used as biomarkers to diagnose low-grade systemic inflammation 

early on and thus prevent many NCDs before they even start causing problems. 

 

Therefore, to gain an understanding of the effects of inflammasome-elicited EV 

release systemically and to investigate if they might serve as biomarkers for 

NCDs, we expanded our analysis from recipient MΦs to other cell types. In order 

to cover both cardiovascular and lung diseases, in addition to working with MΦs, 

we included fibroblasts, endothelial cells, epithelial cells, and both naïve and 

activated T cells. Additionally, we analysed EVs isolated after inflammasome 

activation from human plasma, trying to identify inflammasome-related EV RNA 

signatures or characteristic proteins that might be used in biomarker 

development. 

To achieve all this, the project was divided into three main parts: 
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1.10.1 EV Characterisation 

Upon inflammasome activation in THP-1 MΦs, a distinct set of EVs is released 

(Budden et al, 2021). So far, this set of EVs has been characterised extensively 

using microarray analysis of EV-enclosed RNA. Within this project, EVs were 

further characterised with regards to the EV protein content (Figure 5). Initial 

Western blotting experiments performed by Dr. Christina Budden needed very 

high amounts of samples and did not always lead to a positive result. Therefore, 

part of my PhD project was the establishment of Western blotting for EV proteins. 

Blotting for different EV marker proteins as well as for GSDMD was performed. 

 

Additionally, the RNA and protein content of EVs derived from human blood after 

inflammasome stimulation was investigated in an attempt to detect a signature 

specific to inflammasome-elicited EVs (Figure 5). Originally, sequencing of blood-

derived vesicle RNA was tried. However, several problems arose that made it 

favourable to switch back to a microarray-based analysis. 

 

Figure 5: Inflammasome-elicited EV characterisation. Inflammasome-elicited 
EVs from THP‑1 MΦs were analysed with regards to their protein content. 
Building on this cell culture knowledge, inflammasome-elicited EVs isolated from 
human blood were characterised for their RNA content and some proteins were 
investigated. 

In the future, this may allow the diagnosis of inflammasome-related diseases 

through characterisation of patient blood-derived EVs. 



 38 

1.10.2 Uptake Mechanism of Inflammasome-Elicited EVs 

In order to elicit an effect, EVs must interact with recipient cells. Interaction with 

the surface of recipient cells already allows initiation of signalling cascades and 

can thus lead to several responses in these cells. Internalisation of EVs is another 

way of eliciting effects in recipient cells. EVs that are taken up by recipient cells 

may be degraded in the lysosome, recycled to the cell surface, or their 

intraluminal content may be released into the cell’s cytoplasm (Van Niel et al, 

2018). 

To investigate how inflammasome-elicited EVs interact with recipient cells, 

different fluorescent EV stainings (R18 and CFSE) and pipelines to quantify EV 

uptake were established and used on THP-1 MΦs, as well as two lung epithelial 

cell lines—A549 and BEAS-2B (Figure 6). 

 

EVs can be taken up through different mechanisms, e.g., through 

macropinocytosis, phagocytosis, through calveolae or clathrin-mediated uptake, 

uptake through lipid rafts, or by membrane fusion (Figure 4; Van Niel et al, 2018). 

To study how inflammasome-elicited EVs are taken up by recipient cells, EV 

uptake at 37 °C was compared to uptake at 4 °C. Furthermore, a competition 

assay, time-course experiments, and inhibition of EV uptake with Cytochalasin D 

were performed. The read-out for these experiments was confocal microscopy. 

 

Confocal microscopy using fluorescence-based EV staining allowed us to study 

whether EVs just bind to the surface of recipient cells or if they are indeed taken 

up. However, it did not allow the investigation of whether or not the intraluminal 

content of EVs actually ended up in the cytosol. To determine if this is the case 

for inflammasome-elicited EVs, a cell line was created that expresses the 

cytoplasmic EV cargo protein HSP70 fused to luciferase (Figure 6). This cell line, 

together with different control cell lines, was used to study whether cytosolic 

release of EV cargo plays a role. 
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Figure 6: Uptake mechanism of inflammasome-elicited EVs. Inflammasome-
elicited EVs from THP‑1 MΦs were analysed with regard to their uptake by 
different recipient cells. EV staining with R18 (self-quenching dye, left) and CFSE 
(cytoplasmic and EV lumen dye, middle) were established and used to study 
uptake. Cell lines with luciferase-tagged EV proteins were used to investigate 
cytoplasmic release of EV contents (right). 

1.10.3 THP-1 MΦ-Derived EVs and Their Effect on Different Cells 

To gain an understanding of the systemic consequences of inflammasome-

elicited EV release, we studied the response of epithelial and endothelial cells, 

fibroblasts, and T cells to inflammasome-elicited or control EVs (Figure 7). 

 

Originally, we planned to use different cell lines as recipient cells. However, as 

A549 and BEAS-2B cells showed quite different uptake behaviours as opposed 

to THP-1 MΦs, possibly, amongst other reasons, due to the fact that they were 

immortalised or cancer cell line derived, we switched to primary human cells. 

These included normal human bronchial epithelial cells (NHBECs), normal 

human lung fibroblasts (NHLFs), human umbilical vein endothelial cells 

(HUVECs), and primary T cells (naïve and activated T cells). 

To understand their response to inflammasome-elicited EVs, their mRNA content 

was investigated through sequencing. 
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Figure 7: THP-1 MΦ-derived EVs and their effect on different human primary 
cells. So far, our lab has studied the effect of THP-1 MΦ-derived EVs released 
upon inflammasome activation in THP-1 MΦ recipient cells. In this project, the 
analysis was expanded to further recipient cells: epithelial cells, endothelial cells, 
fibroblasts, and T cells (activated and naïve). 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Devices 

The following devices were used for experiments shown in this thesis: 

Device Manufacturer 

2200 Tape Station System Agilent Technologies, Inc. 

Attune NxT Acoustic Focusing Cytometer Thermo Fisher Scientific Inc. 

Balance, Sartorius Extend, (~0.001 g 
accuracy) 

Sartorius AG 

Biometra T3000 Thermocycler  Analytik Jena GmbH 

Biometra TAdvanced Series Analytik Jena GmbH 

Biometra TProfessional TRIO 
Thermocycler 

Analytik Jena GmbH 

Centrifuge 5425 Eppendorf SE 

Centrifuge 5430 R Eppendorf SE 

Centrifuge 5810 R Eppendorf SE 

Centrifuge 5810 R Eppendorf SE 

CO2 Incubator MCO-230AICUV PHC Corporation 

Cooling Thermoshaker CTM HTA-BioTec 

Cryostat Leica CM3050 S Leica Microsystems GmbH 

DynaMag-2 magnet Thermo Fisher Scientific Inc. 

EasySep Magnet STEMCELL Technologies Inc. 

Electronic E4 XLS+ multichannel pipettes Mettler-Toledo International Inc. 

Electrophoresis Power Supply Consort 
EV202 

Thermo Fisher Scientific Inc. 

ELMI orbital shaker DOS-10L ELMI SIA 

Epoch Microplate Spectrometer with 
Take3 Micro-Volume Plate 

Agilent Technologies, Inc. 

Freezer, -150 °C Panasonic Holdings Corporation 

Freezer, -20 °C Liebherr-International AG 

Freezer, -80 °C Thermo Fisher Scientific Inc. 

Fridge, 4 °C Liebherr-International AG 

HotPlate A3 with HP A3 Hot Plate 
Controller 

Labotect Labor-Technik-
Göttingen GmbH 

LAB DANCER S000 IKA-Werke GmbH & CO KG 

Labnet Spectrafuge Mini Centrifuge Labnet International Inc 

Leica DMi1 Leica Microsystems GmbH 



 42 

Leica DMi8 Leica Microsystems GmbH 

Leica SP5 AOBS with SMD Confocal 
Microscope 

Leica Microsystems GmbH 

Leica SP8  Leica Microsystems GmbH 

MacBook Pro 13'' Apple Inc. 

NanoDrop 1000 Thermo Fisher Scientific Inc. 

NanoSight NS300 Malvern Panalytical 

Neubauer Cell Counting Chamber Paul Marienfeld GmbH & Co. KG 

NextSeq 2000 Illumina, Inc. 

Odyssey M LI-COR, Inc. 

Optima L-80 XP Ultracentrifuge Beckman Coulter, Inc. 

Pipet-Lite LTS Pipette L-1000XLS+, L-
200XLS+, L-20XLS+, L-2XLS+ 

Mettler-Toledo International Inc. 

PipetBoy Acu2 INTEGRA Biosciences GmbH 

QuantStudio 6 Flex Real-Time PCR 
System 

Thermo Fisher Scientific Inc. 

Qubit 3.0 Fluorometer Thermo Fisher Scientific Inc. 

RM5 Roller Ingenieurbüro CAT M. Zipperer 
GmbH 

Rotator for immunoblotting RM5 Ingenieurbüro CAT M. Zipperer 
GmbH 

Sapphire Biomolecular Imager Azure Biosystems Inc. 

SCANLAF MARS LaboGene A/S 

SpectraMax i3 Plate Reader with HTRF 
cartridge 

Molecular Devices, LLC 

Syringe Flow Pump Malvern Panalytical 

ThermoMixer C Eppendorf SE 

ThermoMixer comfort Eppendorf SE 

Unimax 1010 Inkubator 100 Heidolph Instruments GmbH & 
Co. KG 

Vi-CeLL BLU cell viability analyzer Beckman Coulter, Inc. 

Vortex 3 S000 IKA-Werke GmbH & CO KG 

VP100 Avantor, Inc. 

Waterbath WNE 22 Memmert GmbH + Co. KG 

Wes Bio-Techne Corporation 

XCell SureLock Mini-Cell and XCell II Blot 
Module 

Thermo Fisher Scientific Inc. 

ZX3 Vortexer VELP Scientifica 
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2.1.2 Software 

The following software was used for experiments shown in this thesis: 

Software Version Supplier 

Adobe Illustrator 27.1.1 Adobe Inc. 

Affinity Designer 1.10.6 Serif Ltd 

CellProfiler 4.2.4 (Carpenter et al, 2006) 

Compass for Simple Western  6.1.0 Bio-Techne Corporation 

FastQC High Throughput 
Sequence QC Report 

0.11.9 Babraham 

Fiji/ImageJ 2.3.0 Broad Institute, Inc. 

Geneious R11 11.1.2 Biomatters Ltd. 

ilastik 1.4.0 (Berg et al, 2019) 

ImageStudio 4.0 LI-COR, Inc. 

NanoSight NS300 NTA 3.4.4 Malvern Panalytical 

Office 365 16.70 Microsoft Corporation 

Prism 9 9.5.1 GraphPad Software, LLC. 

QuantStudio 6 and 7 Flex Real-
Time 

1.3 Thermo Fisher Scientific Inc. 

R 4.2.1 (R Core Team, 2022) 

RStudio 2022.07.1 (RStudio Team, 2022) 

SoftMax Pro 6.3 Molecular Devices, LLC 

ZEN 2.0 Carl Zeiss AG 

Zotero 6.0.22 Corporation for Digital 
Scholarship 

2.1.3 Plasticware 

The following plasticware was used for experiments shown in this thesis: 

Product Company 

1 ml Luer Syringe Becton, Dickinson and Company 

10 ml Luer Syringe Becton, Dickinson and Company 

10ml Syringe Luer-Lok Tip Becton, Dickinson and Company 

12 Well Cell Culture Plate, sterile, with lid Greiner Bio-One International 
GmbH 

18G x 1.5 in. (1.2 mm x 40 mm) Blunt Fill 
Needle 

B. Braun Melsungen AG 

20 ml Luer Syringe Becton, Dickinson and Company 

24 Well Cell Culture Plate, sterile, with lid Greiner Bio-One International 
GmbH 

384 Well Microplate, polystyrol low 
volume 

Labomedic GmbH 
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384 Well Plate, Nunc Thermo Fisher Scientific Inc. 

384 Well qRT-PCR plate Thermo Fisher Scientific Inc. 

48 Well Cell Culture Plate, sterile, with lid Greiner Bio-One International 
GmbH 

6 Well Cell Culture Plate, sterile, with lid Greiner Bio-One International 
GmbH 

96 Well Cell Culture Plate, F-bottom, Cell 
Carrier Ultra, black wells (for imaging) 

PerkinElmer, Inc. 

96 Well Cell Culture Plate, sterile, F-
bottom, TPP 

TPP Techno Plastic Products AG 

96 Well Cell Culture Plate, sterile, F-
bottom, with lid 

Greiner Bio-One International 
GmbH 

96 Well Cell Culture Plate, sterile, U-
bottom, with lid 

Greiner Bio-One International 
GmbH 

96 Well, Cell Culture Microplate, PS, F-
Bottom, Chimney Well, white, Cellstar 
TC, sterile 

Greiner Bio-One International 
GmbH 

Amicon Ultra - 15 Centrifugal Filters 
Ultracel - 10K, 10,000 NMWL 

Merck KGaA 

Amicon Ultra - 2mL Centrifugal Filters 
Ultracel, 10K, 10,000 NMWL 

Merck KGaA 

Cell Culture Dishes, PS, 145/20 mm, 
vents, TC, sterile 

Greiner Bio-One International 
GmbH 

Cell Culture Flask 250 ml, 75 cm2, PS, 
Red filter screw cap, clear, sterile 

Greiner Bio-One International 
GmbH 

Cell Culture Flask 50 ml, 25 cm2, PS, 
Red filter screw cap, clear, sterile 

Greiner Bio-One International 
GmbH 

Cell Culture Flask 550 ml, 175 cm2, PS, 
Red filter screw cap, clear, sterile 

Greiner Bio-One International 
GmbH 

Cell Strainer 70µm Nylon Avantor, Inc. 

CellCamper Mini-12 neoLab Migge GmbH 

CellCamper Mini-30 neoLab Migge GmbH 

CellCarrier 96 ultra PerkinElmer, Inc. 

Centrifuge Tubes Polycarbonate Thick 
Wall 16x76 mm, 13.5 mL 

Beckman Coulter, Inc. 

Corning 150 mL Vacuum Filter/Storage 
Bottle System, 0.22 µm Pore 54.5cm² 
PES Membrane, Sterile 

Corning Incorporated 

Corning 250 mL Vacuum Filter/Storage 
Bottle System, 0.22 µm Pore 54.5cm² 
PES Membrane, Sterile 

Corning Incorporated 

Costar 12 mm Transwell, 0.4 um Pore 
Polyester Membrane Inserts 

STEMCELL Technologies Inc. 

CRYO.S, PP, with screw cap, sterile, 
Cryopreservation vials 

Greiner Bio-One International 
GmbH 

Discardit II Syringe 10ml Becton, Dickinson and Company 
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Discardit II Syringe 20ml Becton, Dickinson and Company 

Falcon Round Bottom Polystyrene Tube, 
5 mL 

Corning Incorporated 

Ficoll-Paque Plus Cytiva (Global Life Sciences 
Solutions) 

Immobilon-FL PVDF Membrane Merck KGaA 

Leukoplast wasserfest Fixierpflaster 
1,25cm x 5m 

BSN medical GmbH 

Microfuge Tube Polypropylene 1.5 mL Beckman Coulter, Inc. 

Millex-HP Filter Unit Fast Flow & Low 
Binding MIllipore Express PES 
Membrane 

Merck KGaA 

Opti-Seal optical disposable adhesive BIOplastics BV 

PCR 8er-Strip-Tubes, 0.2 mL, qPCR, 
Einzeldeckel 

Labomedic GmbH 

Pipette Tips 1000 uL BioClean Ultra, 
Filter, sterilized 

Mettler-Toledo International Inc. 

Pipette Tips 20 uL BioClean Ultra, Filter, 
sterilized 

Mettler-Toledo International Inc. 

Pipette Tips 200 uL BioClean Ultra, LR, 
Filter, sterilized 

Mettler-Toledo International Inc. 

Pipette Tips, LTS Green-Pak SpaceSaver 
1000uL 768A/8 

Mettler-Toledo International Inc. 

Pipette Tips, LTS Green-Pak SpaceSaver 
20uL 960A/10 

Mettler-Toledo International Inc. 

Pipette Tips, LTS Green-Pak SpaceSaver 
250uL 960A/10 

Mettler-Toledo International Inc. 

qEVoriginal / 70 nm Gen 2 Izon Sciences Limited 

qEVoriginal Rack Izon Sciences Limited 

Rechteckige Deckgläser aus reinweißem 
Glas der hydrolytischen Klasse 1, 
22x50mm, thickness No. 1.5 

Avantor, Inc. 

Reservoirs, 12 channel, 12×5 ml Carl Roth GmbH + Co. KG 

Reservoirs, 50 mL Avantor, Inc. 

S-Monovette 9-NC, 8.2 mL  Sarstedt AG & Co. KG 

S-Monovette K3 EDTA, 9 mL  Sarstedt AG & Co. KG 

Safe-Lock Tubes 1.5 mL Eppendorf SE 

Safe-Lock Tubes 2 mL Eppendorf SE 

Safety-Multifly 20G tube200mm Sarstedt AG & Co. KG 

Safety-Multifly 21G tube200mm Sarstedt AG & Co. KG 

Serological Pipette 1 ml in 1/100 ml Sarstedt AG & Co. KG 

Serological Pipette 25 mL in 2/10ml, 
Costar Stripette 25 mL  

Corning Incorporated 

Serological Pipette, sterile, 10 ml in 1/10 
ml  

Greiner Bio-One International 
GmbH 
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Serological Pipette, sterile, 5 ml in 1/10 
ml  

Greiner Bio-One International 
GmbH 

Sterican MIX blunt needle 18G x 1 1/2 
1.20 x 40 mm 

B. Braun Melsungen AG 

SuperFrost Plus Objektträger Avantor, Inc. 

Surgical Gown O&M Halyard, Inc. 

TC-Schale 100, Standard Sarstedt AG & Co. KG 

Tissue-Tek Cryomold, Intermediate 
Cryomold, 15 mm x 15 mm x 5 mm 

Avantor, Inc. 

True North Freezer Boxes Heathrow Scientific LLC 

Tube, 15 ML, PP, 17/120 MM, conical 
bottom, blue screw cap, sterile 

Greiner Bio-One International 
GmbH 

Tube, 50 ML, PP, 30/115 MM, conical 
bottom, blue screw cap, sterile  

Greiner Bio-One International 
GmbH 

VWR Reagent Reservoirs Avantor, Inc. 

Whatman Chromatography Paper, 3 mm 
CHR, 46 x 57 cm 

Cytiva (Global Life Sciences 
Solutions) 

Whatman Puradisc FP 30/0.2 CA-S Filter 
Unit 0.2 um 

Cytiva (Global Life Sciences 
Solutions) 

Whatman Puradisc FP 30/0.45 CA-S 
Filter Unit 0.45 um 

Cytiva (Global Life Sciences 
Solutions) 

XCell II Blot Module Thermo Fisher Scientific Inc. 

XCell SureLock Thermo Fisher Scientific Inc. 

2.1.4 Kits 

The following kits were used for experiments shown in this thesis: 

Product Company 

Clariom D Pico Microarray Thermo Fisher Scientific Inc. 

EasySep™ Human T Cell Isolation Kit STEMCELL Technologies Inc. 

Gene Chip Hybridization Wash and Stain Thermo Fisher Scientific Inc. 

GLOBINclear Kit, human, for globin 
mRNA depletion 

Thermo Fisher Scientific Inc. 

Human IL-1b HTRF Kit, Cisbio PerkinElmer, Inc. 

Human TNFa HTRF Kit, Cisbio PerkinElmer, Inc. 

Nano-Glo In-Gel Detection System 
TM527 

Promega GmbH 

Nano-Glo Luciferase Assay System 
TM369 

Promega GmbH 

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Inc. 

PureLink HiPure Plasmid Maxiprep Kit Thermo Fisher Scientific Inc. 

PureLink Quick Gel Extraction Kit Thermo Fisher Scientific Inc. 

PureLink Quick Plasmid Miniprep Kit Thermo Fisher Scientific Inc. 
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Qubit HS RNA assay kit Thermo Fisher Scientific Inc. 

RNAeasy plus micro kit QIAGEN N.V. 

2.1.5 Chemicals 

The following chemicals were used for experiments shown in this thesis: 

Product Manufacturer 

12-230 kDa Separation 8x25 Capillary 
Cartridges 

Bio-Techne Corporation 

2-mercaptoethanol Merck KGaA 

Acti-Stain 488 Phalloidin Cytoskeleton, Inc. 

Agarose Biozym Scientific GmbH 

Ampicillin Ready Made Solution, 
100 mg/mL, 0.2 um filtered 

Merck KGaA 

Animal Component-Free Cell Dissociation 
Kit 

STEMCELL Technologies Inc. 

Aqua-Poly/Mount Polysciences, Inc. 

Bovine serum albumin (BSA) Merck KGaA 

Bronchial Epithelial Cell Basal Medium 
(BEBM) 

Lonza Group AG 

Bronchial Epithelial Growth Medium 
(BEGM) Single Quots 

Lonza Group AG 

CellTrace Far Red Thermo Fisher Scientific Inc. 

cOmplete EDTA-free Protease-Inhibitor 
Cocktail Tablets 

Roche Holding AG 

Cultrex 3-D Culture Matrix Rat Collagen I Bio-Techne Corporation 

Cytochalasin D Ready Made Solution, 
from Zygosporium mansonii, 5 mg/mL in 
DMSO, 0.2 Œºm filtered 

Merck KGaA 

DAPI Thermo Fisher Scientific Inc. 

Dimethyl Sulfoxide (DMSO) for cell 
culture 

AppliChem GmbH 

DNA/RNA dye peqGREEN Avantor, Inc. 

dNTP mix Thermo Fisher Scientific Inc. 

DRAQ5 5mM Thermo Fisher Scientific Inc. 

Dulbecco's Modified Eagle's Medium 
(DMEM) (1X), 4.5 g/L glucose, 2 mM L-
glutamine, with phenol red 

Thermo Fisher Scientific Inc. 

Dulbecco's phosphate-buffered saline 
(DPBS) (1X) 

Thermo Fisher Scientific Inc. 

Dynabeads Protein A Thermo Fisher Scientific Inc. 

eBioscience CFSE Proliferation Dye Thermo Fisher Scientific Inc. 

Endothelial Cell Basal Medium-2 (EBM-2) Lonza Group AG 
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Endothelial Cell Growth Medium-2 (EGM-
2) Single Quots 

Lonza Group AG 

Ethanol AppliChem GmbH 

Fetal Bovine Serum (FBS) PAN-Biotech GmbH 

Fibroblast Basal Medium (FBM) Lonza Group AG 

Fibroblast Growth Medium-2 (FGM-2) 
Bullet Kit 

Lonza Group AG 

Fibronectin Solution Bovine PromoCell GmbH 

Formaldehyde 16% (w/v), Methanol-free Thermo Fisher Scientific Inc. 

GeneJuice Transfection Reagent Merck KGaA 

Glycerol Merck KGaA 

Goat Serum, New Zealand origin Thermo Fisher Scientific Inc. 

Haut-Desinfiziens Cutasept F BODE Chemie GmbH 

Hexadimethrine bromide (Polybrene) Merck KGaA 

High Sensitivity RNA Screen Tape Agilent Technologies, Inc. 

High Sensitivity RNA Screen Tape 
Ladder 

Agilent Technologies, Inc. 

High Sensitivity RNA Screen Tape 
Sample Buffer 

Agilent Technologies, Inc. 

Hoechst 34580 Thermo Fisher Scientific Inc. 

Hydrocortisone Stock Solution (200X) STEMCELL Technologies Inc. 

IFM-2384 IFM Therapeutics, LLC. 

Interleukin-2, human (hIL-2), recombinant 
E.coli 

Merck KGaA 

Isopropanol (technical grade) AppliChem GmbH 

LB agar (Lennox L agar) Thermo Fisher Scientific Inc. 

LB Medium (Luria/Miller) Carl Roth GmbH + Co. KG 

Library preparation, Illumina, RNA with 
rRNA and globindepletion with ERCC 
spike-in, value package 

Illumina, Inc. 

Low Density Lipoprotein from Human 
Plasma, BODIPY™ FL complex 
(BODIPY™ FL LDL) 

Thermo Fisher Scientific Inc. 

MEM NEAA (100X) Minimum Essential 
Medium Non-Essential Amino Acids 

Thermo Fisher Scientific Inc. 

Methanol Carl Roth GmbH + Co. KG 

NaCl 5M solution Merck KGaA 

Nigericin, free acid 10mg Thermo Fisher Scientific Inc. 

Nuclease-free water Thermo Fisher Scientific Inc. 

NuPAGE 10X Sample Reducing Agent 
(10X) 

Thermo Fisher Scientific Inc. 

NuPAGE 4-12% Bis-Tris Gel 1.5mm X 10 
well 

Thermo Fisher Scientific Inc. 

NuPAGE 4x LDS Sample Buffer (4X) Thermo Fisher Scientific Inc. 
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NuPAGE MES SDS Running Buffer (20X) Thermo Fisher Scientific Inc. 

NuPAGE MOPS SDS Running Buffer 
(20X) 

Thermo Fisher Scientific Inc. 

octadecyl rhodamine B chloride (R18) Thermo Fisher Scientific Inc. 

oligo(dT)18 Primer Thermo Fisher Scientific Inc. 

Opti-MEM Reduced Serum Medium Thermo Fisher Scientific Inc. 

PageRuler Plus prestained protein ladder Thermo Fisher Scientific Inc. 

Penecillin / Streptomycin (10,000 U/mL) Thermo Fisher Scientific Inc. 

PfuUltra II Hotstart PCR Master Mix Agilent Technologies, Inc. 

Phorbol-12-myristate 13-acetate (PMA, 
TPA) 

Merck KGaA 

PhosSTOP phosphatase inhibitor tables Roche Holding AG 

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Inc. 

Pierce TSG101 Antibody (4A10) Thermo Fisher Scientific Inc. 

PMSF AppliChem GmbH 

PneumaCult Ex Plus Basal Medium STEMCELL Technologies Inc. 

PneumaCult-Ali 10x Supplement STEMCELL Technologies Inc. 

PneumaCult-Ali Basal Medium STEMCELL Technologies Inc. 

PneumaCult-Ali Maintenance Supplement STEMCELL Technologies Inc. 

Potasium chloride solution 0.075M, 
sterile-filtered, BioXtra, suitable for cell 
culture 

Merck KGaA 

Power SYBR Green PCR Master Mix Thermo Fisher Scientific Inc. 

ProLong Glass Antifade Mountant Thermo Fisher Scientific Inc. 

PureLink Quick Gel Extraction Kit Thermo Fisher Scientific Inc. 

Puromycin (10 mg/mL) Thermo Fisher Scientific Inc. 

RPMI Medium 1640 (1X) Thermo Fisher Scientific Inc. 

SDS Carl Roth GmbH + Co. KG 

Sodium deoxycholate Merck KGaA 

Sodium Pyruvate 100mM (100X) Thermo Fisher Scientific Inc. 

SuperScript III Reverse Transcriptase Thermo Fisher Scientific Inc. 

T4 DNA Ligase, 5 U/uL Thermo Fisher Scientific Inc. 

TAE buffer 50X Carl Roth GmbH + Co. KG 

TBS 20X Santa Cruz Biotechnology, Inc. 

Tissue-Tek O.C.T. compount Sakura Finetek Europe B.V. 

Tris-Glycine Buffer 10X Thermo Fisher Scientific Inc. 

Tris-HCl Merck KGaA 

Triton X-100 Carl Roth GmbH + Co. KG 

Trypan Blue Solution (0.4%) Merck KGaA 

TrypLE Express (1X) Stable Trypsin 
Replacement Enzyme 

Thermo Fisher Scientific Inc. 

Trypsin Neutralizing Solution, 100 mL Lonza Group AG 
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Tween 20 Merck KGaA 

UltraPure 0.5 M EDTA, pH 8.0 Thermo Fisher Scientific Inc. 

Ultrapure LPS, E. coli 0111:B4 InvivoGen 

Universal-Indikatorpapier pH 1-14 Macherey-Nagel GmbH & Co. KG 

Water, nuclease free Thermo Fisher Scientific Inc. 

2.1.6 Antibodies 

The following antibodies (except for those included in a kit [2.1.4]) were used: 

Antibody Clone Manufacturer Dilution Application 

Mouse anti-b-Actin, 
rabbit 

926-
42212 

LI-COR, Inc. 1:2000 Western 
Blotting 

Mouse anti-
Calnexin, rabbit 

MAB 
3126 

Merck KGaA 1:200, 
1:800, 
1:1000, 
1:2000, 
1:20 (WES) 

Western 
Blotting 

Gasdermin D (L60), 
rabbit 

93709 Cell Signaling 
Technology, 
Inc. 

1:20 (WES) Western 
Blotting 

Histone H3, rabbit (D1H2) 
4499T 

Cell Signaling 
Technology, 
Inc. 

1:2000 Western 
Blotting 

IRDye® 680RD 
Donkey anti-Rabbit 
IgG (H + L), 0.5 mg; 
donkey anti rabbit 

926-
68073 

LI-COR, Inc. 1:20000 Western 
Blotting 

IRDye® 800CW 
Donkey anti-Mouse 
IgG (H + L), 0.5 mg; 
donkey anti-mouse 

926-
32212 

LI-COR, Inc. 1:20000 Western 
Blotting 

Ultra-LEAF Purified 
anti-human CD28, 
mouse 

CD28.2 BioLegend, 
Inc. 

4 µg/mL T-cell 
activation 

Ultra-LEAF Purified 
anti-human CD3, 
mouse 

UCHT1 BioLegend, 
Inc. 

2 µg/mL T-cell 
activation 

Rabbit anti-b-
Tubulin, rabbit 

2128 Cell Signaling 
Technology, 
Inc. 

1:2000 Western 
Blotting 

CD9 Monoclonal 
Antibody (Ts9), 
mouse 

10626D Thermo Fisher 
Scientific Inc. 

1:200, 
1:800, 
1:1000, 
1:2000,  
1:20 (WES) 

Western 
Blotting 
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CD63 Monoclonal 
Antibody (Ts63), 
mouse 

10628D Thermo Fisher 
Scientific Inc. 

1:200, 
1:800, 
1:1000, 
1:2000,  
1:20 (WES) 

Western 
Blotting 

CD81 Monoclonal 
Antibody (M38), 
mouse 

10630D Thermo Fisher 
Scientific Inc. 

1:200, 
1:800, 
1:1000, 
1:2000,  
1:20 (WES) 

Western 
Blotting 

TSG101 Monoclonal 
Antibody (4A10), 
mouse 

MA1-
23296 

Thermo Fisher 
Scientific Inc. 

1:200, 
1:800, 
1:1000, 
1:2000,  
1:20 (WES) 

Western 
Blotting 

HPS70 (N27F3-4), 
mouse 

Sc-
66049 

Santa Cruz 
Biotechnology, 
Inc. 

1:200, 
1:800, 
1:1000, 
1:2000, 
1:100 
(WES) 

Western 
Blotting 

Apolipoprotein A I, 
goat 

ab 
7613 

Abcam PLC 1:20 (WES) Western 
Blotting 

Apolipoprotein B, 
rabbit 

ab 
20737 

Abcam PLC 1:40 EV Isolation 
from blood 

Acetyl-alpha tubulin 
clone 6-11B-1, 
mouse 

MABT 
868 

Merck KGaA 1:500 Microscopy 

F(ab')2-Goat anti-
Mouse IgG (H+L) 
Cross-Adsorbed 
Secondary 
Antibody, Alexa 
Fluor 647 

A-21237 Thermo Fisher 
Scientific Inc. 

1:500 Microscopy 

2.1.7 Primers 

The following oligonucleotides were used as qRT-PCR primers: 

Target Sequence 

hBST2 fwd TCTGCAGAGGTGGAGCGACT 

hBST2 rev GAGGCCCAGCAGCACAATCA 

hHPRT fw  TCAGGCAGTATAATCCAAAGATGGT 

hHPRT rev  AGTCTGGCTTATATCCAACACTTCG 

hIFI35 fwd CCAGGTGATGATGTCCAGCCAG 

hIFI35 rev CCACATCGCCACCTCCGTTC 
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hIFI6 fwd GCTCCGGGCTGAAGATTGCT 

hIFI6 rev TTACCTGCCTCCACCCCACT 

hIFITM3 fwd TGCTGATCTTCCAGGCCTATGGA 

hIFITM3 rev GGCAGGGCGAGGAATGGAAG 

hISG15 fwd GCTGAGAGGCAGCGAACTCA 

hISG15 rev CGCCAGCATCTTCACCGTCA 

hLY6E fwd TTGGTTTGTGACCTCCAGGCAG 

hLY6E rev AGCAGGAGAAGCACATCAGCG 

hMMP7 for TGATTGGCTTTGCGCGAGGA 

hMMP7 rev CTGCTACCATCCGTCCAGCG 

hMX2 fwd GAACGTGCAGCGAGCTTGTC 

hMX2 rev GTAGGGCCAAGGCTTGTGGG 

hOAS3 fwd GCTGGTCACCCAGTACCGC 

hOAS3 rev GGATGATAGGCCTGGGCTTCTG 

hTGFB1 for AGTTGTGCGGCAGTGGTTGA 

hTGFB1 rev CCGGTAGTGAACCCGTTGATGT 

hTNFa fw  CCCAGGCAGTCAGATCATCTTC 

hTNFa rev  TCTCTCAGCTCCACGCCATT 

hVIM for ACGAGGAGGAGATGCGGGAG 

hVIM rev CTGCAATTTCTCCCGGAGGCG 
 

The following oligonucleotides were used as PCR primers: 

Target Sequence 

R4106 ttttttGGCGCGCCTGCCACCATGGCGGTGGAAGGAGGAATGAAATG 

R4107 aaaaaaaaaaaaGCGGCCGCTCACATCACCTCGTAGCCACTTCTGATACTC 

R4108 ttttttGGCGCGCCTGCCACCATGGCCAAAGCCGCGGCGATC 

R4109 aaaaaaaaaaaaGCGGCCGCTCAATCTACCTCCTCAATGGTGGGGCCTG 

2.1.8 Plasmids 

The following plasmids were used for the generation of stable cell lines (section 

2.3). The ID refers to their identifier in the institute of innate immunity (III) Plasmid 

Repository maintained by Rainer Stahl and Fraser Duthie. 

ID Plasmid Appli Bact 
Resis 

E. coli 
Strain 

Euk 
Resis 

Original 
Vector 

56 VSVG rbglobPA Packaging 
of 
retroviral 
particles 

amp E. coli, 
NEB 5-
alpha 

no pCMV-
VSV-G 
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57 Gag Pol-
rbglobPA 

Entry of 
retroviral 
particles 
into cells 

amp E. coli, 
NEB 5-
alpha 

no pCMV-
GAG-
POL 

816 5' LTR-
MHRRRSRS-
mUNC93B (wt)-
linker tdTomato-
NHKKEKSS 

Expression 
of 
tdTomato 

amp E. coli, 
NEB 5-
alpha 

no pR 

925 CAG Enhancer-
GagPol-RRE-
Rabbit Globulin 
Terminator 

Entry of 
retroviral 
particles 
into cells 

amp E. coli, 
NEB 5-
alpha 

no psPAX2 

926 CAG Enhancer-
VSV_G-Human 
beta Globulin 
Terminator 

Packaging 
of 
retroviral 
particles 

amp E. coli, 
NEB 5-
alpha 

no pMD2.G 

1258 CMV-hPKC 
gamma-eGFP 

Expression 
of EGFP 

amp E. coli, 
NEB 5-
alpha 

puro pRP 

2048 pInducer20 minus 
SV40-EF1-Palm 
signal-EGFP-
mPGK-Blasticidin 

EGFP 
targeted to 
membrane 

amp E. coli, 
NEB 5-
alpha 

blast SV40, 
EF 1-
alpha 

2049 pInducer20 minus 
SV40-EF1-Palm 
signal-tdTomato-
mPGK-Blasticidin 

tdTomato 
targeted to 
membrane 

amp E. coli, 
NEB 5-
alpha 

blast SV40, 
EF 1-
alpha 

2248 pInducer20 minus 
CMV-NanoLuc-
hCD63-hPGK-
Puromycin 

NLuc 
tagged 
CD63 

amp E. coli, 
NEB 5-
alpha 

puro CMV 

2249 pInducer20 minus 
CMV-hCD63-
hPGK-Puromycin 

Control for 
2248 

amp E. coli, 
NEB 5-
alpha 

puro CMV 

2250 pInducer20 minus 
CMV-NanoLuc-
hHsp70-hPGK-
Puromycin 

NLuc 
tagged 
HSP70 

amp E. coli, 
NEB 5-
alpha 

puro CMV 

2251 pInducer20 minus 
CMV-hHsp70-
hPGK-Puromycin 

Control for 
2249 

amp E. coli, 
NEB 5-
alpha 

puro CMV 

ID: identifier in the Institute of Innate Immunity (III) Plasmid Repository; Appli: 
application; Bact Resis: bacterial resistance; E.coli: Escherichia coli; Euk Resis: 
eukaryotic resistance; amp: ampicillin; blast: blasticidin; puro: puromycin; CMV: 
cytomegalovirus 
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2.1.9 Cell Lines and Primary Cells 

The following human primary cells, human cell lines, and bacterial cells were 

used for experiments shown in this thesis. The ID refers to their identifier in the 

III cell line database maintained by Romina Kaiser. 

ID Name Description Preparation/ 
Origin 

CL53 THP-1 Human monocytic cell line from an 
acute monocytic leukemia patient 

ATCC 

CL657 THP-1 
2251 

Derived from CL53 with 2251 insert Myself 

CL656 THP-1 
2250 

Derived from CL53 with 2250 insert Myself 

CL655 THP-1 
2249 

Derived from CL53 with 2249 insert Myself 

CL654 THP-1 
2248 

Derived from CL53 with 2248 insert Myself 

CL380 EGFP-
Palmi 
THP-1 

Derived from CL53 with 2048 insert Myself 

CL381 tdTomato-
Palmi 
THP-1 

Derived from CL53 with 2049 insert Myself 

CL23 293T HEK Human embryonic kidney cell line; 
immortalised with the SV40 large T 
antigen 

ATCC 

CL91 A549 Human lung epithelial cancer cell line Schmidt Lab 

CL155 BEAS-2B Human bronchial epithelial cell line ATCC 

n.a. HUVEC Human umbilical vein endothelial 
cells, pooled, in EGM-2 

Lonza Group 
AG 

n.a. NHBECs Normal human bronchial/tracheal 
epithelial cells for B-ALI culture 

Lonza Group 
AG 

n.a. NHLFs Normal human lung fibroblasts Lonza Group 
AG 

n.a.  DH5-α chemically competent E.coli New England 
Biolabs GmbH 

ID: identifier in the III cell line database; n.a.: not applicable. 
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2.1.10 Cell Culture Media 

The following cell culture media were used for cell culture work (section 2.2): 

Name Reagent Conc 

ALI complete base medium PneumaCult-Ali Basal Medium 
 

PneumaCult-Ali 10x Supplement 1X 

ALI maintenance medium ALI complete base medium 
 

PneumaCult-Ali Maintenance 
Supplement (100X) 

1X 

Heparin Solution 4 ug/mL 

Hydrocortison Stock Solution (200X) 1X 

P/S 1 % 

BEAS-2B freezing medium BEGM 80 % 

DMSO 10 % 

FBS 10 % 

BEGM BEBM Basal Medium 1X 

BEGM Single Quots 
 

Detaching Buffer EDTA 5 mM 

FBS 1 % 

PBS 1X 

DMEM 10 % FBS DMEM 1X 

P/S 1 % 

FBS 10% 

HUVEC freezing medium EGM-2 80 % 

DMSO 10 % 

FBS 10 % 

NHBEC basal medium Pneumacult Ex-Plus Basalmedium 
 

Pneumacult Ex-Plus Basalmedium 
50X Supplement 

1X 

Hydrocotison Stock Solution (200X) 0.2X 

P/S 1 % 

NHBEC freezing medium NHBEC basal medium 50 % 

FBS 40 % 

DMSO 10 % 

NHLF freezing medium FGM-2 80 % 

DMSO 10 % 

FBS 10 % 

RPMI 10 % FBS RPMI 1X 

P/S 1 % 

FBS 10% 
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Serum-free RPMI RPMI 
 

P/S 1 % 

Standard Freezing Medium FBS 90 % 

DMSO 10 % 

T cell medium RPMI 
 

FBS 10 % 

P/S 1 % 

Sodium Pyruvate 1 mM 

NEM Non-Essential Amino Acids 
Solution 

1X 

hIL-2 20 U/mL 

2.1.11 Buffers 

The following buffers were used for experiments shown in this thesis: 

Application Buffer Reagent Concentration 

Antibody 
Staining 

Permeabilisation Triton X-100 0.1 % 

FBS 1 % 

PBS 
 

Blocking Triton X-100 0.1 % 

BSA 3 % 

FBS 1 % 

Goat Serum 1 % 

PBS 
 

Tissue 
Culture 

Detaching EDTA 5 mM 
 

FBS 1 % 
 

PBS 
 

EasySep Buffer PBS 
 

 
FBS 2 % 

 
EDTA 1 mM 

Western 
Blot 

Transfer Tris-Glycine Buffer 10X 1 X 

Methanol 20 % 

TBST TBS 1 X 

Tween 20 0.05 % 

Blocking TBS 1 X 

BSA 3 % 

RIPA Lysis Tris-HCl 20 mM 

NaCl 150 mM 

EDTA 1 mM 

Triton X-100 1 % 
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Glycerol 10 % 

SDS 0.1 % 

Sodium deoxycholate 1 mM 

cOmplete EDTA-free 1 X 

PhosSTOP 
phosphatase inhibitor 
tablets 

1 X 

PMSF 0.2 mM 

2.2 Cell Culture 

All cells were cultured at 37 °C at 5 % CO2 and 95 % humidity. Unless stated 

otherwise, cell culture media, phosphate-buffered saline (PBS), and trypsin were 

warmed to room temperature before use. Cells were regularly screened for 

mycoplasma contamination.  

2.2.1 THP-1 Cells 

THP-1 cells (Cell lines CL53, CL380, CL381, CL654, CL655, CL656, and CL657 

in the III cell line database) were cultured in suspension flasks (25 cm2 up to 

175 cm2 depending on cell number) in Roswell Park Memorial Institute (RPMI) 

medium supplemented with 10 % foetal bovine serum (FBS) (RPMI 10 % FBS 

medium) and kept at a concentration between 3 x 105 and 3 x 108 cells/mL. Cells 

were split every two to three days and kept for up to 20 passages. To split cells, 

THP-1 cells were transferred to 50 mL tubes and pelleted at 340 x g for 5 min 

before being resuspended in fresh RPMI 10 % FBS medium, counted, and 

seeded at a density of 3 x 105 cells/mL. 

 

To freeze THP-1 cells, cells were harvested and counted. 10 x 106 cells were 

resuspended in 1 mL pre-chilled standard freezing medium and transferred to a 

cryovial. Cryovials were transferred to a CellCamper freezing box and frozen at 

−80 °C at a rate of 1 °C per minute. After 24 h, cryovials were transferred to a 

−150 °C freezer for long-term storage. 

To thaw THP-1 monocytes, cryovials were taken from the −150 °C storage and 

transferred to a water bath. Cells were thawed for about 3 min, keeping medium 
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constantly in motion. Using a 10 mL pipette, cells were mixed with RPMI 10 % 

FBS medium and transferred to a 15 mL tube. Next, THP-1 cells were pelleted at 

340 x g for 5 min, resuspended in 15 mL RPMI 10 % FBS and transferred to a 

75 cm2 suspension flask. 

 

THP-1 monocytes were differentiated in 100 mm2 and 150 mm2 culture dishes 

with 100 nM phorbol 12-myristate-13-acetate (PMA) (in dimethyl sulfoxide 

[DMSO]) for 12–18 h. Cells were washed three times with PBS, and fresh PMA-

free RPMI 10 % FBS was added. After leaving cells to rest for about 24 h, PMA-

differentiated THP-1 MΦs were harvested using detaching buffer. The desired 

number of cells was seeded. 

2.2.2 HEK293T and A549 Cells 

HEK293T (CL23 in the III cell line database) and A549 (CL91 in the III cell line 

database) cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) 

10 % FBS medium in 25 cm2 to 175 cm2 adherent cell flasks. Cells were split 

every two to three days when ~80 % confluency was reached. To split cells, 

HEK293T cell medium was discarded, and cells were washed with PBS. 2–3 mL 

(depending on flask size) of TrypLE Express Enzyme (1X) was added, and cells 

were incubated at room temperature until detached as monitored using a phase 

contrast microscope (generally 1–5 min). 8–12 mL (depending on flask size) of 

fresh medium was added and cells were split between 1:5 and 1:15 (depending 

on confluency). Flasks were filled to a final volume of 12–25 mL (depending on 

flask size). 

 

HEK293T and A549 cells were frozen and thawed as described above for THP-1 

cells in standard freezing medium. Cells of one 175 cm2 cell flask were typically 

split into three cryovials. 
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2.2.3 BEAS-2B Cells 

Bronchial epithelial cell growth medium (BEGM) was prepared by adding BEGM 

Single Quots to Bronchial epithelial basal medium (BEBM). BEGM does not 

contain any FBS, since it induces epithelial-mesenchymal transition (Malm, 

Amouzougan & Klimecki 2018). BEAS-2B cells were purchased from ATCC 

(CRL-9609). Cells were cultured in BEGM medium in 25 cm2 to 175 cm2 adherent 

cell flasks and split every three to four days. Cells were seeded at a density of 

3 x 103 cells/cm2 and not allowed to grow to more than 70 % confluency. To 

passage BEAS-2B cells, medium was removed, cells were washed twice with 

PBS, and 3–5 mL (depending on flask size) of TrypLE Express Enzyme (1X) was 

added. Flasks were transferred to an incubator, and cells were incubated for 5–

10 min until BEAS-2B cells had detached. 30 mL of medium was added, and cells 

were pelleted at 120 x g for 10 min to remove trypsin. BEAS-2B cells were 

resuspended in fresh BEGM and seeded. 

BEAS-2B cells were frozen and thawed as described for THP-1 cells but in 

BEAS-2B freezing medium and only using centrifugation at 120 x g for 10 min. 

Cells of one 175 cm2 cell flask were typically split into 3 cryovials. 

2.2.4 NHLFs 

Fibroblast Growth Medium-2 (FGM-2) was prepared by adding FGM-2 

SingleQuots to Fibroblast Basal Medium (FBM). NHLFs were purchased from 

LONZA (CC-2512). NHLFs were cultured in FGM-2 in 75 cm2 adherent cell flasks 

and split every two to three days whenever confluency reached 70-80 %. To split 

cells, the medium was removed, cells were washed with PBS twice, and 5 mL of 

TrypLE Express Enzyme (1X) was added. NHLFs were incubated at 37 °C for 2–

6 min until cells started to detach. Trypsin was neutralised by adding 10 mL 

FGM-2 and cells were transferred to a 15 mL tube. The culture flask was rinsed 

with 2 mL PBS to collect residual cells. NHLFs were centrifuged at 220 x g for 

5 min. 2 x 105 cells were seeded per 75 cm2 flask. NHLFs were only used for up 

to five passages. 
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NHLFs were frozen as described for THP-1 cells but in NHLF freezing medium. 

1 x 106 cells were frozen per cryovial. Cells were only frozen down after the initial 

purchase from Lonza at passages two and three. 

 

To thaw NHLFs, 25 mL FGM-2 was added to a 75 cm2 adherent cell flask and 

the flask was placed in an incubator for 30 min to allow for equilibration. Cryovials 

were removed from the −150 °C freezer and thawed in a 37° C water bath. Cells 

were directly added to the flask, without centrifugation. Medium was changed 

after 16–24 h to remove DMSO. 

2.2.5 HUVECs 

Endothelial Growth Medium-2 (EGM-2) was prepared by adding EGM-2 Single 

Quots to Endothelial Basal Medium-2 (EBM-2). Pooled HUVECs in EGM-2 were 

purchased from Lonza (C2519A). HUVECs were cultured in EGM-2 in 75 cm2 

adherent cell flasks and split every two to three days whenever confluency 

reached 70–80 %. To split cells, cells were washed with PBS and 5 mL of TrypLE 

Express Enzyme (1X) was added. HUVECs were placed into the incubator for 3–

5 min until about 90 % of cells had rounded up. Trypsin was neutralised using 

5 mL Trypsin Neutralising solution and cells were transferred to a 15 mL tube. 

The culture flask was rinsed with 2 mL PBS to collect residual cells. HUVECs 

were pelleted at 200 x g for 5 min, taken up in fresh medium and split 1:2 to 1:5. 

HUVECs were only used for up to two to three passages after initial thawing. 

 

HUVECs were frozen as described for THP-1 cells but in HUVEC freezing 

medium. 5 x 105 cells were frozen per cryovial. They were only frozen down until 

passage four. HUVECs were thawed as described for NHLFs but with 15 mL of 

initial medium per 75 cm2 flask. 

2.2.6 NHBECs 

NHBECs (CC-2540S) were purchased from Lonza. Cells were initially expanded, 

and aliquots were frozen down: 25 mL of NHBEC basal medium were added to 
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a 75 cm2 adherent cell flask and placed into the incubator for 30 min. NHBECs 

were removed from the −150 °C freezer and thawed at 37 °C in a water bath. 

Cells were gently resuspended in the cryovial and added to the cell flask. No 

centrifugation was performed as per the manufacturer’s recommendation. The 

cell flask was directly placed in the incubator and medium was changed after 16–

24 h. After two to three days of culturing fresh NHBECs, when confluency was at 

about 60–80%, the first aliquots were frozen down and cells were split. To 

passage NHBECs, cells were washed with PBS and dissociated from the culture 

vessel using 5 mL Animal Component-Free Cell dissociation solution for 2–6 min 

at 37 °C. The reaction was stopped with Animal Component-Free enzyme 

inhibition solution and cells were collected in a 15 mL tube. Flasks were rinsed 

twice to collect the remaining cells. NHBECs were pelleted at 340 x g for 5 min, 

counted, and seeded or frozen. 5 x 105 cells were seeded per new 75 cm2 flask 

and remaining cells were frozen at 1 x 106 cells per cryovial. NHBECs were 

frozen as described previously for THP-1 cells but in NHBEC freezing medium. 

 

Before seeding NHBECs on transwell inserts, inserts were coated with collagen. 

Collagen was diluted 1:100 in deionised, sterile, cold water, and 100 µL was 

applied per insert. Transwells were incubated for 60 min at 37°C. Every 10 min, 

transwells were gently shaken. After incubation, the remaining collagen solution 

was aspirated, and inserts were dried under the hood for 2 h at room temperature. 

1 mL of NHBEC basal medium was added per well in the lower chamber. About 

8 x 104 cells were then seeded in 500 µL on transwells. In case of using frozen 

cells, cryovials were thawed in a water bath, transferred to fresh medium, and 

centrifuged at 340 x g for 5 min to remove DMSO, resuspended in medium and 

8 x 104 cells were seeded per transwell. 

NHBECs were expanded on transwells for about 5 days until full confluency was 

reached. Medium was changed in both chambers on day one and day three. 

Once confluency was reached, cells were air lifted: medium from both chambers 

was aspirated and 1 mL of air-liquid interface (ALI) maintenance medium was 

added to the lower chamber. Medium was changed two to three times per week 
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and after about two weeks, cells were washed once a week with 1 mL PBS to 

wash away mucous. 

2.2.7 T Cell Isolation and Culture 

Circulating T cells were isolated from healthy donors. 20 mL of blood per donor 

was drawn using either a 20 or 21 safety multifly needle and K3 

ethylenediaminetetraacetic acid (EDTA) S-Monovettes. Blood was transferred to 

a 50 mL tube and 20 mL PBS was added. Two 50 mL tubes were filled with 15 mL 

of Ficoll-Paque Plus. PBS-diluted blood was then carefully overlayed, and tubes 

were spun at 400 x g for 35 min with minimal acceleration and no brakes. The 

peripheral blood mononuclear cell (PBMC) layer was transferred to a new 50 mL 

tube, which was then filled up to 40 mL with PBS. Cells were pelleted at 400 x g 

for 20 min. Cells were resuspended in OptiMEM, filtered through a 70 µM cell 

strainer, and counted.  

T cells were isolated according to manufacturer’s instructions using the EasySep 

Human T Cell Isolation Kit from StemCell. In short, a volume of OptiMEM 

containing 5 x 107 cells was taken and centrifuged at 340 x g for 5 min to pellet 

cells. PBMCs were resuspended in 600 µL EasySep buffer and transferred to a 

5 mL polystyrene round-bottom tube. 30 µL of EasySep Human T cell Isolation 

Cocktail was added and mixed with cells. After 5 min of incubation, 24 µL of 

EasySep Dextran RapidSpheres (vortexed for 30 sec) was added and mixed with 

the cells. Next, 1.41 mL EasySep buffer was added to a total volume of 2.5 mL 

and mixed gently. The tube was placed into an EasySep magnet and incubated 

for 3 min. Magnet and tube were inverted, pouring the enriched cell suspension 

into a new tube. 

 

T cells were either kept in a naïve state or activated. For naïve T cells, 

2 x 105 cells/well were added to a TPP 96-well plate in 200 µL T cell medium per 

well. They were used directly for experiments. 

To activate T cells, a TPP 96-well plate was coated with 2 µg/mL CD3 and 

4 µg/mL CD28: Appropriate volumes of CD3 and CD28 were mixed with PBS, 

and 50 µL were added per well. Plates were incubated for 2 h at 37 °C. 
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Afterwards, plates were washed two times with 200 µL PBS per well. Wells were 

kept covered with PBS until T cells were seeded. 1 x 105 cells/well were seeded 

in 200 µL T cell medium. T cell medium was changed every two to three days: 

96-well plates were centrifuged at 300 x g for 5 min, medium was removed, and 

cells were resuspended in 200 µL/well of fresh medium. T cells were split through 

centrifugation at 300 x g for 5 min followed by resuspension in fresh medium and 

cell counting. Cells were seeded at 1 x 105 cells/well in 200 µL T cell 

medium/well. 

2.2.8 EV-Free Medium 

Cell Culture Medium for recipient cells for transfer experiments (section 2.5) was 

transferred to 1.5 mL or 13.5 mL ultracentrifuge (UC) tubes (depending on 

volume needed) and spun for 18 h at 100,000 x g. Medium was filtered through 

a 0.22 µm vacuum filter and stored at 4 °C until use. 

2.3 Generation of Stable Cell Lines 

Insert generation, backbone vector linearisation, ligation, transformation by heat 

shock, plasmid generation by mini- and maxiprep, and generation of glycerol 

stocks were performed by Fraser Duthie and Rainer Stahl. 

2.3.1 Insert Generation 

Inserts were generated either from the restriction digest of already available 

plasmids at the III Plasmid Repository, or from a precision LentiORF collection. 

The 2048 and 2049 inserts are based on (Sung et al, 2020, 2015) and were 

generated using plasmids 1258 and 816 from the III Plasmid Repository. The 

2248, 2249, 2250, and 2251 inserts are based on Bonsergent et al. (2021), Gupta 

et al. (2020), and Hikita et al. (2018) and were cloned from the LentiORF: hCD63 

was cloned by polymerase chain reaction (PCR) using primers R4106/R4107 and 

hHSP70 was cloned from the LentiORF by PCR using primers R4108/R4109. 
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PCR amplification was employed to amplify inserts. PfuUltra II Hotstart PCR 

Master Mix containing PfuUltra II Fusion HS DNA polymerase was mixed with 

forward and reverse primers (0.5 µM final concentration) and 100–500 ng DNA. 

Initial denaturation was performed for 1 min at 94 °C, followed by 35 or 40 cycles 

of denaturation for 30 sec at 94 °C, primer annealing for 30 sec at 58–65 °C 

(based on primer Tm), and elongation for 1 min/kb DNA at 72 °C. A final 

elongation for 5–10 min at 72 °C was performed. PCR products were then 

separated on a 1–1.5 % agarose gel in tris-acetate-EDTA (TAE) buffer at 120 V 

using the green DNA/RNA dye peqGREEN. Products were isolated from the gel 

using the PureLink Quick Gel Extraction kit according to the manufacturer’s 

instructions. Using an appropriate pair of restriction enzymes, sticky ends were 

generated. Products were again run on a 1–1.5 % agarose gel and purified. 

2.3.2 Backbone Vector Linearisation 

Backbone vectors (SV40-EF1 for 2048 and 2049 and cytomegalovirus (CMV) for 

2248–2251) were linearised using the same restriction enzymes used to generate 

the insert sticky ends. Vectors were run on a 1 % agarose gel and purified. 

2.3.3 Ligation 

On ice, insert and backbone vector were mixed at a ratio between 3:1 and 

combined with T4 DNA ligase and 1X T4 DNA Ligase Buffer. After 1 min of 

incubation on ice, the mix was incubated for 20 min at 22 °C, before being 

transferred back to ice again. 

2.3.4 Transformation by Heat Shock 

Having generated the plasmid, 3 µL of the ligation product was mixed with 50 µL 

chemically competent DH5α E. coli cells taken from a glycerol stock and thawed 

on ice. Bacteria/plasmid mixes were incubated for 30 min on ice before being 

transferred for 45 sec to 42 °C to administer the heat shock. This was followed 

by regeneration for 5 min on ice. 
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2.3.5 Plasmid Preparation Using MiniPrep 

Freshly transformed E. coli were added to Luria-Bertani (LB) broth and were 

incubated for 60 min at 37 °C under shaking (1000 rpm). Subsequently, bacteria 

were plated on LB-agar plates with 100 µg/mL ampicillin and incubated overnight 

at 37 °C. The next day, single colonies were picked to inoculate bacterial cultures 

(6 mL LB broth containing 100 µg/mL ampicillin). Cultures were grown for 16 to 

18 h at 37 °C under shaking (~360 rpm). Next, bacteria were harvested, and 

plasmids were isolated using the PureLink Quick Plasmid Miniprep kit according 

to the manufacturer’s instructions. Plasmids were verified by Sanger Sequencing 

performed by Eurofins Genomics or GATC Biotech and pairwise alignment using 

Geneious software. 

2.3.6 Glycerol Stocks 

One of the positive clones was used to prepare a glycerol stock. To do so, 600 µL 

bacterial suspension in LB broth containing 100 µg/mL ampicillin was mixed with 

glycerol (final concentration 20 %) to a final volume of 1 mL and frozen at −80 °C. 

2.3.7 Plasmid Preparation Using MaxiPrep 

Glycerol stocks were used to inoculate 6 mL LB broth containing 100 µg/mL 

ampicillin for incubation overnight at 37 °C under shaking (~360 rpm) before then 

inoculating 150 mL LB broth containing 100 µg/mL ampicillin with 150 uL. 

Bacterial cultures were incubated for 16–18 h at 37 °C under shaking (~170 rpm). 

The PureLink HiPure Plasmid Maxiprep kit was then used according to the 

manufacturer’s instructions to isolate plasmids, and Sanger Sequencing was 

performed by Eurofins Genomics or GATC Biotech followed by pairwise 

alignment using Geneious software to verify plasmids. 

2.3.8 Production of Retroviruses in HEK293T Cells 

All work was carried out under S2 biosafety conditions. HEK293T cells low in 

passage number were plated in a 6-well tissue culture plate and incubated 
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overnight at 37 °C. The next day in the evening, when cells were approximately 

at 70–80 % confluency, cells were transfected for retroviral production: for each 

well, a 10 µL DNA master mix was prepared consisting of the retroviral construct 

(1.5 µg of 2048 and 2049, 2 µg of 2248, 2249, 2250, and 2251), gag-pol plasmid 

(for packaging of the virus; 1 µg of plasmid 57 in case of CMV-based plasmid [for 

2248–2251] and 0.65 µg of plasmid 925 in case of SV40-EF1 lentivirus-based 

plasmid [for 2048 and 2049]), vesicular stomatitis virus (VSV)-G plasmid (for entry 

into cells; 100 ng of plasmid 56 in case of CMV-based plasmid [for 2248–2251] 

and 0.35 µg of plasmid 926 in case of SV40-EF1 lentivirus-based plasmid [for 

2048 and 2049]) in FBS-free DMEM. A transfection reagent master mix, 

consisting of GeneJuice (transfection reagent; 8 µL for 2248–2251 and 5.5 µL for 

2048 and 2049) in FBS-free DMEM (100 µL/well for 2248–2251 and 150 µL/well 

for 2048 and 2049) was prepared and incubated for 5 min at room temperature. 

Next, the transfection reagent master mix was combined with the DNA mix and 

incubated for 20 min at room temperature to allow the complex formation of DNA 

and transfection reagent. Meanwhile, HEK293T cell medium was changed to 

fresh culture medium. Next, cells HEK293T cells were transfected with 100 µL of 

the DNA/transfection reagent (100 µL/well for 2248–2251 and 300 µL/well for 

2048 and 2049), mixed and incubated overnight at 37 °C. The next morning, the 

media was replaced with 2 mL RPMI containing 30 % FBS. After 30 h of 

incubation the medium containing the retrovirus was harvested through an 18G 

blunt needle using a 10 mL Luer-lock syringe and filtered through a 0.45 µm filter 

into a 50 mL tube. 

2.3.9 Retroviral Infection of Target Cells 

Per transduction, 2 x 105 THP-1 monocytes and 4 µg/mL polybrene were added 

to the retrovirus containing HEK239T cell medium tubes and tubes were 

centrifuged for 90 min at 32 °C. Afterwards, the cells were carefully resuspended 

in the virus-containing media and transferred to a 24-well tissue culture plate. 

Cells were incubated with the virus overnight at 37 °C. The next morning, the 

THP-1 monocytes were transferred to a 50 ml tube and centrifuged at 350 x g for 

5 min. The virus-containing supernatant was removed, and cells were 
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resuspended in fresh RPMI 10 % FBS and transferred to a new well of a 24-well 

plate. Cells were passaged four times before being switched to S1 biological 

safety conditions and selected. 

2.3.10 Selection of Infected Cells Using FACS 

In case of THP-1 monocytes transduced with 2048 and 2049, fluorescence-

activated cell sorting (FACS) was employed to select for successfully transduced 

cells. THP-1 monocytes were grown in 150 mL in T175 culture flasks. Once 

confluent, cells were pelleted at 340 x g for 5 min. Supernatant was removed, 

cells were washed with PBS, centrifuged at 340 x g for 5 min, and resuspended 

in 2–3 mL RPMI 10 % FBS. Cells were filtered through a 70 µm cell strainer to 

remove cell aggregates and handed to the Flow Cytometry Core Facility (Medical 

Faculty, University of Bonn) for FACS using the BD FACS Aria III. Sorted cells 

were pelleted at 340 x g for 5 min and resuspended in RPMI 10 % FBS at a 

density of 3 x 105 cells/mL. Cells were expanded until cell numbers were high 

enough to freeze down aliquots. 

2.3.11 Selection of Infected Cells Using Mammalian Selection Marker 

THP-1 monocytes successfully transduced with 2248, 2249, 2250, and 2251 

were selected through the addition of puromycin (10 µg/mL) to the culture 

medium and culturing for about seven days. Afterwards cells were expanded until 

cell numbers were high enough to freeze down aliquots. 

2.4 Stimulation & Inhibitors 

LPS only: Cells were stimulated with 200 ng/mL LPS in their respective media 

for 2 h at 37 °C. Next, cells were washed three times with PBS. 

LPS + nigericin: To activate the NLRP3 inflammasome, cells were stimulated 

with 200 ng/mL LPS for 2 h at 37 °C. Cells were then washed three times with 

PBS to remove all remaining LPS. Next, cells were stimulated with 10 µM 

nigericin for 90 min at 37 °C. 
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Nigericin only: Cells were stimulated with 10 µM nigericin for 90 min at 37 °C. 

DMSO + UT (23 h): Whole blood was mixed with DMSO (0.014 % final 

concentration) and incubated for 24 h at 37 °C.  

DMSO + LPS (23 h): Whole blood was mixed with DMSO (0.014 % final 

concentration) and incubated for 1 h at 37 °C. LPS (1 µg/mL final concentration) 

was added and samples were incubated for 23 h at 37 °C. 

CRID3 + LPS (23 h): Whole blood was mixed with cytokine release inhibitory 

drug 3 (CRID3) (5 µM final concentration) and incubated for 1 h at 37 °C. LPS 

(1 µg/mL final concentration) was added and samples were incubated for 23 h at 

37 °C. 

IFM-2384 + LPS (23 h): Whole blood was mixed with IFM-2384 (4 µM final 

concentration) and incubated for 1 h at 37 °C. LPS (1 µg/mL final concentration) 

was added and samples were incubated for 23 h at 37 °C. 

2.5 Transfer Experiments 

For all transfer experiments, the same relative EV concentrations were used: 

originally, experiments were carried out for THP-1 MΦ-derived EVs and their 

effect on THP-1 MΦs at a ratio of 40 EV donor cells to 1 EV recipient cell. EVs 

from 13 x 106 donor THP-1 MΦs were used to stimulate 325,000 recipient 

THP-1 MΦs in a volume of 300 µL in a 24-well plate. As the different cells used 

here were of different sizes and thus different cell numbers were plated in 24-well 

plates (or even other well plates were used), the concentration was left the same 

while the donor-to-recipient cell ratio changed. This would best represent the in 

vivo situation, where EV concentration levels would not change for cell types. It 

was thus ensured that for every 13 x 106 donor THP-1 MΦs, 300 µL of PBS was 

used to resuspend the final EV pellet. 300 µL was then applied to all 24-well 

plates (or 12-well plates with inserts the size of a 24-well), and 150 µL was 

applied to 96-well plates. 

For microscopy experiments, originally 2.4 x 106 donor THP-1 MΦs were used to 

stimulate 60,000 recipient THP-1 MΦs in a volume of 50 µL (slightly different 

concentration). Thus, for microscopy experiments here, EVs from 2.4 x 106 donor 
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THP-1 MΦs, were applied to every well of a 96-well plate in a total volume of 

50 µL. 

2.5.1 For Microscopy 

Per well, EVs from 2.6 x 106 PMA-differentiated THP-1 MΦs stimulated with LPS 

and nigericin were isolated and stained with R18 or CFSE (section 2.6.2) or 

isolated from enhanced green fluorescent protein (EGFP) THP-1 MΦs (section 

2.6.1). Different recipient cell numbers were used as indicated in the figures. 

EGFP THP-1 MΦ-derived 10K and SEC EVs were transferred to tandem dimer 

(td)Tomato THP-1 MΦs for 15 h. 

CFSE/R18-stained 10K and SEC EVs were transferred to THP-1 MΦs and A549 

and BEAS-2B epithelial cells at different time points (1 h, 3 h, 7 h, 15 h, 24 h), in 

competition with unstained 10K and SEC EVs (Either using different ratios of 

stained to unstained EVs at a constant overall EV concentration; or using stained 

EVs in the presence and absence of an excess of unstained EVs leading to an 

overall higher EV concentration), at different temperatures (4 °C vs 37 °C), and 

in the presence vs absence of 2 µM Cytochalasin D. 

CFSE/R18-stained 10K and SEC EVs were transferred to NHBEC, HUBEC, 

NHLF, naïve T cells, and active T cells for 15 h. 

2.5.2 For Sequencing 

10K and SEC EVs from 6.5 x 107 PMA-differentiated THP-1 MΦs, stimulated with 

LPS only or with LPS and nigericin, were isolated as outlined in section 2.6.1: 

• UT → untreated 

• 10KL → 10K EVs from LPS stimulated cells (15 h) 

• 10KLN → 10K EVs from LPS + nigericin stimulated cells (15 h) 

• SECL → SEC EVs from LPS stimulated cells (15 h) 

• SECLN → SEC EVs from LPS + nigericin stimulated cells (15 h) 

• LPS → LPS only (2 h) 

• Nig → Nigericin only (90 min) 
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These stimuli were used, in a reverse time course, to stimulate the following 

recipient cells:  

• NHBEC: 8 x 104 cells/transwell were seeded one month before the 

experiment and expanded for one week. After expansion, cells were 

airlifted and allowed to differentiate for three weeks. 

• HUVEC: 5 x 104 cells/well, seeded one week before the day of EV 

isolation and allowed to grow to full confluency on a transwell membrane. 

• NHLF: 1 x 105 cells/well, seeded three days before the day of EV isolation 

and allowed to grow to 70 % confluency. 

• naïve T cells: 2 x 105 cells/well were isolated on the day of EV isolation 

and cultured in an uncoated plate. 

• activated T cells: 2 x 105 cells/well were isolated one week before the 

experiment and activated in a CD3/CD28-coated plate for one week. 

To stimulate the different recipient cells, the old cell culture medium was removed 

and 290 µL (for HUVEC and NHLF) or 145 µL (for naïve and activated T cells) of 

EV-free medium was added. In case of NHBEC cells, the bottom chamber 

medium was exchanged to fresh medium. Stimuli were applied by addition to EV-

free medium (or directly on top of air-exposed NHBEC side) at respective times 

in 10 µL (NHBEC, HUVEC, and NHLF cells) or 5 µL (naïve and activated T cells) 

PBS. 

2.6 EV Isolation 

2.6.1 From Cell Culture 

THP‑1 MΦ cell culture supernatants were spun at 340 x g for 10 min at 4 °C to 

remove cells. Supernatants were transferred to new tubes and spun at 2,000 x g 

for 20 min at 4 °C to remove cell debris and pellet the 2K fraction. 2K 

supernatants were transferred to new tubes. 2K pellets were either used directly 

(for nanoparticle tracking analysis (NTA) measurements, if not stated otherwise) 

or washed in PBS and pelleted at 2,000 x g for 20 min at 4 °C (for transfer 

experiments, protein, and RNA extraction). 2K supernatants were then spun at 
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10,000 x g for 45 min at 4 °C to pellet the 10K fraction. 10K supernatants were 

transferred to new tubes. 10K pellets were either used directly (for NTA 

measurements, if not stated otherwise) or washed in 1 mL PBS and pelleted at 

10,000 x g for 45 min at 4 °C (for transfer experiments, protein, and RNA 

extraction). 10K supernatants were filtered through 0.22 µm filters and 

concentrated to a volume of 450–500 µL using Amicon tubes with a 10K cut-off 

according to the manufacturer’s protocol. Samples were adjusted to exactly 

500 µL using PBS and SEC was performed: room-temperature adjusted qEV 

original (70 nm Gen 2, IZON) SEC columns were washed with at least 10 mL 

PBS. 500 µL sample were applied to the column. Once absorbed by the column 

matrix, 2.5 mL PBS were added in steps of 500 µL. The flow through, consisting 

of fractions one to six, was discarded. Next, fractions seven, eight, and nine were 

collected by placing a 1.5 mL tube under the SEC column and applying another 

1.5 mL of PBS to the column. Finally, columns were washed with at least 10 mL 

PBS. Captured SEC fractions were either used directly (for NTA measurements, 

if not stated otherwise) or spun at 10,000 x g for 90 min at 4 °C to concentrate 

SEC EVs (for transfer experiments, protein, and RNA extraction). 

2.6.2 For Microscopy (Including Staining) 

THP‑1 MΦ cell culture supernatants were centrifuged at 340 x g for 10 min at 

4 °C to remove cells. Supernatants were transferred to a new 50 mL tube and 

centrifuged at 2,000 x g for 20 min at 4 °C to remove the 2K fraction. Next, 

supernatants were transferred to UC tubes and centrifuged at 10,000 x g for 

45 min to pellet the 10K fraction. The 10K pellet was resuspended in 1 mL PBS 

and 2 µL of CFSE was added to a final concentration of 20 µM CFSE in PBS. For 

an unstained control, the 10K pellet was resuspended in PBS without addition of 

CFSE and for a CFSE-only control, PBS (without EVs) was mixed with CFSE. 

Samples were incubated in the dark for 30 min at 37 °C, mixing tubes in between 

by flicking. Afterwards, tubes were centrifuged at 10,000 x g for 40 min and 

pellets were resuspended in PBS. 10K samples were kept on ice until transfer. 

The 10K supernatant (from the first 10,000 x g spin) was filtered through a 0.2 µm 

filter and centrifuged at 100,000 x g for 70 min. Thereafter, the pellet was 
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resuspended in 500 µL PBS. 0.5 µL of R18 was added to get a final concentration 

of R18 of 10 µM. As for the 10K pellet, a dye only control was generated by mixing 

PBS (without EVs) and R18 only, and an unstained control was generated by 

resuspending the pellet in PBS without the addition of R18. Samples were 

incubated in the dark for 30 min at 37 °C and mixed in between through flicking. 

After incubation with R18, SEC was performed as described above. Afterwards, 

samples were spun at 100,000 x g for 90 min at 4 °C to pellet SEC EVs. 

In some experiments, both 10K and SEC EVs were stained with CFSE or R18. 

In those cases, the same concentration of dye was used for both EV fractions. 

2.6.3 From Whole Blood 

16 mL of blood was drawn from healthy donors using either a 20 or 21 safety 

multifly needle and citrated (9-NC) S-Monovettes. Blood was transferred to four 

15 mL tubes (3.8 mL whole blood per tube). Whole blood was stimulated as 

described in section 2.4. After stimulation tubes were spun at 1,000 x g for 15 min 

with the brake off. Plasma was collected (about 2 mL per tube) and transferred 

to a new 15 mL tube. Tubes were centrifuged at 340 x g for 10 min to remove all 

remaining cells. Supernatant was transferred to new 15 mL tubes and spun at 

2,500 x g for 15 min to remove platelets from the plasma. The spin was repeated 

once to remove platelets completely. Samples were transferred to 1.5 mL UC 

tubes (2 tubes per condition, 1 mL per tube) and spun at 10,000 x g for 45 min at 

4 °C to pellet 10K EVs. Supernatant was removed and pooled (pooled per 

condition, different stimulations were still separate). 10K pellets were 

resuspended and pooled in a total of 1 mL PBS and used either directly (for NTA 

measurements) or pelleted at 10,000 x g for 45 min at 4 °C (for protein and RNA 

extraction). 100 µL of 10K supernatants was taken for TNFA and IL1B HTRFs. 

Remaining 10K supernatants were concentrated in Amicon tubes with a 10K 

cutoff. Concentrated 10K supernatants were then applied to SEC as described 

above. As only 500 µL of sample can be loaded per tube, SEC was performed 

twice per sample. SEC fractions were then filtered through a 0.22 µm filter and 

either used directly (for NTA measurements) or spun at 100,000 x g for 90 min at 

4 °C to pellet SEC EVs. In case of one experiment, instead of spinning samples 
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directly at 100,000 x g, immunoprecipitation using an antibody against 

apolipoprotein B (APOB) was performed: to prepare antibody-coated beads, 

Dynabeads coated with recombinant protein A were vortexed for 30 s and 

transferred to a 2 mL tube. The tube was placed on a DynaMag-2 magnet and 

the supernatant was removed. For each sample, 5 µL of APOB antibody was 

mixed with 200 µL of PBS with 0.02 % Tween 20 and added to the 2 mL tube 

containing the Dynabeads. Beads were incubated with antibodies under rotation 

for 10 min. Afterwards, 2 mL tubes were placed on the DynaMag-2 magnet and 

supernatant was removed. Antibody-coated beads were washed three times with 

200 µL of PBS with 0.02 % Tween 20 by removing the tube from the magnet, 

gently pipetting up and down, and then placing the tube back on the magnet and 

removing the supernatant. After the last wash, the PBS with 0.02 % Tween 20 

was removed and 1,500 µL of sample was added to the tube. Sample and 

antibody-coated Dynabeads were mixed through gentle pipetting followed by 

incubation under rotation for 20 min. Afterwards the supernatant was transferred 

to an UC tube and centrifuged at 100,000 x g for 90 min. 

2.7 Nanoparticle Tracking Analysis 

NTA was used to determine the concentration and size distribution of EV samples 

(both cell culture and blood-derived EV samples). During NTA, EVs resuspended 

in PBS are illuminated with a laser beam. The light scattered at the particle’s 

surface is detected by a camera, which enables visualisation of each individual 

particle. The particles in solution move due to Brownian motion, which directly 

correlates with particle size. Thus, the hydrodynamic diameter of particles can be 

calculated (Colombo et al, 2014). This is done using the Stokes-Einstein equation 

(Filipe et al, 2010). 

NTA was performed using the NanoSight NS300 with a Syringe Flow Pump to 

generate a constant flow and NanoSight NS300 NTA software version 3.4.4. 

First, the NanoSight chamber was washed using 1 mL of PBS at a flow rate of 

1,000. Samples were diluted in PBS to reach a concentration of about 

50-100 vesicles/frame. Samples were taken up into a syringe and 100 µL were 
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injected into the system using a flow rate of 1000. Next, the infusion rate was 

decreased to 20 and settings were adapted to the sample. For each sample, three 

measurements were captured with a duration of 60 sec each at a continuous 

syringe pump flow of 20 at 25 °C. The camera focus was manually adjusted for 

each sample. For 2K and 10K EVs, a camera level of 9 was used; for SEC EVs 

a camera level of 14 was used. After each sample had been analysed, the 

chamber was cleaned using at least 1 mL of PBS. For analysis of measurements, 

different detection thresholds were chosen depending on the EV fraction: 20 was 

used for 2K EVs, 10 for 10K EVs, and 5 for SEC EVs. 

2.8 Protein Biochemical Methods 

2.8.1 Cell Lysis for Protein Isolation 

Before lysis, cells were placed on ice and washed twice with PBS. Next, 

radioimmunoprecipitation assay buffer (RIPA) lysis buffer was added (50 µL per 

well in a 6-well plate, 20 µL per 1.5 mL tube for EV samples). Cells were scraped 

and transferred from plates to 1.5 mL tubes. Tubes were spun at 2,000 x g for 

15 min at 4 °C to remove nuclei. Supernatants were collected and either frozen 

at −80 °C or used directly. 

2.8.2 EV Lysis for Protein Isolation 

EVs were lysed after washing with PBS and centrifugation at 10,000 x g for 10K 

EVs or 100,000 x g for SEC EVs. PBS was carefully removed after centrifugation, 

and EVs were lysed in 2X RIPA lysis buffer. Tubes were vortexed and either 

frozen at −80 °C or used directly. 

2.8.3 Protein Measurements 

For protein concentration measurements, the Pierce BCA Protein Assay Kit was 

used according to the manufacturer’s instructions. In short, bovine serum albumin 

(BSA) standards were diluted to cover concentrations between 0 µg/mL and 
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2,000 µg/mL. An appropriate amount of working reagent was prepared by mixing 

50 parts of BCA reagent A with 1 part of BCA reagent B. Based on the expected 

protein concentration, samples were either left undiluted or diluted with water. 

Samples and standards were transferred to a 96-well cell culture plate with a flat 

bottom. Working Reagent was added to each well and plates were incubated for 

15 min at 37 °C in the dark. Absorbance was measured at 562 nm using the 

SpectraMax i3 Plate Reader. The average absorbance at 562 nm of the blank 

standard was then subtracted from the absorbance measurements of standards 

and samples. Using the standards, a standard curve was prepared and used to 

determine the protein concentration of the samples. 

2.8.4 SDS-Polyacrylamide Gel Electrophoresis 

For sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, sample 

volumes resulting in the desired amount of protein were mixed with NuPAGE 

lithium dodecyl sulfate (LDS) Sample Buffer and NuPAGE Sample Reducing 

Agent and filled up with water to a final volume of 20 µL per sample. Samples 

were transferred to a heating block and incubated for 10 min at 85 °C, shaking. 

PageRuler Plus pre-stained protein ladder and samples were loaded onto a 

NuPAGE 4-12 % Bis-Tris Gel with either NuPAGE MES or MOPS Running 

Buffer. Gels were run at ~90 mA for 1.5 h. 

2.8.5 Western Blotting 

After running gel electrophoresis, Western blotting was performed using the 

Xcell II Blot Module with transfer buffer and stacked with sponges, 

chromatography paper, and an Immobilon-FL polyvinylidene difluoride (PVDF) 

membrane previously activated for 30 sec in methanol. Western blotting was 

performed at 32 V for 1.5 h. 

After blotting, membranes were blocked with blocking buffer for 1.5–2 h at room 

temperature (or at 4 °C overnight). Primary antibodies were diluted in blocking 

buffer and membranes were incubated for 1.5–2 h at room temperature (or at 

4 °C overnight). Afterwards, membranes were washed thrice with tris-buffered 



 76 

saline (TBS) with 0.1% Tween 20 detergent (TBST) for 10 min at room 

temperature. Secondary antibodies were diluted in TBST and membranes were 

incubated for 1.5–2 h at room temperature (or at 4 °C overnight). Finally, 

membranes were washed two times in TBST and one time in TBS and imaged 

using the LICOR Odyssey. 

2.8.6 Simple Western WES 

Western blotting using the Simple Western WES system was performed as an 

alternative to the above-described standard Western blotting procedure, 

according to the manufacturer’s instructions. In short, samples were lysed as 

described above. Lysates were diluted in 0.1 X sample buffer to the required 

protein amount. Generally, 3–5 µg of protein was used per sample. Samples 

were then mixed with 5X Fluorescent Master mix that had been previously 

prepared with either dithiothreitol (DTT; for reduced samples) or H2O (for non-

reduced samples). Samples were denatured for 10 min at 95 °C. Primary 

antibodies were diluted with antibody diluent. WES plates were pipetted 

according to the manufacturer’s pipetting scheme with the exception of using 5 µL 

prepared sample instead of 3 µL (to ensure no air was later sucked into the 

system). A 12–230 kDa kit was used with a separation time of 25 min and 375 V, 

a primary antibody time of 90 min and a secondary antibody time of 30 min. 

Results were analysed using the Compass for Simple Western software. 

2.8.7 Detergent-Free Cell Fractionation 

1.5 x 106 THP-1 MΦs/well were seeded on a 6-well plate and stimulated. Cells 

were washed with PBS and detached from the cell culture plate using PBS with 

0.5 mM EDTA. After pelleting cells at 350 x g for 10 min at 4 °C, cells were 

resuspended in either 50 µL or 200 µL PBS containing 1X cOmplete EDTA-free 

Protease-Inhibitor and 1X PhosSTOP phosphatase inhibitor. In case of the 

control (no fractionation possible as membranes disrupted), cells were 

resuspended in 200 µL of 1 % Triton-X-100 in PBS containing 1X cOmplete 

EDTA-free Protease-Inhibitor and 1X PhosSTOP phosphatase inhibitor. Cell 
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disruption was carried out by vortexing samples for 5 sec followed by using a 

Dounce homogeniser for five strokes. Centrifugation at 350 x g for 10 min at 4 °C 

was performed to pellet intact cells. Next, supernatants were centrifuged at 

100,000 x g for 1 h at 4 °C to pellet membranes and to recover the cytosolic 

fraction (supernatant). Western blotting for calnexin (CANX) was performed to 

check for successful fractionation. 

2.8.8 Luciferase Assay 

To detect in-gel luciferase activity, the Nano-Glo In-Gel Detection System was 

used according to the manufacturer’s instructions. In short, cells were lysed using 

RIPA lysis buffer and separated using SDS-polyacrylamide gel electrophoresis 

as described above (section 2.8.4). To remove SDS and allow refolding of nano 

luciferase (NLuc), SDS was removed by washing the gel three times in 25 % 

isopropanol and two times in water, each wash for 15 min. The gel was then 

immersed in Nano-Glo In-Gel Detection Reagent supplemented with Nano-Glo 

Luciferase Assay Substrate and placed into the chemiluminescent Sapphire 

Biomolecular Imager (Azure). An image was taken 35 min after immersion in the 

detection reagent with a 2-min exposure time. 

 

To detect NLuc activity in solution, the Nano-Glo Luciferase Assay System was 

used according to the manufacturer’s instructions. In short, 1.5 x 106 THP-1 MΦs 

or EVs from 30 x 106 THP-1 MΦs were resuspended in 1 mL or 30 µL PBS 

respectively. Nano-Glo Luciferase Substrate was prepared and both substrate 

and samples were equilibrated to room temperature. 30 µL of the sample was 

mixed with 30 µL of the substrate in a white 96-well cell culture plate (Cellstar). 

Beginning 3 min after mixing, luciferase activity was measured continuously using 

the SpectraMax i3 Plate Reader (Molecular Devices). 

2.8.9 HTRF 

Homogeneous time resolved fluorescence (HTRF) assays were performed to 

determine IL-1β and TNF-α protein levels. Experiments were carried out 
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according to the manufacturer’s instructions. In short, the d2 antibody was mixed 

with the cryptate antibody at a 1:1 ratio. Standards were prepared using PBS. In 

case of hTNF-α, the highest standard had a concentration of 7,500 pg/mL. The 

highest standard for IL-1β had a concentration of 6,500 pg/mL. Blanks were 

included. 12 µL/well of standards, blanks, and samples were added to a low-

volume 384-well plate. 3 µL of antibody mix was added to each well. Plates were 

centrifuged at 340 x g for 1 min and incubated for 3 h or overnight at room 

temperature. Fluorescence was read using the SpectraMax i3 Plate Reader with 

the HTRF cartridge. 

2.9 Microscopy Experiments 

2.9.1 Recipient Cell Staining With CellTrace Far Red 

To stain recipient cells with CellTrace Far Red, different numbers of cells were 

seeded in a 96-well plate and allowed to attach overnight. The next day, culture 

medium was removed and cells were washed with PBS. 50 µL of 0.5 µM 

CellTrace Far Red in PBS was added per well and cells were incubated for 20 min 

at 37 °C. Staining solution was removed and cells were washed twice with culture 

medium containing FBS. After the last wash, FBS-containing culture medium was 

left on the cells for 10 min to allow the CellTrace Far Red reagent to undergo 

acetate hydrolysis. FBS containing medium was then removed, cells were 

washed once, and normal cell culture medium was added. 

2.9.2 Cell Fixation 

To fix cells, stimulation medium was removed from wells and cells were washed 

twice with PBS. 4 % paraformaldehyde (PFA) was applied for 30 min at room 

temperature. Afterwards, cells were washed two times with PBS. 
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2.9.3 Recipient Cell Staining With Hoechst 34580 and Fixation 

After stimulation, before fixation, cells were stained with Hoechst 34580. 

Stimulation medium was removed and 100 µL of 0.4 µg/mL Hoechst 34580 in 

PBS was applied for 15 min at 37 °C. Afterwards, cells were washed with PBS 

and 100 µL of 4 % PFA was applied for 10–15 min at room temperature in the 

dark. Finally, PFA was replaced by PBS and cells were stored at 4 °C in the dark 

until imaging. 

2.9.4 Recipient Cell Staining With DRAQ5 and Fixation 

After stimulation, stimulation medium was removed, and cells were washed with 

PBS. After the wash, cells were fixed with 4 % PFA containing 5 µM DRAQ5 for 

10 min at room temperature. Afterwards, PFA was removed and cells were 

washed with PBS. Finally, PBS was added to cells and cells were stored at 4 °C 

in the dark until imaging. 

2.9.5 Cryo-Embedding of ALI Cultures 

After fixation as described above, transwell inserts were removed. Using a 

scalpel, the membrane was cut out from the insert. The membrane was then put 

cell side up on the table and cut through the middle, creating two semicircles. An 

embedding chamber was filled about halfway with TissueTek and the two 

membrane halves were inserted so that they stood up (cut side faces bottom, 

round side up). More TissueTek was added to completely cover the membrane. 

Embedding chambers were then put on dry ice and allowed to solidify. Once solid, 

samples were moved to the −80 °C freezer. 

2.9.6 Cryostat 

Samples were cryosliced either in our lab using the Leica cryostat or at the 

Histology Platform (University Hospital Bonn, Dermatology Department). After 

preparing the cryostat, samples were thawed slightly to allow removal from the 

embedding chamber. Using TissueTek, samples were put on a stamp and 
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allowed to freeze. The stamp was put into the cryostat holder. The first slices 

were discarded until the membranes were visible. Slice thickness was set to 4 µm 

and slices were moved to glass slides. Slides were allowed to dry overnight at 

4 °C. 

2.9.7 Antibody Staining 

After allowing slides to dry overnight, samples were moved to room temperature 

and quenched with 150 nm ammonium chloride for 30 min. Next, samples where 

permeabilised with permeabilisation buffer for 5–10 min. Permeabilisation buffer 

was removed, and samples were incubated with blocking buffer for 45 min at 

room temperature or overnight at 4 °C. After blocking, the primary antibody was 

applied in blocking buffer for 1 h at room temperature followed by two washes for 

3 min each with blocking buffer. Next, the secondary antibody was applied in 

blocking buffer for 45 min at room temperature in the dark, followed by two 

washes for 3 min each with blocking buffer. Next, Acti-stain 488 was applied at a 

concentration of 100 nM for 30 min at room temperature in the dark. This was 

followed by three washes for 3 min each using PBS. Finally, samples were 

stained by applying Hoechst 34580 for 10 min at room temperature, two washes 

with PBS for 3 min each and mounting of samples using Aqua-Poly/Mount 

mounting medium. Samples were dried overnight at room temperature in the dark 

and moved the next day to 4 °C. 

2.9.8 Image Acquisition 

Images were acquired at the Microscopy Core Facility (Medical Faculty, 

University of Bonn) using the Leica TCS SP8 microscope with the Leica 

Application Suite X software version 3.5.5. A HC PL APO CS2 water objective 

with 63X magnification and 1.20 aperture was used for most experiments; for 

imaging ALI slices, a HC PL APO CS2 oil objective with 63X magnification and 

1.40 aperture was used for image acquisition. The image format was set to have 

the proper sampling rate at the respective zoom factor. In some experiments, line 

averaging was set to 4. Images were acquired at room temperature, except for 



 81 

imaging EGFP and tdTomato THP-1 MΦs; these cells were imaged at 37 °C and 

5 % CO2. The following lasers (with the argon laser set to 20 % power) were used 

for the indicated fluorophores/dyes: the Diode 405 laser was used for Hoechst 

34580, the 496 nm argon laser line was used for CFSE and Acti-Stain 488, the 

DPSS 561 laser was used for R18, and the HeNe 633 laser was used for 

CellTracer Far Red, AF647, and DRAQ5. 

HyD detectors were used to detect emitted light from fluorophores/dyes. In the 

last sequence, transmitted light detector (TLD) was enabled with the PMT voltage 

set to around 550 V. 

Images were saved as Leica image files (.lif). 

2.9.9 Fiji/ImageJ 

Leica image files from confocal imaging were opened in Fiji/ImageJ. In case of 

z-stacks, five images from the middle of each stack (in order to exclude EVs 

attached to the cell surface and only analyse EVs taken up by cells) were selected 

manually and a maximum intensity projection was created. In all other cases 

(non-z-stack files), images were just opened in Fiji/ImageJ. Next, images were 

split into their individual channels and if needed, each channel was saved 

individually as TIF file. The individual channel images were then combined to 

create a composite image with or without a scale bar, saved either as TIF or PNG. 

Scale bar lengths are indicated in figure legends. 

2.9.10 ilastik 

For some images, instead of directly identifying nuclei in cell profiler, nuclei were 

first detected and enhanced using ilastik. ilastik employs machine learning for 

pixel classification. Nuclei channel images were used as input. 1 and 6 were 

used across Color/Intensity (Gaussian Smoothing), Edge (Laplacian of Gaussian, 

Gaussian Gradient Magnitude, Difference of Gaussians), and Texture (Structure 

Tensor Eigenvalues, Hessian of Gaussian Eigenvalues). Training was performed 

by labelling nuclei and background. Predictions were exported using probabilities 

as a source. The following image export options were adapted: the cutout 
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subregion for c was changed from all to start with 0 and stop at 1. The data type 

was converted from a float32 image to unsigned 8-bit. Renormalisation was 

performed from 0.00 and 1.00 to 0 and 255. The output file format was set to TIF. 

2.9.11 Cell Profiler 

Cell Profiler was used to quantify EV uptake. Three different pipelines were used. 

For all three pipelines, microscopy images were opened in Fiji/ImageJ, maximum 

projections of z-stacks were created, and images were split into their individual 

channels as described above (section 2.9.9). In case of the nuclei channel, ilastik 

(section 2.9.10) was used to find and enhance nuclei. The outputs of Fiji/ImageJ 

and ilastik were loaded into Cell Profiler as TIF files. Metadata was extracted from 

file names to identify channels 1, 2, and 3. Channel 1 was named DNA, channel 

2 EV, and channel 3 Cell. 

 

To quantify EV uptake in general by measuring the overall fluorescence per cell, 

the following pipeline was created and used:  

The IdentifyPrimaryObjects module was used to identify cell nuclei using the DNA 

images as input. The typical diameter of objects was set to be between 120 and 

290 pixels. Objects outside the diameter range and touching the border of the 

image were discarded. A Global Thresholding strategy with the Robust 

Background method was chosen, with the lower and upper outlier fractions being 

0.02 each. A threshold smoothing scale of 1.3488 and a correction factor of 1.86 

with lower and upper bounds of 0.001 and 1.0 respectively were chosen. The 

Shape method was used to distinguish clumped objects. Holes in identified 

objects were filled after both thresholding and declumping. 

Based on the identified nuclei, recipient cells were identified using the 

IdentifySecondaryObjects module. The Propagation method with Adaptive 

Thresholding strategy using the Otsu method was chosen. Two-class 

thresholding with a smoothing scale of 1.5 and a correction factor of 0.8 and lower 

and upper bounds of 0.0 and 1.0 was chosen. An adaptive window of 50 was 

used. 
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Next, the MeasureObjectIntensity module was employed to measure EV 

fluorescence intensity per recipient cell.  

Finally, the ExportToSpreadsheet module was used to create output Excel files. 

 

To quantify EV uptake and to differentiate between EVs sticking to the outside of 

cells and EVs actually taken up by cells, the following pipeline was used: 

Nuclei were identified using the IdentifyPrimaryObjects module selecting DNA as 

input. The typical diameter was set to be between 120 and 300 pixels. Objects 

outside the diameter range were discarded, as were objects touching the border 

of the image. A Global Threshold strategy was chosen using the Otsu 

Thresholding method with two-class thresholding. A threshold smoothing scale 

of 1.3488 with a threshold correction factor of 2 was chosen. The lower and upper 

bounds of the threshold were 0.0001 and 1.0 respectively. To distinguish clumped 

objects the Shape method was chosen. The size of the smoothing filter for 

declumping was calculated automatically, as was the allowed distance between 

local maxima. Holes in identified objects were filled after both thresholding and 

declumping.  

Having identified the nuclei, the recipient cells were identified using the 

IdentifySecondaryObjects module on the Cell input image and taking the 

identified nuclei as input objects. The identified objects were named Recipients. 

The Propagation method was chosen to identify the secondary objects using an 

Adaptive Thresholding strategy with the Otsu Thresholding method and two-class 

thresholding. A smoothing scale of 1.5 was chosen and a correction factor of 0.8. 

The lower and upper bounds on the threshold were set to 0.0 and 1.0 

respectively. The size of the adaptive window was set to 50. A regularisation 

factor of 0.05 was used. Holes in identified objects were filled, and secondary 

objects touching the border of the image were discarded together with the 

associated primary objects.  

Next, the ExpandOrShrinkObjects module was used to shrink recipient cells by 

20 pixels. The same module was then applied again to expand recipient cells by 

100 pixels.  
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Using the module MaskImage twice in a row, two masks were created: Once for 

EVs inside of cells called InsideCellEVs and one for EVs sticking to the cell 

membrane called OutsideCellEVs. The first mask uses the EV image as input 

and the shrunken recipient cells as the object for the mask. The second mask 

inverts the first mask.  

The IdentifyPrimaryObjects module was then used to identify EVs inside cells 

using the first mask as input. The typical diameter of objects was set between 5 

and 100 pixels and objects outside the diameter range were discarded. An 

Adaptive Threshold strategy using the Robust Background method was chosen 

with a lower and upper outlier fraction of 0.05 each. The Mean Averaging method 

was chosen together with the Standard Deviation Variance method, allowing for 

2.0 deviations. A threshold smoothing scale of 1.3488 was chosen with a 

correction factor of 1. Lower and upper bounds of 0.2 and 1.0 were chosen on 

the threshold. Clumped objects were distinguished by intensity and holes in 

identified objects were filled after both thresholding and declumping. The same 

module was then used again with exactly the same settings but using the second 

mask as input to identify vesicles surrounding the cell membrane. 

Using the RelateObjects module twice, inside vesicles were related to shrunken 

recipients and vesicles surrounding cell membranes were related to expanded 

recipients.  

Finally, EV signal intensity was measured using the MeasureObjectIntensity 

module on the EV channel and all data was exported to Excel spreadsheets using 

the ExportToSpreadsheet module. 

 

While the above-described pipelines were used to originally gain an 

understanding of EV uptake with regards to EV binding vs actual uptake, a 

simpler pipeline that did not require recipient cell staining was used for later 

experiments: microscopy images were opened in Fiji/ImageJ, channels were 

split, and saved individually as TIF files. The nuclei and EV channels were loaded 

into Cell Profiler and named DNA and EV respectively. 

The IdentifyPrimaryObjects module was used on the DNA channel image to 

identify cell nuclei allowing a typical diameter of objects between 80 and 200 and 
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discarding objects outside the diameter range but not those touching the border 

of the image. A Global Thresholding strategy was employed using the Robust 

Background method with a lower and upper outlier fraction of 0.02.  

Next, the MeasureImageIntensity module was used to measure EV fluorescence 

intensity.  

Finally, the ExportToSpreadsheet module was used to export data, in particular 

nuclei count and EV fluorescence intensity, to Excel spreadsheets. 

2.10 Molecular Genetics 

2.10.1 RNA Isolation (including gDNA removal) 

To isolate RNA from EVs for qPCR and microarray analysis, EVs from 

30 x 106 THP-1 MΦs per condition were isolated as described above (section 

2.6.1). After the final centrifugation spin, 10K and SEC pellets were lysed in 

350 µL Buffer RLT Plus containing β-ME (10 µL per mL). Samples were vortexed 

vigorously. 

To isolate RNA from EVs derived from human blood, EVs from 2 mL plasma were 

isolated as described above (section 2.6.3). After the final centrifugation spin, 

EVs were lysed in 350 µL Buffer RLT Plus containing β-ME (10 µL per mL). 

Samples were vortexed vigorously. 

 

To isolate RNA from cells for qPCR analysis, 1 x 106 THP-1 MΦs were seeded 

in 6-well plates. After stimulation, cells were washed once with PBS. 700 µL 

Buffer RLT Plus containing β-ME (10 µL per mL) was added. Samples were 

vortexed vigorously. 

 

Samples in Buffer RLT were either frozen at −80 °C and stored for future use, or 

directly used for RNA isolation. RNA isolation was performed using the RNeasy 

Plus Micro Kit. In case of frozen samples, lysates were thawed on ice. From then 

on, work was carried out at room temperature. 350 µL of lysates were transferred 

to a gDNA eliminator spin column. Columns were spun at 8,000 x g for 30 sec. 
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The flow-through was kept and 525 µL of 100 % EtOH was added. After mixing, 

samples were transferred to a RNeasy MinElute spin column and centrifuged at 

8,000 x g for 15 sec. The flow-through was discarded and the column was 

washed with 500 µL buffer RPE at 8,000 x g for 15 sec and then for 2 min. 

Afterwards, the column was centrifuged with an open lid at full speed for 5 min. 

Elution of RNA from the column was achieved through the addition of 14 µL 

RNase-free water directly to the column membrane. The column was then 

centrifuged at full speed for 1 min. 

2.10.2 RNA Concentration Measurement 

RNA concentrations were measured using the Qubit HS RNA assay kit according 

to the manufacturer’s protocol. In short, a Qubit Working Solution was prepared 

by mixing Qubit Buffer with Qubit Reagent 200:1. 190 µL of Qubit Working 

Solution was then mixed with 10 µL of Qubit Calibration samples to calibrate the 

Qubit. Standard one acts as a blank (0 ng/mL RNA), while standard two has a 

final concentration of 500 ng/mL RNA. To determine sample RNA concentrations, 

199 µL of Qubit Working solution was mixed with 1 µL of sample RNA. Samples 

and calibration samples were vortexed and incubated for 2 min followed by 

measuring of the RNA concentration using the Qubit instrument. 

 

For microarray samples, RNA concentration and quality were determined using 

automated-electrophoresis with the high-sensitivity RNA Screen Tape of the 

2200 Tape Station according to the manufacturer’s instructions. In short, 

reagents were equilibrated to room temperature for 30 min. RNA samples were 

kept on ice. A ladder was prepared by adding 10 µL of RNase free water to the 

High Sensitivity RNA Ladder. Per run, 2 µL of the ladder was mixed with 1 µL 

High Sensitivity RNA Sample Buffer. Samples were prepared by mixing 1 µL of 

High Sensitivity RNA Sample Buffer with 2 µL of sample RNA. Samples and 

Ladder were spun down and vortexed at 2,000 rpm for 1 min. Next, samples and 

ladder were spun down and denatured for 3 min at 72 °C. Samples and ladder 

were immediately placed on ice for 2 min and spun down again before being 

loaded into the 2200 TapeStation instrument. 
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2.10.3 cDNA Synthesis 

For cDNA synthesis, a master mix consisting of 5X first-strand buffer, 10 mM 

dNTP mix and 0.1 M DTT with a total volume of 6 µL per sample was prepared. 

A sample volume corresponding to 300 ng of RNA was taken and adjusted to 

12.9 µL using nuclease-free water. The sample with the highest RNA 

concentration was additionally used for a no reverse transcriptase control. 1 µL 

of oligo dTs was added to each sample and samples were spun down. Next, 

samples were heated for 5 min at 65 °C. Afterwards, samples were immediately 

placed on ice for a minute and spun down. 6 µL of master mix was added to the 

no reverse transcriptase control. 0.1 µL SuperScript III Reverse Transcriptase 

was then added to the master mix. 6.1 µL of this master mix containing 

SuperScript was then added to each sample. Samples were heated for 50 min at 

50 °C followed by heating for 5 min at 85 °C. 

2.10.4 qPCR 

qPCR was performed in duplicates. First, forward and reverse primers were 

mixed and diluted with nuclease-free water to a final primer concentration of 2 µM 

each. A master mix consisting of 1X Power SYBR Green PCR Master Mix, 2 µM 

primer mix, and nuclease-free water was generated. 8 µL of master mix was 

added per well to a 384-well plate and mixed with 2 µL of diluted cDNA per well. 

Plates were centrifuged at 1,000 x g for 5 min to remove air bubbles. qPCR was 

run using the QuantStudio 6 Flex System using the comparative CT method and 

standard run setting. Melting curves were included. 

2.11 Bioinformatic Methods 

2.11.1 Microarray 

Samples were stimulated as described above (section 2.4) and EVs were isolated 

as described before (section 2.6.3). RNA was isolated from EVs as described 

(section 2.10.1) and RNA concentration and quality was checked using the Qubit 
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system (section 2.10.2). RNA was sent to the Gene Expression Affymetrix Facility 

at the Center for Molecular Medicine Cologne where samples were processed 

using the Clariom D Pico Microarray. 

Samples were then analysed in Australia with the help of Dr. Jamie Gearing. Data 

analysis was performed using R version 4.2.1 (R Core Team, 2022) and RStudio 

version 2022.07.1 build 554 (RStudio Team, 2022). First, sample CEL files were 

imported using the oligo package version 1.58.0 (Carvalho & Irizarry, 2010). This 

creates a human transcriptome array (HTA) FeatureSet data object. Using the 

pData function of the Biobase package version 2.56.0 (Huber et al, 2015), sample 

group information was added to the HTAFeatureSet object. Robust multichip 

average algorithm (RMA) normalisation was performed with the rma function of 

the oligo package with target set to core. The rma function performs background 

correction, quantile normalisation and summarisation via median-polish on the 

core or probeset level (Irizarry et al, 2003b; Bolstad et al, 2003; Irizarry et al, 

2003a). Summarisation on the core level allows analysis at the gene level, while 

summarisation on the probeset level allows the investigation of transcript 

isoforms. 

Feature annotation was performed using the Thermo Fisher Scientific-provided 

Clariom_D_Human.ng36.hg38.transcript.csv file as well as EntrezID, gene 

symbol and gene name information derived from Bioconductor with help of the 

clariomdhumantranscriptcluster.db package version 8.8.0 (MacDonald, 2021). 

Data was filtered to only consist of main category probes. According to 

ThermoFisher some transcripts show potentially anomalous behaviour. These 

transcripts were removed, together with non-coding and unassigned transcripts. 

 

The limma package version 3.52.4 (Ritchie et al, 2015) was used for data 

analysis. Multidimensional scaling (MDS) plots were generated to examine the 

distances between the samples based on their gene expression profiles using the 

plotMDS function of the limma package. The 500 top genes were used to 

calculate pairwise distances. MDS plots were then assessed for clustering of 

samples according to experimental factors and batch effects. Initial MDS plots 
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showed a donor and a microarray batch effect. The batch effects were removed 

from the data using the removeBatchEffect function to re-generate MDS plots. 

 

Linear modelling was performed. A design matrix without an intercept term was 

set up using the sample group, donor, and microarray date as factors. Using the 

donor and microarray date as a factor in the design matrix accounted for the 

observed batch effects. Model contrasts were set up for pairwise comparisons 

between the different stimuli and respective untreated samples (e.g., 10KL vs 

10KD or 10KCL vs 10KD) as well as between uninhibited LPS stimulations and 

respective inhibited stimulations (e.g., 10KL vs 10KCL). Linear modelling was 

then performed on RMA-normalised values with the lmFit function. The 

contrast.fit function was then used to estimate coefficients and standard errors 

for the contrasts of interest, by subtracting relevant log2 expression values 

according to the contrast matrix, to create log2 fold changes (log2FC) for the 

different contrasts. 

 

Two different methods were used to rank genes in order of evidence for 

differential expression: the eBayes and treat functions. Both use an empirical 

Bayes method and compute moderated t-statistics with corresponding two-sided 

p-values. The eBayes function additionally computes log-odds of differential 

expression, moderated F-statistics, and p-values corresponding to the F-statistics 

(Phipson et al, 2016). While eBayes tests for genes that have true log2FC different 

from zero, treat tests whether the true log2FC is greater than a set log2FC 

threshold (lfc) in absolute value (Mccarthy & Smyth, 2009). Here, lfc was set to 

1.2. The decideTests function was used on the output of both the eBayes and 

treat function to analyse which genes were significantly up- or downregulated. 

The function applies a multiple testing procedure and a significance level cut-off 

to the statistics to determine whether a gene can be considered significant. A 

table of the top-ranked significant genes was generated using the topTable or 

topTreat functions (eBayes and treat results respectively) with the p.value cut-off 

set to 0.05. 
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For comparisons that showed differentially abundant transcripts, mean-difference 

plots (MD plots, also known as MA plots) were generated using the plotMD 

function with the eBayes results. 

Expression plots of individual transcripts of interest were generated using the 

beeswarm function on the normalised expression data with removed batch 

effects. 

A heatmap was generated using the pheatmap function of the pheatmap package 

(Raivo, 2019) with the normalised expression data with removed batch effects. 

To compare our current data to previous microarray data generated by Dr. 

Christina Budden, we used the barcodeplot function. Transcripts that showed 

differential abundance when comparing THP-1-derived 10KLN EVs with 10KL 

EVs in data from Dr. Christina Budden were visualised: they were ranked based 

on their t-statistic calculated when comparing whole blood-derived 10KL vs 10KD 

EVs in this dataset and visualised as vertical bars in a barcode plot. Enrichment 

worms were calculated using the tricubeMovingAverage function to visualise the 

relative enrichment of these vertical bars and thus to show how the previously 

identified differentially abundant transcripts are distributed in the current data. 

2.11.2 Sequencing 

After stimulation (section 2.5.2), supernatants were collected for TNF-α and IL-1β 

measurements and recipient cells were washed three times with PBS followed by 

lysis in 50 µL (for naïve and activated T cells) or 100 µL lysis buffer (for NHBEC, 

HUVED, and NHLFs). EVs from 13 x 106 THP-1 MΦs per condition were lysed in 

10 µL lysis buffer. The lysis buffer was provided by the Schmid-Burgk lab. 

 

Whole cell lysates were then given to Dr. Jonathan Schmid-Burgk and Marius 

Jentzsch for library preparation (using 2 µL per sample) and sequencing. 

Libraries were prepared directly from whole cell lysates without previous RNA 

isolation and quantification. Paired-end sequencing was performed two times on 

the same library on the NextSeq 2000 platform using NextSeq 2000 P3 reagents 

for 50 cycles. 
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The data was then analysed by me with the help of Dr Jamie Gearing. 

Sequencing quality control was performed using FastQC (Andrews et al, 2017) 

on all FASTQ files. To summarise FastQC results, MultiQC (Ewels et al, 2016) 

was used. 

 

Data analysis was performed using R version 4.2.1 (R Core Team, 2022) and 

RStudio version 2022.07.1 build 554 (RStudio Team, 2022). Sequencing reads 

of both runs were aligned to the human reference genome (Homo sapiens 

GRCh38, release 107) downloaded from the Ensembl database (Cunningham et 

al, 2022) and BAM files were created using the align function of the Rsubread 

package version 2.10.5 (Liao et al, 2014, 2019) with default parameters. Gene-

level counts were generated using the featureCounts function of the Rsubread 

package with BAM files of both runs as input and the Ensembl version 107 GTF 

file, setting isPairedEnd to TRUE and strandSpecific to 0 (unstranded). 

 

The edgeR (Robinson et al, 2010; McCarthy et al, 2012; Chen et al, 2016b) and 

limma (Ritchie et al, 2015) packages (versions 3.38.4 and 3.52.4 respectively) 

were used for data pre-processing, linear modelling, and analysis: 

 

The count table was transformed to a DGEList object using the 

featureCounts2DGEList function. Using the sumTechReps function the counts of 

the two library runs were combined. Genes that were not detected in any samples 

were removed. Finally, genes were annotated with the biomaRt package version 

2.52.0 (Durinck et al, 2005, 2009). 

 

For data pre-processing, samples were filtered to remove those with a library size 

smaller than or equal to 1 x 104, leading to the removal of 32 samples. After 

filtering, the library sizes ranged from 1.2 x 104 to 2.6 x 107. Next, using the 

filterByExpr function incorporating the sample group and with min.count set to 10, 

lowly expressed genes were removed. Normalisation by the method of trimmed 

mean of M-values (TMM; Robinson & Oshlack, 2010) was performed using the 

calcNormFactors function on the DGEList object. The function calculates scaling 
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factors to convert raw to effective library sizes. MDS plots were then generated 

using the plotMDS function of the limma package to access if samples cluster 

according to experimental factors and batch effects. 

 

For linear modelling, a design matrix without an intercept term was set up using 

the sample group as a factor: model.matrix(~0 + group). Model contrasts were 

set up for pairwise comparisons between the different stimulations and respective 

untreated samples. Linear modelling was performed using the voomLmFit 

function, which calculates log2CPM values with accommodated mean-variance 

relationships using precision weights calculated with the voom method (Law et 

al, 2014) and then returns group averages of individual log2CPM values. The 

contrast.fit function was then used to estimate coefficients and standard errors 

for the contrasts of interest, by subtracting relevant log2CPM values according to 

the contrast matrix, to create log2FC for the different contrasts. 

 

Two different methods were used to rank genes in order of evidence for 

differential expression: the eBayes and treat functions. Both use an empirical 

Bayes method and compute moderated t-statistics with corresponding two-sided 

p-values as described above (section 2.11.1). The lfc was set to 1 for the treat 

method. The decideTests function was used on the output of both the eBayes 

and treat function to analyse which genes were significantly up- or 

downregulated. A table of the top-ranked significant genes was generated using 

the topTable or topTreat functions (eBayes and treat results respectively) with the 

p.value cut-off set to 0.05. 

 

For comparisons that showed differentially expressed (DE) genes, mean-

difference plots were generated using the plotMD function with the eBayes or 

treat results. 

Heat maps were generated using the pheatmap function of the pheatmap 

package (Raivo, 2019) with relative log2CPM values. log2CPM for each 

stimulation were normalised to the respective untreated condition. To do so, 

log2CPM values per group for untreated conditions were calculated using the 
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edgeR function cpmByGroup with log = TRUE. These log2CPM group values for 

untreated conditions were subtracted from the relevant sample log2CPM values, 

resulting in relative log2CPM values.). The top 20 most variable genes (ranked by 

p-value) between 10KLN and untreated samples were shown. 

 

Gene set testing (Subramanian et al, 2005) was performed by applying the pre-

ranked camera function (cameraPR; Wu & Smyth, 2012) of the limma package 

to the eBayes t-statistics as input to test whether genes in the following gene sets 

were highly ranked relative to genes not present in the set, taking inter-gene 

correlation into account. Molecular Signature Database (MSigDB) gene set 

collections were obtained using the msigdbr package version 7.5.1 and included 

the hallmark gene sets (h), which were derived by aggregation of many MSigDB 

gene sets to represent coherently expressed signatures that represent well-

defined biological states or processes (Liberzon et al, 2015), the curated gene 

sets (c2) that took gene sets from online pathway databases such as the 

Reactome database, PubMed publications, and domain expert knowledge, and 

the gene ontology (GO) gene sets (c5) that includes gene sets with genes 

annotated by common GO terms. Camera results are shown as heat maps 

generated using the pheatmap function, displaying the average log2FC of all 

genes in the set, annotated by significance of the camera results (−log10 adjusted 

p-value; * p < 0.05). 

 

Barcode plots were generated using the barcodeplot function of the limma 

package to check if up- or downregulated genes found in previous experiments 

(Budden et al. 2021) showed the same pattern in this experiment. Vertical bars 

indicate genes in the dataset that were also found in the previous experiments, 

with genes previously found to be upregulated on the top in red and genes 

previously found downregulated on the bottom in blue. Genes are ordered by 

significance (eBayes t-statistic). 
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2.12 Illustrator/Affinity Designer 

If not stated otherwise, figures were created using Adobe Illustrator version 27.1.1 

or Affinity Designer version 1.10.6. 

2.13 Statistical Analysis 

Typically, three to five independent experimental runs were performed and 

results depicted as mean ± standard deviation (SD) or mean ± standard error of 

the mean (SEM). Mean ± SD was generally used for technical replicates. It was 

further used for experiments with fewer than three biological replicates. In all 

other cases (experiments with equal to three or more biological replicates), either 

mean ± SD or mean ± SEM was shown: SD was used to underline the variation 

in the data, while SEM was used to visualise the variability in the means and thus 

as a way of quantifying the uncertainty in the estimation of the mean. 

Statistical significance was calculated using R as described above (section 2.11) 

or using a paired t-test. n (in figure legends) represents the number of 

experimental runs performed. 

2.14 Ethics 

Human T cells and blood EVs were isolated from blood taken from healthy donors 

under the Ethikantrag Lfd. Nr. 392/20 “Antrag zur Verwendung von Buffy Coats 

und Vollblut am Institut für Angeborene Immunität”. All experiments complied with 

the relevant ethical regulations for animal testing and research. 
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3 Results 

3.1 EV Characterisation 

Our lab has extensively characterised the RNA content of EVs derived from 

THP-1 MΦs (Budden et al, 2021). Following up on this, my work aimed to expand 

this knowledge to the protein content of EVs, as well as to EVs derived from 

human blood. 

EV isolation was performed according to the protocol established by Dr. Christina 

Budden (Budden et al, 2021; Figure 8A). Using an endotoxin quantification assay, 

she has previously demonstrated that, even though treated with LPS, these 

isolated EVs are free of LPS (Budden et al, 2021). 

 

Figure 8: EV isolation from cell culture supernatant. (A) Cell culture 
supernatant was centrifuged at 340 x g for 10 min to remove any remaining cells. 
Supernatant was spun at 2,000 x g for 20 min to pellet large 2K EVs and cell 
debris. Supernatant was transferred to UC tubes and centrifuged at 10,000 x g 
for 45 min to pellet medium-sized 10K EVs. Supernatant was then filtered 
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through a 0.22 m filter and concentrated using a 10K nominal molecular weight 
limit filter before being transferred onto a Size Exclusion Chromatography (SEC) 
column. 0.5 mL fractions were collected. For small SEC EVs, fractions seven, 
eight, and nine were pooled. If needed, SEC EVs were concentrated through 
centrifugation at 100,000 x g for 90 min. (B) Generally, EVs from cells treated for 
2 h with LPS followed by treatment for 90 min with nigericin (inflammasome 
activation) were compared to EVs from cells treated for 2 h with LPS only. 
Isolated EV fractions were named according to the isolation method: 2K for EVs 
isolated at 2,000 x g, 10K for EVs isolated at 10,000 x g, and SEC for EVs 
isolated using SEC. Additionally, the stimuli used for EV donor cell stimulations 
were always mentioned. This was done either by writing out the treatment, by 
referring to the donor cell state, or by combining EV fraction names with 
abbreviations for the stimuli. 2K, 10K, and SEC EVs from inflammasome-
activated cells would thus be referred to either as 2K/10K/SEC EVs from LPS 
and nigericin treated cells, inflammasome-elicited 2K/10K/SEC EVs or 2KLN, 
10KLN, and SECLN EVs. 

3.1.1 Inflammasome-Elicited EVs From THP-1 MΦs 

In my experiments, I compared EVs from LPS + nigericin-stimulated cells to EVs 

from LPS only-stimulated cells. EVs from LPS + nigericin-treated cells will be 

referred to as EVLN or 2KLN/10KLN/SECLN, while EVs from LPS only-treated 

cells will be referred to as EVL or 2KL/10KL/SECL (Figure 8B). 

 

Firstly, EVs released from THP-1 MΦs were isolated and characterised using 

NTA (Figure 9). The size and concentration of the SEC, 10K, and 2K fractions 

were analysed. Three different experimental runs were compared to ensure 

reproducibility. Each individual experiment consisted of three technical replicates, 

which are shown for one representative experimental run in Figure 9B. The mean 

for each experimental run was calculated and plotted in Figure 9C. EV size and 

concentration measurements were generally reproducible across experiments. 

In case of the SEC fractions, undiluted samples fell out of the linear range 

determined by Dr. Christina Budden (Budden, 2020) and were thus diluted. 

Dilution reduced the spread of measurements (Figure 9D+E) and was therefore 

applied in all future experiments when samples were too concentrated. 

When EVs were used for transfer experiments, the isolated pellets were washed 

once using PBS. Figure 9F+G shows how the washing procedure affects EV 

concentration and particle number measured. It was observed that washing 
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strongly reduced particle number. This cannot be avoided, as we need a pure EV 

preparation with as little as possible of the original treatment (nigericin) present, 

but should be kept in mind for transfer experiments. 

 

Figure 9: Nanoparticle tracking analysis of THP-1 MΦ-derived vesicles after 
inflammasome activation. (A) Schematic representation of the experimental 
plan. THP-1 MΦs were treated with LPS and nigericin to activate the NLRP3 
inflammasome and EVs released were isolated. (B) EV concentrations of three 
technical replicates from one representative experimental run were compared. 
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(C) EV concentrations of three different experimental runs were compared to one 
another. The mean of three technical replicates is shown for each experimental 
run. (D+E) SEC fractions were either diluted 1 in 10 or left undiluted. (D) 
Concentration of particles in undiluted and diluted samples. The mean of three 
technical replicates of one representative experimental run is shown. (E) Number 
of particles detected in undiluted and diluted samples. Mean ± standard deviation 
(SD) of three experimental runs (mean of technical replicates shown for each 
run). (F+G) EV pellets were either analysed directly or washed once with PBS. 
(F) Mean concentration of particles in direct and washed samples of three 
technical replicates of one representative experimental run. (G) Number of 
particles detected in direct and washed samples. Mean ± SD of three 
experimental runs (mean of technical replicates shown for each run). (B–G) 
Technical replicates = 3, n = 3. 

Next, EVs released from THP-1 MΦs after inflammasome activation 

(LPS + nigericin) were compared to those released after priming only (LPS) 

(Figure 10A). It was shown that the number of particles released from cells is 

strongly increased after inflammasome activation with LPS and nigericin, as 

opposed to cells primed with LPS only (Figure 10B+C). For most of the LPS only 

samples, EV numbers were indeed so low that detection was hardly possible and 

was thus performed under sub-optimal levels. Even though the overall number of 

EVs released after LPS-only stimulation is lower, the size distribution of EVs 

released after LPS (Figure 10D) is still similar to the size distribution of EVs 

released after LPS + nigericin stimulation (Figure 10E). 
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Figure 10: EV release after inflammasome activation compared to release 
after priming only. (A) Schematic representation of the experimental plan. EVs 
released from THP-1 MΦs after LPS + nigericin stimulation (inflammasome 
activation) were compared to those released after LPS stimulation only (priming 
only). (B) Concentration of particles measured in EV samples from 
LPS + nigericin-stimulated cells compared to LPS only-stimulated cells. The 
mean of three technical replicates of one representative experimental run is 
shown. (C) Total number of particles detected in EV samples from 
LPS + nigericin stimulated cells and LPS only stimulated cells. Mean ± SD of 
three experimental runs (Mean of three technical replicates is shown for each 
run). * p-value < 0.05, ** p-value < 0.005. (D+E) Size distribution (in nm) of 
particles released after LPS only stimulation (D) and LPS + nigericin stimulation 
(E). Mean of three technical replicates is shown for one representative 
experimental run. (B–E) Technical replicates = 3, n = 3. 

Besides characterising the number of EVs released and their size profiles, the 

presence of certain proteins was investigated. 

In 2014, the International Society for Extracellular Vesicles (ISEV) published 

common guidelines termed “Minimal information for studies of extracellular 
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vesicles 2014 (MISEV2014)” (Lötvall et al, 2014). These guidelines were updated 

in 2018, giving rise to the MISEV2018 guidelines (Théry et al, 2018). They 

comprise recommendations for studies on EVs, amongst them on EV 

characterisation. According to the MISEV guidelines, it is essential to 

demonstrate the presence of proteins expected to be present in EVs of interest 

and proteins not expected to be enriched. To do so, they have established five 

categories. Category one comprises transmembrane or GPI-anchored proteins 

associated with the plasma membrane and/or endosomes, e.g., different 

tetraspanins like CD9, CD63, CD81 or MHC class I. Category two comprises 

cytosolic proteins recovered in EVs. These can either have lipid or membrane 

protein-binding ability (e.g., TSG101) or be promiscuously incorporated into EVs 

(e.g., HSP70). This is necessary to demonstrate that the material analysed 

contains not solely open membrane fragments. Category three comprises 

proteins that are major components of non-EV co-isolated structures and thus 

serves as a purity control. Examples are surfactant in case of EVs isolated from 

BALF or apolipoprotein A (APOA)1/2 from EVs isolated from blood. Category four 

comprises transmembrane, lipid-bound and soluble proteins associated with 

other intracellular compartments than the plasma membrane and endosomes 

and is used to further characterise the nature of EVs with regard to their cellular 

origin. Examples are cytochrome C (mitochondria) or CANX (secretory pathway). 

Finally, category five comprises secreted proteins recovered with EVs, for 

example cytokines and growth factors like transforming growth factor beta 

(TGFB)1/2, or IFNG. In this case, the mode of association with EVs needs to be 

determined. This category also provides further information on the nature and 

function of EVs. While proving the presence of proteins from categories four and 

five is optional, the presence of at least one protein from categories one and two, 

and absence in case of category three must be demonstrated (Théry et al, 2018). 

We mainly focused on the establishment of vesicle markers from categories one 

to three. For category one, blotting for CD9, CD63 and CD81 was tested. With 

regard to category two, TSG101 and HSP70 antibodies were used. Category 

three is especially important for EVs from complex matrices such as whole blood 

and was not investigated for cell culture derived EVs. Instead, a category three 
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EV marker was investigated for blood-derived vesicles, where it was checked for 

the presence or absence of APOA1. 

 

Using Western blotting, Dr. Christina Budden has previously demonstrated the 

presence of TSG101, CANX, actin beta (ACTB), and histone group H3 (H3) in 

2K, 10K, and SEC EVs from untreated THP-1 MΦs left for 48 h in serum-free 

medium (Figure 11B+C). 30 µg of protein were required per lane in the Western 

blot. Using whole cell lysates of HEK293T cells instead of EVs from THP-1 MΦs 

(Figure 11D; as larger amounts of protein could more easily be generated), I 

tested the antibodies against TSG101 and CANX together with further antibodies 

to see if, in general, I could replicate these findings and expand blotting to more 

EV-specific targets. 35 µg of protein were loaded per lane. Blotting for TSG101 

and CANX was successful, as was blotting for HSP70 (Figure 11E). However, 

blotting for the three tetraspanins CD9, CD63, and CD81, other commonly-used 

EV markers, was unsuccessful using standard Western blotting techniques, even 

when increasing the protein amount to 100 µg per lane or performing the 

experiment using non-reducing conditions (Figure 11F). 
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Figure 11: Establishing Western blotting for EV marker proteins. (A+B) 
Schematic representation of the experimental plan. Whole cell lysates or EV 
fractions (2K, 10K, SEC) were analysed with regard to common EV marker 
proteins such as CD9, CD63, CD81, TSG101, and HSP70, as well as the 
suggested negative exosome marker CANX (A). Markers were either 
investigated in whole cell lysates (WCLs) or EV fractions isolated from THP-1 
MΦs left untreated for 48 h (B). (C) Data obtained by Dr. Christina Budden 
(Budden, 2020). THP-1 MΦs were left untreated for 48 h in serum-free medium. 
2K, 10K, and SEC EVs were isolated. 30 µg of protein (either from each EV 
fraction or unstimulated WCL) were applied per lane. Immunoblotting for CANX 
(1:1000 dilution), TSG101 (1:2000), ACTB (1:2000), and H3 (1:2000) was 
performed. Representative experiment, n = 2. (D) Untreated HEK293T cells were 
lysed and WCL was used to test different antibodies. (E) 490 µg of protein 
isolated from HEK293T WCL was applied to a single-lane gel. After running SDS-
polyacrylamide gel electrophoresis, blotting was performed. Antibodies against 
TSG101, CANX, HSP70, CD9, CD63, and CD81 were tested at three 
concentrations. Blotting for tubulin beta class I (TUBB) acted as a loading control. 
Representative experiment, n = 2. (F) 100 µg of protein isolated from HEK293T 
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WCL were applied per lane. Samples were run under reducing and non-reducing 
conditions. Blotting for CD9, CD63, and CD81 was performed using a 1:800 
dilution. TUBB (1:2000) acted as a loading control. n = 1. 

Thus, I switched from standard Western blotting to the Simple Western WES 

technology from ProteinSimple. The advantage of this technology is that it is 

highly sensitive and allows for a protein input of as little as 0.6 to 1.2 µg per lane.  

Western blotting using the Simple Western WES technology was performed on 

EVs isolated from THP-1 MΦs left untreated for 48 h (Figure 12A) using 

antibodies against CD9, CD63, CD81, TSG101, and HSP70 (Figure 12B). 

Blotting for CD63 in THP-1 MΦs was not successful (data not shown), while 

blotting against CD9, CD81, TSG101, and HSP70 was successful. HSP70 is 

present in whole cell lysates and all EV fractions. It is of note that the molecular 

weight of HSP70 in SEC samples appears to be a bit lower than for 10K, 2K, and 

whole cell lysate samples. As standard Western blotting, the Simple Western 

WES technology only allows determination of the observed molecular weight, as 

opposed to the predicted molecular weight: while the predicted molecular weight 

assumes a constant charge-to-mass ratio based on binding of SDS to protein, 

this is actually not always the case. In reality, the amount of SDS bound to 

proteins varies and depends on factors such as the pH of the running buffer or 

whether complete denaturation has taken place (Wiesner et al. 2021). 

Additionally, sample migration depends on the protein concentration. While 

protein concentrations were measured and I aimed to load the same amount of 

protein, there still might be some slight differences that then led to different 

migration efficiencies. Considering that the different vesicle fractions are isolated 

using different techniques with especially the SEC fractions having been treated 

quite differently to the other fractions and resulting in a lower protein amount 

isolated, a slight change of observed molecular weight can be expected. CD9, 

CD81, and TSG101 are enriched in SEC EVs (Figure 12C). It can thus be 

concluded that the isolation of EVs was successful. Although the technique has 

been described to work with protein concentrations as little as 0.6 to 1.2 µg of 

protein, slightly higher concentrations (around 3 µg) were required for the 

detection of CD9 and CD81. 
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Figure 12: Characterisation of EVs released by THP-1 MΦs using Simple 
Western WES. (A) Schematic representation of the experimental plan. EVs 
released from THP-1 MΦs left untreated (UT) for 48 h were characterised for 
common EV marker proteins such as CD9, CD63, CD81, TSG101, and HSP70. 
(B) 1.2 x 108 THP-MΦs were incubated for 48 h in RPMI medium without FBS. 
EVs were isolated from supernatants and Western blotting using the Simple 
Western WES system from ProteinSimple was performed for CD9 (1:20), CD81 
(1:20), TSG101 (1:20), and HSP70 (1:100). 3 µg of protein were loaded onto each 
lane. Representative blot of n = 3. 

3.1.2 Presence of GSDMD in Inflammasome-Elicited EVs 

Western blotting was not only performed to confirm the successful isolation of 

EVs, but also to investigate the presence of specific proteins of interest, such as 

GSDMD. Upon NLRP3 activation, full-length GSDMD is cleaved, and the 

N-terminal fragment is released from the intramolecular inhibitory action between 

the N- and C-terminal GSDMD domains. As a result, the N-terminal fragment will 

insert into the plasma membrane to form GSDMD pores (Broz & Dixit, 2016). 

Ca2+ can then enter the cell’s cytoplasm through GSDMD pores, resulting in the 

recruitment of the ESCRT machinery to GSDMD pores and the subsequent 

initiation of ESCRT-dependent membrane repair (Rühl et al, 2018). During this 

process, GSDMD pore-containing damaged membrane areas are excluded from 

the plasma membrane and pinched off into EVs (Rühl et al, 2018). Thus, the 

question arose, if GSDMD or GSDMD pores are found on EVs isolated in our 

experiments, possibly making EVs leaky, but also potentially acting as a marker 

for inflammasome activation in clinical settings (Figure 13A). Results are shown 

for THP-1 MΦs (Figure 13B). The presence of full-length GSDMD protein was 
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detected in whole cell lysates of unstimulated cells. In all three EV subtypes (2K, 

10K, and SEC), the presence of the N-terminal fragment of GSDMD was shown 

upon NLRP3 activation in EV donor cells, while full-length GSDMD was absent. 

NLRP3 activation thus took place, resulting in cleavage of GSDMD, GSDMD pore 

formation, and release of GSDMD N-termini in EVs. 

 

Figure 13: Characterisation of EVs for the presence of GSDMD. (A) 
Schematic representation of the experimental plan. The presence of GSDMD 
was assessed in EVs released from THP-1 MΦs stimulated with LPS + nigericin. 
(B) 1.2 x 108 THP-1 MΦs were stimulated with LPS + nigericin. EVs were isolated 
from supernatants and Western blotting was performed for GSDMD (1:20), 
HSP70 (1:100), and CD9 (1:20). 3 µg of protein were loaded on each lane. 
Representative blot of n = 3. 

3.1.3 Inflammasome-Elicited EVs From Blood 

Besides investigating EVs released from inflammasome-activated THP-1 MΦs, 

we characterised EVs isolated from human blood with the goal to later isolate 

EVs from patients and diagnose inflammasome-related diseases. EVs were 

isolated in a similar way to EVs from cell culture supernatant (Figure 14): first, the 

blood was centrifuged at 1,000 x g for 15 min without breaks, in order to separate 

the blood plasma. The plasma was then centrifuged at 340 x g for 10 min to 

remove any remaining cells and large debris, followed by a centrifugation step at 

2,500 x g for 15 min to remove platelets. This also removed 2K EVs, which are 

similar in size to platelets and were therefore not examined here. Centrifugation 

at 2,500 x g was repeated to ensure all platelets had been removed, as platelets 

can be activated by shear forces (Holme et al, 1997) and, once activated, have 
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been shown to secrete EVs (Warren & Vales, 1972; Polasek, 1982; Sims et al, 

1989; Gemmell et al, 1993), thus contaminating the EV fractions isolated. The 

platelet-free plasma generated in this way was then spun at 10,000 x g for 45 min 

to pellet 10K EVs. Next, the supernatant was concentrated, run through a SEC 

column, filtered, and concentrated at 100,000 x g for 90 min. 

 

Figure 14: EV isolation from blood. Blood was centrifuged at 1,000 x g to 
isolate plasma. From that plasma, platelet-free plasma was generated through 
centrifugation at 340 x g followed by two centrifugations at 2,500 x g. The platelet 
free plasma was spun at 10,000 x g to pellet the 10K EV fraction, which was 
washed once with PBS. The 10K supernatant was further processed through 
concentration, SEC, and filtration to get the SEC fraction, which was concentrated 
through centrifugation at 100,000 x g. 

Healthy donors were used to establish the assay: blood was stimulated with LPS 

for 23 h to activate the NLRP3 inflammasome and EVs were isolated as 

described above. 

We made use of whole blood assays because they come the closest to patient 

blood: The same cell populations are found so that EVs are not only secreted 

from monocytes but also from other cells such as neutrophils which have been 

shown to contribute to IL-1β in circulation (Mankan et al, 2012; Bakele et al, 2014; 

Tran et al, 2019). They further allow the consideration of the contribution of effects 

from soluble plasma factors as well as cellular fractions to the stimulation (Levy 

et al, 2004; Rolfes et al, 2020; Busatto et al, 2022). 



 107 

While the 2 h LPS plus 90 min nigericin stimulation used so far leads to the 

activation of the canonical inflammasome, LPS stimulation for 23 h has been 

shown to result in both canonical and non-canonical inflammasome activation 

(Baker et al, 2015; Rathinam et al, 2019; Tran et al, 2019; Viganò et al, 2015) 

and, in human monocytes, in alternative inflammasome activation (section 1.3.3; 

Gaidt et al, 2016). Thus, we expected to have a mix of different inflammasome 

activation pathways present. 

It is important to note that, in essence, the outcome is basically the same as with 

canonical inflammasome activation: A major difference between the canonical 

and the non-canonical inflammasome is that the canonical inflammasome 

(section 1.3.1) leads to activation of caspase-1, while non-canonical 

inflammasome (section 1.3.2) activation leads to the activation of caspases-4 and 

-5. However, the functional consequences of canonical and non-canonical 

inflammasome activation are the same (Downs et al, 2020): Both lead to GSDMD 

pore formation and in the end result in IL-1β and IL-18 release. This is the case 

as activation of the non-canonical inflammasome leads to GSDMD pore 

formation, which then triggers the activation of the canonical inflammasome, 

resulting in the final ability of caspase-1 to cleave pro-IL-1β and pro-IL-18. So 

while the activation mechanisms themselves might be different, the outcome is 

very similar and as we are looking at one of the outcomes of inflammasome 

activation, namely vesicle secretion, our analysis was not much affected by 

changing the stimulus. 

Indeed, previous experiments performed by Dr. Christina Budden have shown 

that a common inflammasome signature can be observed for the different NLRP3 

stimuli and even for the different inflammasomes (NLRP3 and NLRC4), indicating 

that the content of inflammasome-elicited EVs is not determined by the sensing 

of the stimulus, but rather by mechanisms mediated downstream of 

inflammasome activation (Budden et al, 2021). 

Considering this, a main reason for switching to a long LPS stimulation was the 

fact that long LPS stimulation is commonly used in whole blood assays and thus 

we could adapt a protocol established previously and compare our results to the 

literature. 
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Another important reason was that vesicle isolation from the blood alone takes 

so long that, together with the stimulation of whole blood, we would not have been 

able to fit the experiment into one day. 

 

Two inflammasome inhibitors were used to be able to identify transcripts 

associated with NLRP3 activation vs TLR stimulation: CRID3 and IFM-2384. 

CRID3, commonly also referred to as MCC950, was discovered to be an IL-1β 

processing inhibitor in 2001 (Perregaux et al, 2001) and was subsequently shown 

to inhibit NLRP3 (Coll et al, 2015). In 2022, Hochheiser and colleagues showed 

that CRID3 does so by stabilising the NACHT and LRR domains relative to one 

another. It ties five NLRP3 subunits together. This leads to the stabilisation of the 

inactive NLRP3 (Hochheiser et al, 2022). IFM-2384, here referred to as IFM, is 

another NLRP3 inhibitor, kindly donated to us by IFM. IFM-2384 has for example 

been shown by Friker and colleagues to block NLRP3 induced IL-1β release in 

microglia (Friker et al, 2020). Blood was pre-treated with these inhibitors (or 

DMSO for controls) for 1 h before LPS was applied for the next 23 h (Figure 15A). 

TNF-α and IL-1β protein levels in platelet-free plasma were measured to 

determine how responsive cells were to TLR4 and inflammasome activation 

respectively (Figure 15B). TNF-α levels for untreated samples varied from around 

500 to 1,000 pg/mL. TNF-α levels were roughly between 1,000 pg/mL and 

3,000 pg/mL for samples treated with LPS, with the exception of one donor at 

around 5,000 pg/mL. It can thus be concluded that LPS stimulation was 

successful. IL-1β levels showed more variation. In unstimulated and inhibited 

samples, IL-1β levels were at around 200 pg/mL for four donors and around 

400 pg/mL for donor one. LPS-stimulated samples showed IL-1β levels of around 

400 pg/mL for four donors, and at around 2,000 pg/mL for donor three. This 

shows that there was quite a bit of donor variation, which has also been reported 

in literature (Sahdo et al, 2013). Particle numbers for 10K and SEC fractions were 

determined for the different stimuli and no strong differences between different 

stimuli could be observed (Figure 15C). Particle size distribution was investigated 

and, as for particle numbers, no strong differences were observed (Figure 15D). 



 109 

 

Figure 15: Protein and NanoSight analysis of EVs released from whole 
blood after inflammasome activation. (A) Schematic representation of 
experimental plan. Blood was drawn from healthy donors and pre-treated with 
inflammasome inhibitors (CRID3 or IFM) or DMSO (control). After 1 h of 
incubation, LPS was added, and samples were incubated for 23 h to activate the 
NLRP3 inflammasome. EVs were isolated. (B) TNF-α and IL-1β protein levels in 
platelet-free plasma. Mean ± SD of three technical replicates, n = 5 (C) Total 
number of particles released. Shown are the means of three technical replicates 
for five experimental runs. Mean ± SEM. (D) Particle size distribution for different 
stimuli. Representative plot for one experimental run showing the mean of three 
technical replicates, n = 5. 
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Based on previous results with THP-1 MΦs, we expected the particle number to 

increase in LPS-stimulated samples (DMSO + LPS) compared to untreated 

samples (DMSO + UT) and inflammasome-inhibited samples (CRID3 + LPS and 

IFM + LPS). However, this was not the case (Figure 15C). To further investigate 

this, we looked at each experimental run individually (Figure 16). For each 

individual run, particle size distributions and total particle numbers released are 

shown. However, the expected phenotype could still not be observed. 
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Figure 16: Individual NanoSight analysis of EVs released from whole blood 
after inflammasome activation. Particle Size distributions and total number of 
particles released for each experimental run individually. Blood was drawn from 
healthy donors and pre-treated with inflammasome inhibitors (CRID3 or IFM) or 
DMSO (control). After 1 h of incubation, LPS was added, and samples were 



 112 

incubated for 23 h to activate the NLRP3 inflammasome. EVs were isolated. (A, 
C, E, G, I) Particle size distribution for experimental runs 1, 2, 3, 4, and 5, 
respectively. Means of three technical replicates are shown. (B, D, F, H, J) Total 
particles released for experimental runs 1, 2, 3, 4, and 5, respectively. Mean ± SD 
of three technical replicates. 

Since we could not observe the expected increase in particle number after 

NLRP3 activation compared to inhibited or unstimulated conditions, we 

investigated possible reasons for this. We first checked if EV isolation from 

plasma was successful, especially with regard to EV purity. We employed 

Western blotting for the previously established EV markers (Figure 17). Indeed, 

we could not show the enrichment of CD9 and TSG101 in EVs, nor could we 

show the presence of HSP70 (Figure 17B). This led us to suspect that we were 

co-isolating other particles from human blood, such as lipoproteins and 

chylomicrons, which diluted the EV fractions so much that blotting for EV proteins 

became impossible. From the literature, it is known that blood contains about 20- 

to 100-fold more lipoproteins than EVs and that chylomicrons increase after food 

intake (Karimi et al, 2018; Mathieu et al, 2019). We thus performed Western 

blotting for APOA1, a protein found on chylomicrons and high-density lipoprotein 

(HDL). We could indeed show the presence of APOA1 (Figure 17C), indicating 

that the isolated vesicle fractions were contaminated with lipoproteins. To 

decrease lipoprotein content, we tried to pull down lipoproteins with an antibody 

against APOB. APOB was chosen as SEC already strongly decreases HDL 

contamination through separation by size (Karimi et al, 2018), thus the idea was 

to reduce the levels of other lipoproteins (very low density lipoprotein (VLDL), 

intermediate density lipoprotein (IDL), and LDL), which all contain APOB-100 on 

their surface, as well as chylomicrons, which expose APOB-48 on their surface 

(Noels et al, 2021). However, enriching EVs with this method was unsuccessful, 

as seen when comparing Western blots for CD9 and TSG101 for SEC EVs 

isolated without a pull-down to those for SEC EVs isolated with a pull-down 

(Figure 17D). 
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Figure 17: Characterisation of blood-derived EVs using the Simple Western 
WES system. (A) EVs were isolated from human blood and analysed for the 
presence of different proteins. (B) 10K and SEC EVs isolated from blood were 
compared to WCL from THP-1 MΦs for the presence of the EV marker proteins 
CD9, TSG101, and HSP70. Representative blot of n = 2. (C) 10K and SEC EVs 
isolated from blood were compared to WCL from THP-1 MΦs, as well as to 
plasma samples, for the presence of APOA1. n = 1. (D) SEC EVs isolated from 
blood (either directly or after immune pull-down with antibodies against APOB) 
were compared to WCL from THP-1 MΦs, as well as to plasma samples and 10K 
EVs, for the presence of APOA1 and EV markers CD9 and TSG101. Antibody 
dilutions used: CD9 (1:20), TSG101 (1:20), HSP70 (1:100), APOA1 (1:20). n = 1. 

Since the original pull-down of lipoproteins with an antibody against APOB did 

not work, one could try other methods to enrich the isolated EVs and remove 

apolipoproteins. However, while the presence of lipoproteins would affect 

proteomics, the presence of lipoproteins does not have a big effect on 

transcriptomic analysis, as most lipoproteins do not carry RNA. It should be noted 

though that HDL has been shown to carry RNA, which therefore might contribute 

to the RNA analysed (Vickers et al, 2011). Keeping this in mind and considering 

that particle numbers are not informative because lipoproteins are present, we 

decided to move forward with EV transcriptomics regardless. 
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We thus progressed to try RNA-seq for blood-derived EVs (Figure 18A). Again, 

IL-1β levels of platelet-free plasma were determined to investigate the strength 

of the response to NLRP3 activation (Figure 18B). Indeed, again, there was a lot 

of variation between different blood donors (Figure 18B). However, we were able 

to see a good inhibition of NLRP3 inflammasome activation for donors 1, 3, and 

4. For donor 2 inflammasome inhibition also seemed to work well; however, here 

we observed a certain background level of IL-1β. This was also the case for the 

unstimulated sample of donor 4. In case of donor five, inhibition with CRID3 

worked, while inhibition with IFM was not successful (Figure 18B). 

 

Figure 18: Experimental setup and IL-1β levels for RNA sequencing of 
blood-derived EVs. (A) Blood was drawn from healthy donors and pre-treated 
with inflammasome inhibitors (CRID3 or IFM) or DMSO (control). After 1 h of 
incubation, LPS was added and samples were incubated for 23 h to activate the 
NLRP3 inflammasome. EVs were isolated. (B) IL-1β protein levels in platelet-free 
plasma. n = 5. 
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EVs isolated were sequenced by Marius Jentzsch and Dr. Jonathan Schmid-

Burgk. Between 800 and 1.5 x 104 genes were detected per sample (Figure 19B), 

with a high percentage of haemoglobin reads per sample (Figure 19C), which led 

to a reduction in sequencing depths. For data pre-processing, haemoglobin 

genes were removed. Library sizes of the different samples were roughly 

between 1 x 103 and 1.7 x 105. Samples with library sizes below 1 x 104 (dashed 

line) were removed, which resulted in the exclusion of nine samples from the 

analysis (Figure 19D). Lowly expressed genes (counts below 2) were removed 

from the analysis and samples were normalised by the TMM method. 

 

MDS plots were created to examine the distances between the samples based 

on their gene expression profiles. MDS plots for dimensions one and two, 

coloured by EV type, are shown before (Figure 20B left) and after removing an 

observed donor effect (Figure 20B right). Samples clustered according to EV 

type. Sample data was then split up into 10K and SEC data and further MDS plots 

were generated (Figure 20C). A clear clustering according to treatment was 

observed for both 10K and SEC EVs in dimensions one and two (Figure 20C). 

This is comparable to results obtained previously in our lab (Budden et al, 2021). 

 

Even though samples showed clustering according to treatment, the high number 

of haemoglobin reads caused problems when it came to DE gene calling. To 

circumvent most of the reads mapping to haemoglobin reads, we tried to use a 

haemoglobin removal kit. While normally a good option, haemoglobin removal 

kits are designed for higher amounts of RNA input than can be isolated from EVs 

under our settings. While we still tried using the haemoglobin removal kit 

GLOBINclear, too little RNA was left afterwards. We also tried sending EVs off 

for sequencing to GeneWiz, a company specialising in sequencing. They too 

were not able to remove the haemoglobin reads and still have enough sample 

left for sequencing. 
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Figure 19: Pre-processing of RNA sequencing results of blood-derived EVs. 
(A) Schematic of the experiment. EVs were isolated from control (DMSO only) 
samples, from LPS stimulated (DMSO + LPS) samples, from CRID3 + LPS 
stimulated samples, and from IFM + LPS stimulated samples. n = 5. (B) Number 
of genes detected per sample. (C) Percentage of reads mapping to haemoglobin 
genes per sample. (D) Library sizes of different samples. Samples with library 
sizes below 1 x 104 (dashed line) were excluded from the analysis. 



 117 

 

Figure 20: Clustering of blood-derived EV RNA-seq samples. (A) Schematic 
of the experiment. EVs were isolated from control (DMSO only) samples, from 
LPS stimulated (DMSO + LPS) samples, from CRID3 + LPS stimulated samples, 
and from IFM + LPS stimulated samples. n = 5. (B) MDS plot before (left) and 
after (right) removal of the donor batch effect for dimensions one and two, 
coloured by EV type. (C) MDS plots with the donor batch effect removed, split up 
for 10K and SEC EV types for dimensions one and two. Coloured by treatment. 

Another way to examine RNA content that would solve the haemoglobin problem 

would be to use microarrays. In this approach, excess haemoglobin RNA would 

be washed away, while RNA mapping to genes of interest would hybridise to the 

microarray. The microarray technique had already been established by Dr. 
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Christina Budden (Budden, 2020; Budden et al, 2021) and the same protocol was 

followed. Samples were generated and sent for processing to the Gene 

Expression Affymetrix Facility at the Centre for Molecular Medicine Cologne. 

Samples were analysed by me with help from Dr. Jamie Gearing. 

 

The same experimental setup was chosen as for the RNA sequencing experiment 

and new samples were generated: whole blood was stimulated with LPS for 23 h 

either in the presence of an inflammasome inhibitor (CRID3 or IFM) or without 

inhibition. After stimulation, plasma was isolated and subsequently EVs were 

isolated from plasma (Figure 21A). TNF-α and IL-1β levels were measured 

(Figure 21B+C). TNF-α was increased in all samples stimulated with LPS for 23 h 

(Figure 21B). IL-1β levels showed a clear increase in donor 2 (Figure 21C). For 

all other samples, a clear increase in IL-1β levels after LPS treatment and a 

reduction for samples stimulated with LPS in the presence of an inflammasome 

inhibitor was not seen (Figure 21C). 

 

Generally, IL-1β level measurements from blood plasma have been quite varied: 

in the case of the RNA sequencing experiment, HTRF results showed less 

background IL-1β (except for donor 2), but IL-1β levels after inflammasome 

activation did not increase to levels above 500 pg/mL for most samples (Figure 

18B). When whole blood was stimulated to isolate vesicles for NTA 

measurements, also only one donor showed a strong IL-1β response, while for 

all other donors IL-1β levels remained at around 500 pg/mL, with similar 

background levels (Figure 15). Thus, HTRF results were in line with previous 

HTRF readouts, although higher IL-1β levels would generally be expected in case 

of LPS-stimulated samples with no inhibitor present. This raises the questions, 

whether IL-1β measurements are a good readout for inflammasome activation in 

whole blood, whether an alternative technique to HTRFs should be used (e.g., 

flow cytometry), or if the 23 h stimulation with LPS is not suitable. We 

nevertheless decided to proceed with the microarray analysis of the isolated 

RNA, mainly as samples previously differed based on the treatment (Figure 20C, 

even without clear IL-1β HTRF measurements [Figure 18B]) and as variability 
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between technical replicates was high (Figure 21C), pointing towards an issue 

with the IL-1β HTRF measurements. 

 

Figure 21: Experimental setup and IL-1β levels for microarray analysis of 
blood-derived EVs. (A) Blood was drawn from healthy donors and pre-treated 
with inflammasome inhibitors (CRID3 or IFM) or DMSO (control). After 1 h of 
incubation, LPS was added and samples were incubated for 23 h to activate the 
NLRP3 inflammasome. EVs were isolated and RNA was subjected to microarray 
analysis. n = 5. (B) TNF-α protein levels in platelet-free plasma. (C) IL-1β protein 
levels in platelet-free plasma. (B+C) Means ± SD of three technical replicates. 
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Microarray analysis was performed using the Clariom D Pico Chip. Samples were 

normalised using RMA normalisation and MDS plots were generated. MDS plots 

show clustering of samples by EV type, with 10K EVs clustering together and 

SEC EVs building a separate cluster. No clustering according to treatment could 

be observed in the first two dimensions. The different microarray batches and the 

different donors led to batch effects (Figure 22B). 

 

Figure 22: MDS plots of blood-derived EV microarray samples. (A) 
Schematic of the experiment. EVs were isolated from control (DMSO only) 
samples, from LPS stimulated (DMSO + LPS) samples, from CRID3 + LPS 
stimulated samples, and from IFM + LPS stimulated samples. n = 5. (B) MDS 
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plots for dimensions one and two, coloured according to vesicle type, treatment, 
microarray batches, and donor. 

The microarray and donor batch effects were removed and non-coding and 

unassigned transcripts were filtered out, leaving coding, multiple-complex (genes 

that have both coding and non-coding transcripts), precursor microRNA, 

pseudogenes, ribosomal, and small RNA transcripts. MDS plots of these 

processed samples show the successful removal of the microarray and donor 

batch effects and even more pronounced clustering according to EV type (Figure 

23). 
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Figure 23: MDS plots of blood-derived EV microarray data after sample pre-
processing. (A) Schematic of the experiment. EVs were isolated from control 
(DMSO only) samples, from LPS stimulated (DMSO + LPS) samples, from 
CRID3 + LPS stimulated samples, and from IFM + LPS stimulated samples. 
n = 5. (B) MDS plot for dimensions one and two, after filtering out unassigned and 
non-coding transcripts and removing microarray and donor batch effects. 
Samples are coloured according to vesicle type, treatment, microarray batches, 
and donor. 

As was expected, the difference in EV type accounted for most of the sample 

differences. To investigate the treatment effect further, the data was split into the 

10K and the SEC samples. 10K samples showed some clustering according to 
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treatment, especially in dimensions three and four (Figure 24B). Clustering of 

SEC samples by treatment could not be observed (Figure 24C). 

 

Figure 24: MDS plots of blood-derived 10K and SEC microarray data. (A) 
Schematic of the experiment. EVs were isolated from control (DMSO only) 
samples, from LPS stimulated (DMSO + LPS) samples, from CRID3 + LPS 
stimulated samples, and from IFM + LPS stimulated samples. n = 5. (B+C) MDS 
plots for dimensions one and two (left) and three and four (right) for 10K samples 
(B) and SEC samples (C) after filtering out unassigned and non-coding transcripts 
and removing microarray and donor batch effects. Samples are coloured 
according to treatment. 

After sample pre-processing, linear modelling was performed. A design matrix 

was set up using the sample group (the combination of treatment and EV type), 
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the donor, and microarray batches as factors. The donor and microarray batches 

were included to account for the observed batch effects. Model contrasts were 

set up for pairwise comparisons between the different stimulations and respective 

untreated samples and between uninhibited LPS-stimulated samples and 

respective inhibited samples. Linear modelling was performed on RMA 

normalised values with the lmFit function, followed by the contrasts.fit function. 

The lmFit function averages the normalised log2 expression values in the different 

groups according to the design matrix. The contrasts.fit function then considers 

the contrast information to calculate log2FCs. 

 

Moderated t-tests were performed using either eBayes or treat. Treat was used 

with a log2FC threshold of 1.2. The decideTests function was used to determine 

the number of differentially abundant transcripts (Figure 25B). Since the 

abundance of RNAs was checked in vesicles and not cells, it cannot be said that 

transcripts are indeed differentially expressed by EV donor cells, nor can it be 

said that they are differentially expressed by EVs, as EVs do not actively express 

DNA to create RNA transcripts. Instead, rather than investigating DE genes, the 

relative abundance of transcripts in EVs was investigated. 

The treat method is more stringent and, in this case, only one transcript was 

shown to be differentially abundant (in 10K EVs from CRID3 LPS stimulated cells, 

10KCL, compared to 10K EVs from untreated cells, 10KD). The same 

comparison led to the identification of more genes when applying the eBayes 

method. Here, 139 transcripts with different abundance levels between 10KCL 

EVs and 10KD EVs could be identified. Comparing 10KL EVs to 10KD EVs, only 

eight transcripts with different abundance levels were identified, and comparing 

10KIL EVs to 10KD EVs, seven transcripts with different abundance were found 

(Figure 25B). 

We would have expected that inflammasome activation has the strongest effect 

on relative transcript abundance between conditions and thus to find most 

differently abundant transcripts between 10KL/SECL EVs and 10KD/SECD EVs, 

respectively. CRID3 and IFM block inflammasome activation. Thus, we expected 

EVs from these donor cells to be more similar to EVs from unstimulated donor 
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cells and a decrease in differently abundant transcripts. However, this is not the 

case for 10KCL EVs (Figure 25B), suggesting that CRID3 may have an even 

stronger effect on EV content than inflammasome activation. 

SEC EVs barely showed any differently abundant transcripts (Figure 25B). 

 

MD plots for 10K EVs from DMSO + LPS-, CRID3 + LPS-, and IFM + LPS-

stimulated donor cells, each compared to 10K EVs from unstimulated donor cells 

were generated (Figure 25C). All eight differentially abundant transcripts 

identified when comparing 10KL to 10KD EVs are labelled. Six of these 

transcripts were also differentially abundant in 10KCL EVs compared to 10KD 

EVs (shown as labelled, intense blue and red differentially abundant transcripts). 

These include SPP1, IL1B, VCAN, HM13;MCTS2, BAZ1B, and CHICH2. 

Differentially abundant transcripts found between 10KCL and 10KD EVs that 

were not identified in 10KL vs 10KD EVs are shown in light blue and light red and 

were not labelled. Of the eight differentially abundant transcripts identified 

between 10KL and 10KD EVs, only two were also identified in 10KIL vs 10KD 

EVs—SPP1 and HM13;MCTS2. They are shown in dark red and are labelled. 

Other differentially abundant transcripts in this comparison are shown in light blue 

(Figure 25C). 
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Figure 25: Differentially abundant transcripts. (A) Schematic of the 
experiment. EVs were isolated from control (DMSO only) samples, from LPS 
stimulated (DMSO + LPS) samples, from CRID3 + LPS stimulated samples, and 
from IFM + LPS stimulated samples. n = 5. (B) Significantly differentially 
abundant transcripts for each comparison are shown. Differentially abundant 
transcripts were determined either by applying the eBayes function or the treat 
function with a log2 fold change threshold of 1.2. The number of differentially 
abundant transcripts is represented by the colour (log2 of the number of 
differentially abundant transcripts + 1) and the actual number of differentially 
abundant transcripts found is indicated within each square. (B) Mean-difference 
plots showing transcripts with significantly higher abundance (up, red)- or lower 
abundance (down, blue) between 10KL and 10KD EVs (left), 10KCL and 10KD 
EVs (middle), and 10KIL and 10KD EVs (right), using the eBayes method. 
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Significantly differentially abundant transcripts between 10KL and 10KD EVs are 
highlighted in all three plots and labelled when (also) identified in the 10KL vs 
10KD comparison. Differentially abundant transcripts not found in 10KL and 
10KD EVs but only in 10KCL vs 10KD or 10KIL vs 10KD EVs are slightly 
transparent. 

Expression plots for six of the differentially abundant transcripts between 10KL 

and 10KD EVs are shown (Figure 26). SPP1 and HM13;MCTS2 transcripts are 

more abundant in 10KL, 10KCL, and 10KIL EVs than in other EVs (Figure 26B), 

suggesting they depend on LPS stimulation, regardless of inflammasome 

activation, and are in general higher in 10K EVs than SEC EVs. IL1B and VCAN 

transcripts were significantly more abundant in 10KL and 10KCL EVs but not in 

10KIL EVs (Figure 26C). This might suggest that either CRID3 inhibition did not 

work as well as IFM inhibition, especially as VCAN abundance in 10KCL EVs is 

slightly lower than in 10KL EVs, or it suggests that the transcripts are not only 

specific to inflammasome activation. IL6 and MIR147B transcripts are 

significantly more abundant in 10KL EVs than in all other EVs (Figure 26D), 

implying that they might be inflammasome specific. 
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Figure 26: Examples of differentially abundant transcripts. (A) Schematic of 
the experiment. EVs were isolated from control (DMSO only) samples, from LPS 
stimulated (DMSO + LPS) samples, from CRID3 + LPS stimulated samples, and 
from IFM + LPS stimulated samples. n = 5. (B) Normalised Expression after 
batch correction of SPP1 and MCTS2 (B), IL1B and VCAN (C), and IL6 and 
MIR147B (D) by treatment group. Asterisks indicate significantly different 
transcript abundances compared to relevant DMSO-only control, as determined 
by eBayes. 
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As mentioned previously, the Clariom D microarray technology had already been 

established in our lab and had been used with both THP-1 MΦ-derived EVs as 

well as with whole blood derived EVs. We thus had the opportunity to compare 

our newly generated data with previously obtained data to investigate how 

reliable EVs are in terms of repeatedly showing the same signature transcripts. 

 

First, we looked at 10K EVs vs SEC EVs generally: Previous data showed that 

10K EVs from THP-1 MΦs treated with various stimuli were enriched in 

mitochondrially encoded transcripts compared to SEC EVs (Budden et al, 2021), 

as were 10K EVs from unstimulated, whole blood samples (Budden et al, 2021), 

indicating that mitochondrial transcript are a hallmark of 10K EVs. To test if this 

could be replicated yet again, we checked for the presence of these transcripts 

in our 10K EVs from stimulated whole blood samples. Indeed, we could show an 

enrichment of the same mitochondrially encoded transcripts in all our 10K EVs 

compared to SEC EVs (Figure 27). 

 

Figure 27: Presence of mitochondrially encoded transcripts in EVs. (A) The 
presence of mitochondrially encoded transcripts in 10K and SEC EVs across all 
treatments was investigated. n = 5. (B) Heat map showing normalised log2 
expression values of detected mitochondrially encoded transcripts for 10K (blue) 
and SEC (green) samples. Multiple transcripts per row indicate transcripts that 
could not be distinguished with the microarray probe set used. The scale shows 
the normalised log2 expression values. 
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To further confirm the reproducibility of EV microarray experiments, we compared 

whole blood-derived inflammasome-elicited EVs with THP-1 MΦ-derived 

inflammasome-elicited EVs: Dr. Christina Budden has previously performed an 

experiment in which she treated THP-1 MΦs with LPS for 2 h followed by 90 min 

long nigericin treatment to activate the NLRP3 inflammasome. She then isolated 

10K EVs and compared these inflammasome-elicited 10K EVs to control 10K 

EVs which were isolated from cells solely treated with LPS for 2 h. Instead of 

using the short-term LPS (2 h) plus nigericin (90 min) stimulation for 

inflammasome activation, inflammasome-elicited EVs from whole blood were 

isolated after long-term LPS stimulation (23 h). And instead of comparing them 

to EVs released after 2 h of LPS stimulation, they were compared to EVs released 

from DMSO treated whole blood. But while the stimuli appear different, in the end, 

in both comparisons, inflammasome-elicited 10K EVs were compared to control 

10K EVs (Figure 28A).  

Indeed, we could see a correlation between the data obtained from whole blood 

and the THP-1 MΦ data (Figure 28B). Considering that we used a complex 

biological matrix (whole blood) and compared that to cell culture data, that the 

inflammasome-elicited EVs in whole blood stem from several different cell types 

instead of just one, as is the case for THP-1 cell data, and that the inflammasome-

activating stimuli were different, the fact that we see a correlation, although not a 

strong one, is promising. Together with the fact that 10K EVs consistently show 

an enrichment of mitochondrial transcripts, this shows that EVs indeed hold the 

potential to be used as biomarkers in the future and that microarray analysis of 

EV content is a reliable method to do so. 

 

Having shown that the microarray technology allows the characterisation of EV 

transcript content and having identified some transcripts unique to inflammasome 

activated EVs (as opposed to LPS activation generally), the next step is to 

analyse samples from patients suffering from diseases driven by inflammasome 

activation. This will hopefully allow the confirmation and even further identification 

of transcripts unique to EVs released after inflammasome activation. Knowing 

those transcripts would allow the usage of EVs as biomarkers. 
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Figure 28: Comparison to previously generated cell line data. (A) Transcripts 
with higher or lower abundance between THP-1-derived inflammasome-elicited 
EVs (10KLN) vs control EVs (10KL) were compared to differentially abundant 
transcripts between whole blood-derived inflammasome-elicited EVs (10KL) vs 
control EVs (10KD). (B) Barcodeplot showing significantly higher (red vertical 
lines) or lower (blue vertical lines) abundant transcript from previous data (10KLN 
vs 10KL). Transcripts are ranked based on their t-statistic in the 10KL vs 10KD 
comparison. The relative enrichment of the two gene sets is depicted in the form 
of enrichment worms (the lines above and below the vertical bars). Enrichment 
worms were calculated to show how the previously identified differentially 
abundant transcripts are distributed in the current data. 
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3.2 Uptake Mechanism of Inflammasome-Elicited EVs 

3.2.1 Visualisation of EV Uptake 

In order to visualise and thus to study EV uptake, different methods of labelling 

EVs were investigated. Previously, EVs were labelled with CellTrace CFSE in our 

lab. For this, the standard EV isolation protocol was adapted to be able to include 

staining steps and remove free dye. To avoid a change of protocol, a different 

approach was tried: two different fluorescent proteins (EGFP and tdTomato) were 

coupled to a palmitoylation signal (EGFP-Palmi and tdTomato-Palmi 

respectively), allowing their recruitment to cell membranes (Figure 29A). Using 

lentiviral transduction, these constructs were then used to create THP-1 cells that 

stably express the desired constructs. Live-cell confocal microscopy was 

performed to confirm the successful generation of these cell lines (Figure 29B). 

Recruitment of the respective fluorescent protein to the cell membrane was 

successful for both EGFP-Palmi THP-1 cells and tdTomato-Palmi THP-1 cells 

(Figure 29B). Fixation of cells using 4% PFA for 10 min at room temperature led 

to a reduction in the signal, as shown for example for tdTomato-Palmi THP-1 cells 

(Figure 29C). 
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Figure 29: Generation of cell lines stably expressing fluorescent proteins 
targeted to cell membranes. (A) EGFP and tdTomato were fused to a 
palmitoylation signal that allows targeting to cell membranes. Using lentiviral 
transduction THP-1 cells that stably express these constructs were created 
(EGFP-Palmi THP-1 and tdTomato-Palmi THP-1). Technical replicates = 3, 
n = 1. (B) Live cell microscopy of undifferentiated THP-1 cells, stably expressing 
the above-described constructs (EGFP-Palmi THP-1 cells and tdTomato THP-1 

cells). Maximum intensity z-projections. Scale bar top images: 50 m; lower 

images: 10 m. Representative images. (C) Effect of fixation on fluorescent 
proteins in THP-1 cells. tdTomato THP-1 cells were either fixed using 4 % PFA 
for 10 min at room temperature (upper image) or imaged without previous fixation 

(lower image). Scale bar: 50 m. Representative images. (B+C) EGFP-Palmi 
THP-1 MΦs are shown in green, tdTomato-Palmi THP-1 MΦs are shown in red. 

Next, EVs from EGFP-Palmi THP-1 MΦs were isolated as shown in Figure 8 and 

transferred to tdTomato-Palmi THP-1 MΦs (Figure 30A). After incubation of 

tdTomato-Palmi THP-1 MΦs with EGFP-Palmi THP-1 MΦ-derived EVs for 15 h, 

cells were fixed using 4 % PFA for 10 min at room temperature. In these 

experiments, only a very weak EV signal was observed in case of tdTomato-

Palmi THP-1 MΦs treated with EGFP-Palmi THP-1 MΦ-derived 10K EVs and no 
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signal could be observed in case of tdTomato THP-1 MΦs treated with EGFP-

Palmi THP-1 MΦ-derived SEC EVs (Figure 30B). 

 

Figure 30: Transfer of EGFP-Palmi THP-1-derived EVs to tdTomato-Palmi 
THP-1 recipient cells. (A) Schematic representation of experimental plan. EVs 
were isolated from EGFP-Palmi THP-1 MΦs after inflammasome activation and 
incubated with recipient tdTomato-Palmi THP-1 MΦs. (E) tdTomato-Palmi THP-1 
MΦs after incubation for 15 h with EGFP-Palmi THP-1 MΦ-derived EVs from 

inflammasome-activated cells. Scale bar: 10 m. EGFP-Palmi THP-1 MΦ-
derived EVs are shown in green, tdTomato-Palmi THP-1 MΦs are shown in red. 
Nuclei are shown in blue. Representative images of three technical replicates, 
n = 1. 

One idea was that fixation affects the strength of the signal. As can be seen in 

Figure 29C, this is indeed the case. However, in unfixed samples barely any 10K 

EVs and no SEC EVs could be observed either (data not shown). Another idea 

was that the expressed fluorescent proteins that are targeted to all membranes 

within the cell might affect vesicle production leading to a reduction of overall 

vesicle release. To ensure that expression of the constructs did not affect EV 

secretion after inflammasome activation and thus led to a decrease in the number 

or the size of EVs released, NanoSight measurements of EVs released from 

EGFP-Palmi and tdTomato-Palmi THP-1 MΦs were performed (Figure 31). 

These measurements were compared to wild type THP-1 MΦ-derived EVs. The 

concentration of particles detected (particles/mL) and size distribution of the 
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detected particles were comparable between wild type, EGFP-Palmi and 

tdTomato-Palmi THP-1 MΦ-derived EVs (Figure 31B and C). The overall particle 

number released by EGFP-Palmi and tdTomato-Palmi THP-1 MΦs was even 

slightly higher than for wild type THP-1 MΦs (Figure 31D). 

 

Figure 31: Characterisation of EVs released by EGFP-Palmi and tdTomato-
Palmi THP-1 MΦs. (A) Schematic representation of the experimental plan. EVs 
were isolated from wt, EGFP-Palmi, or tdTomato-Palmi THP-1 MΦs after 
inflammasome activation with LPS + nigericin and characterised using 
NanoSight. (B) Concentration (particles/mL) for the three EV fractions (2K, 10K, 
SEC) for EGFP-Palmi and tdTomato-Palmi THP-1 MΦs compared to wild type 
(wt) THP-1 MΦs. Means of technical replicates (of one representative 
experimental run for wt THP-1 MΦs) are shown. (C) (Representative [for wt THP-
1 MΦs]) Size distribution of particles released for the three EV fractions (2K, 10K, 
SEC) for EGFP-Palmi and tdTomato-Palmi THP-1 MΦs compared to wt THP-1 
MΦs are shown. Means of technical replicates are shown. (D) Total number of 
particles detected for EGFP-Palmi and tdTomato-Palmi THP-1 MΦs compared to 
wt THP-1 MΦs. Mean ± SD. All technical replicates of all experimental runs are 
shown. n = 1 for EGFP-Palmi and tdTomato-Palmi THP-1 MΦs; n = 3 for wt THP-
1 MΦs. 
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As EVs could not be observed without fixation nor could a reduced number of 

inflammasome-elicited EVs be observed, it had to be concluded that the 

technique was unsuitable for the application. Probably not enough fluorescent 

protein is expressed by the cells or not enough fluorescent protein is loaded into 

EVs, resulting in the signal being too weak. Thus, we decided to go back to the 

visualisation of EVs using dyes—even if that meant having to change the EV 

isolation protocol in parts. 

 

Previously, Dr. Christina Budden had established CFSE staining to visualise EVs. 

In short, PMA-differentiated THP-1 MΦs were stimulated with LPS and nigericin. 

Supernatant was collected, centrifuged at 340 x g and 2,000 x g to remove cells 

and 2K EVs respectively, and then centrifuged at 10,000 x g to pellet the 10K 

fraction. 10K EVs were then stained with 20 M CFSE for 30 min. After 

incubation, unbound dye was removed through centrifugation at 10,000 x g. To 

stain SEC EVs, 10K supernatant was spun at 100,000 x g to pellet SEC EVs. 

SEC EVs were then stained with 20 M CFSE for 30 min. After incubation, 

unbound dye was removed through SEC. Stained EVs were pelleted through 

centrifugation at 100,000 x g.  

I employed this staining method to stain 10K and SEC EVs isolated from LPS 

and nigericin stimulated THP-1 MΦs. These EVs were then transferred to THP-1 

MΦs as well as to the epithelial cells A549 and BEAS-2B (Figure 32A). While 

staining of 10K EVs with CFSE worked well (Figure 32B), staining SEC EVs with 

CFSE did not work in my hands (Figure 32B). 

 

Additionally, I wanted to test different methods to quantify EV uptake in an 

unbiased manner that would work for different cell lines/types and could 

differentiate between EVs just bound to the cell membrane versus those that were 

actually taken up by cells. I set out to achieve this using a combination of 

Fiji/ImageJ, the machine learning software ilastik, and the Cell Profiler software. 

I tested three different quantification methods that all differentiated between 10K 

EVs found close to the centre of the cell (Centre EVs) and those closer to the cell 

membrane and thus not necessarily taken up by the cell (Peripheral EVs) (Figure 
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32C–E). The first quantification method divided the number of EVs per image by 

the number of cells present in the given image, giving an average number of EVs 

per recipient cell (Figure 32C). A second approach was to identify recipient cells 

and then count the number of EVs for every recipient cell individually (Figure 

32D). Finally, EV uptake was quantified by determining the overall EV 

fluorescence and dividing this number by the number of recipient cells counted; 

this gives the average fluorescence per cell (Figure 32E). All three methods lead 

to roughly the same results and thus could all be used in future analyses. 
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Figure 32: Characterisation of EV uptake using CFSE. (A) Schematic 
representation of the experimental plan. EVs were isolated from inflammasome-
activated THP-1 MΦs, stained with CFSE, and incubated for 24 h with recipient 
THP-1 MΦs or epithelial cells (A549 and BEAS-2B cells) stained with Cell Tracer 
Far Red. Nuclei were stained with DAPI. n = 1. (B) Microscopy images showing 
EVs taken up by THP-1 MΦs. Recipient cells are shown in red, EVs in green, and 
nuclei in blue. Representative images of three technical replicates. Maximum 

intensity z-projections. Scale bars top row (from left to right): 50 m, 10 m, 

50 m. Scale bars bottom row: 50 m. (C–E) Different ways of quantifying 10K 
EV uptake shown for three different recipient cells (THP-1 MΦs, A549 cells, and 
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BEAS-2B cells). (C) Average number of EVs per recipient cell. (D) Number of 
EVs per recipient cell with mean + SD. (E) Fluorescence per recipient cell 
(arbitrary units). 

Since the CFSE staining did not work for the SEC fraction (Figure 32B), a different 

dye was tried. R18 is a self-quenching dye that is commonly used to investigate 

virus uptake. Since SEC EVs are about the same size as viruses, the dye has 

been found to be useful for EVs as well (Parolini et al, 2009; Montecalvo et al, 

2012). THP-1 MΦs were stimulated with LPS and nigericin to activate the NLRP3 

inflammasome and EVs were isolated. The staining protocol described above 

was used but instead of labelling EVs with CFSE, EVs were stained with R18. 

Stained EVs were then transferred to A549 or BEAS-2B recipient cells and 

incubated for 15 h (Figure 33A). Results are shown in Figure 33B. Both 10K and 

SEC EV uptake could be demonstrated. As expected, no signal was detected in 

cells only controls (Figure 33B). The SEC EV only control shows that the R18 dye 

self-quenches when used on these small EVs. This was expected, as SEC EVs 

are comparable in size to viruses. On the other hand, the 10K EV only control 

shows a clear signal, indicating that 10K vesicles are big enough that the dye, at 

the used concentration, can no longer self-quench (Figure 33B). Nevertheless, it 

is still suitable to study EV uptake. 

 

As was shown above for the CFSE staining, EV uptake can be quantified. While 

it was possible to count the number of vesicles and relate this to the individual 

recipient cells in the CFSE staining experiments, this is not possible for the R18 

staining due to its nature: it is especially useful to study membrane fusion as, at 

least in case of the SEC EVs, it only fluoresces when diluted. For example, this 

is the case when EVs fuse with the cell membrane or any other membrane within 

the cell. While this gives a strong signal, it no longer allows to enumerate EVs. 

Thus, as a measure of EV uptake, the overall fluorescence was quantified and 

related to the number of recipient cells (Figure 33C). 
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Figure 33: Characterisation of EV uptake using R18. (A) Schematic 
representation of the experimental plan. EVs were isolated from THP-1 MΦs, 
stained with R18 and incubated for 24 h with recipient epithelial cells (A549 or 
BEAS-2B cells) stained with Cell Tracer Far Red. Nuclei were stained with 
Hoechst 34580. n = 1. (B) Microscopy images showing EV uptake by A549 cells. 
Recipient cells are shown in red, EVs in green, and nuclei in blue. Representative 

Images of three technical replicates. Scale bars: 50 m. (C) Quantification of EV 
uptake shown for A549 and BEAS-2B cells. Fluorescence per recipient cell 
(arbitrary units). 
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3.2.2 Uptake Mechanism 

After establishing a way of visualising EVs in microscopy experiments, EV uptake 

was studied in a time-dependent manner and for different recipient cells. 

 

We wanted to gain an understanding of EV uptake in different cell types to 

understand which cells might possibly interact with inflammasome-elicited EVs in 

vivo. To do so, in addition to using THP-1 MΦs, we made use of the two human 

lung cell lines A549 and BEAS-2B. 

 

The A549 cell line is derived from a lung tumour explant of a 58-year-old male 

(Lieber et al, 1976) and is similar to alveolar epithelial cells (AEC)2 cells in its 

characteristics. Together with AEC1 cells, AEC2 cells make up the alveolar 

epithelium. While the flat AEC1 cells are involved in the gas exchange between 

the alveoli and the blood, the cuboidal AEC2 cells are responsible for the 

production and secretion of surfactant. AEC2 cells further act as progenitor cells 

for AEC1 cells (Hiemstra et al, 2018). A549 cells possess lamellar bodies and 

microvilli, they express cystic fibrosis transmembrane conductance regulator 

(CFTR), surfactant protein(SP)-A, SP-C, SP-D, mucin(MUC)1 and several other 

receptors common in AEC2 cells. They synthesise lecithin and high levels of 

unsaturated fatty acids (Bhowmick & Gappa-Fahlenkamp, 2016). These cells can 

be cultured in monolayers, both anchored and suspended, at air liquid interfaces 

and in 3D culture systems (Bhowmick & Gappa-Fahlenkamp, 2016). For 

simplicity, A549 cells were grown in monolayers in this study. A549 cells are 

commonly used as a model for alveolar epithelial cells. 

 

In contrast to the alveolar epithelium, the airway epithelium consists of more than 

just two cell types, including goblet cells, ciliated cells, non-ciliate club cells, 

neuro-endocrine cells, and basal cells. Basal cells are progenitor cells for various 

cell types of the airway epithelium (Hiemstra et al, 2018). A representative for 

airway epithelial cells is the BEAS-2B cell line. BEAS-2B cells are immortalised 

human bronchial epithelial cells, generated with the SV40 virus from a cancer-
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free individual (Reddel et al, 1988). While they resemble both airway and 

bronchial epithelial cells, they do not differentiate nor do they form a strong barrier 

(Stewart et al, 2012; Bhowmick & Gappa-Fahlenkamp, 2016). BEAS-2B cells 

express club cell secretory protein and produce mucin only when grown on 

collagen (Bhowmick & Gappa-Fahlenkamp, 2016). They can be grown in 

monolayers, both submerged and at air liquid interface (Bhowmick & Gappa-

Fahlenkamp, 2016). 

 

A first experiment was conducted to determine if, in general, a longer (48 h) or a 

shorter (24 h) timepoint would be needed. EVs were isolated from 

inflammasome-activated THP-1 MΦs, stained with CFSE and incubated with 

A549 cells, BEAS-2B cells, and THP-1 MΦs for 24 h and 48 h (Figure 34A). While 

10K EVs were heavily taken up by THP-1 cells, A549 cells primarily bound EVs 

on their membrane and only internalised a few (Figure 34B). BEAS-2B cells also 

bound EVs on their membrane, but to a lesser extent, and only took up a few EVs 

(Figure 34B). Representative images are shown for the 24 h incubation timepoint 

(Figure 34B). Images looked similar after 48 h of incubation (data not shown). 

The above-described pipeline, employing Fiji/ImageJ, Ilastik and Cell Profiler, 

was used to calculate the average number of EVs per recipient cell (Figure 34C). 

Overall, it can be concluded that, for the longer time point, EV numbers were 

already decreasing, particularly for A549 cells, suggesting that an earlier time 

point should be the focus of this study. 
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Figure 34: Uptake of EVs by A549, BEAS-2B, and THP-1 MΦs in a time-
dependent manner. (A) Schematic representation of the experimental plan. EVs 
were isolated from inflammasome-activated THP-1 MΦs, stained with CFSE, and 
incubated for 24 h and 48 h with recipient A549, BEAS-2B, and THP-1 MΦs 
stained with Cell Tracer Far Red. Nuclei were stained with DAPI. n = 1. (B) EV 
uptake by A549, BEAS-2B, and THP-1 MΦs after 24 h. Recipient cells are shown 
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in red, EVs in green, and nuclei in blue. Maximum intensity z-projections. Scale 

bars top row: 10 m, bottom row: 50 m. Representative images of three 
technical replicates. (C) Quantification of EV uptake. Average number of EVs per 
recipient cell is shown for centre EVs and peripheral EVs after 24 h and 48 h 
incubation with A549 cells, BEAS-2B cells, and THP-1 MΦs. 

The results shown in Figure 34 indicate that interaction between EVs and 

recipient cells can be quite diverse: while THP-1 MΦs readily take up many EVs, 

A549 cells appear to mainly just bind EVs and BEAS-2B cells generally do not 

interact much with EVs. Regardless of whether cells take up or bind EVs, both 

forms are likely to influence the recipient cell: in case of EV uptake, signalling 

molecules and interfering RNAs might directly be delivered to the cell’s cytosol. 

In case of EV binding to the cell’s membrane, signalling probably plays a more 

significant role—surface EV proteins could bind membrane receptors and initiate 

signalling cascades. It is of interest that even though both A549 and BEAS-2B 

cells are epithelial cell lines, they show such distinctly different uptake behaviour. 

This could be an artefact of immortalising cells or be caused by the cancerous 

phenotype of A549 cells; however, it could also be caused by the subtle 

difference between alveolar and bronchial epithelial cells. 

 

Having studied EV uptake at a 24 h and a 48 h timepoint, EV uptake at shorter 

timepoints was investigated. THP-1 MΦ-derived EVs were isolated after 

inflammasome activation and stained with CFSE or R18. CFSE was chosen for 

10K EVs, as it allowed better quantification of 10K EVs than R18 (Figure 32, 

Figure 33). R18 was chosen for SEC EVs as CFSE staining of SEC EVs did not 

work (Figure 32) and R18 resulted in a strong, clear signal (Figure 33). Stained 

EVs were transferred to THP-1 MΦs (Figure 35), A549 cells (Figure 36), and 

BEAS-2B cells (Figure 37) and incubated for 1 h, 3 h, 7 h, 15 h, or 24 h. 

The above-described pipeline for EV uptake quantification relied on recipient cell 

staining with Cell Tracer Far Red. As the following experiments were quite labour 

intensive and as I only aimed for a broad overview of changes in EV uptake, like 

overall uptake trends, I opted for a simpler EV quantification method that would 

eliminate too many washing and staining steps and keep experiments as simple 

as possible. Thus, recipient cells were no longer stained with Cell Tracer Far Red. 
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Instead, cell numbers were determined through counting stained cell nuclei. As 

only the CFSE staining allows EV counting, the overall EV fluorescence instead 

of EV number was used for uptake quantification and then related to the recipient 

cell number, giving the average fluorescence per recipient cell (Figure 35C, 

Figure 36C, Figure 37C). 

 

Uptake of 10K EVs by THP-1 MΦs was observed after 1–3 h and from then on 

increased until the highest levels were reached after about 15 h (Figure 35B). 

SEC EV uptake by THP-1 MΦs was first observed after 7 h and then increased 

over time (Figure 35B). The same trend was observed for A549 cells (Figure 36). 

In case of BEAS-2B cells, 10K EV uptake was observed after 1 h, but then 

remained relatively stable (Figure 37), instead of further increasing and then 

decreasing, as observed in case of THP-1 MΦs and A549 cells. SEC uptake by 

BEAS-2B cells was again similar to SEC uptake of THP-1 MΦs and A549 cells, 

with uptake starting after around 7 h and increasing over time (Figure 37). 



 146 

 

Figure 35: Uptake of EVs by THP-1 MΦs in a time-dependent manner. (A) 
Schematic representation of the experimental plan. EVs were isolated from 
THP-1 MΦs after inflammasome activation, stained with CFSE (10K) or R18 
(SEC), and incubated with recipient THP-1 MΦs for 1 h, 3 h, 7 h, 15 h, and 24 h. 
Nuclei were stained with DRAQ5. (B) Uptake of 10K (upper row) and SEC (lower 
row) EVs by THP-1 MΦs over 24 h. Nuclei are shown in blue, EVs in green. Scale 

bars: 50 m. Representative images. (C) Fluorescence per recipient cell for one 
representative experimental run showing all technical replicates. (B+C) Trend 
was the same across all experimental runs. Technical replicates = 3. n = 3. 
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Figure 36: Uptake of EVs by A549 cells in a time-dependent manner. (A) 
Schematic representation of the experimental plan. EVs were isolated from 
THP-1 MΦs after inflammasome activation, stained with CFSE (10K) or R18 
(SEC), and incubated with recipient A549 cells for 1 h, 3 h, 7 h, 15 h, and 24 h. 
Nuclei were stained with DRAQ5. (B) Uptake of 10K (upper row) and SEC (lower 
row) EVs by A549 cells over 24 h. Nuclei are shown in blue, EVs in green. Scale 

bars: 50 m. Representative images. (C) Fluorescence per recipient cell for one 
representative experimental run showing all technical replicates. (B+C) Trend 
was the same across all experimental runs. Technical replicates = 3. n = 3. 
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Figure 37: Uptake of EVs by BEAS-2B cells in a time dependent manner. (A) 
Schematic representation of the experimental plan. EVs were isolated from 
THP-1 MΦs after inflammasome activation, stained with CFSE (10K) or R18 
(SEC) and incubated with recipient BEAS-2B cells for 1 h, 3 h, 7 h, 15 h, and 
24 h. Nuclei were stained with DRAQ5. (B) Uptake of 10K (upper row) and SEC 
(lower row) EVs by BEAS-2B cells over 24 h. Nuclei are shown in blue, EVs in 

green. Scale bars: 50 m. Representative images. (C) Fluorescence per recipient 
cell for one representative experimental run showing all technical replicates. 
(B+C) Trend was the same across all experimental runs. Technical replicates = 3. 
n = 3. 
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Having demonstrated that EV uptake is time dependent, it was investigated 

whether EV uptake is mediated by a specific process, excluding a significant 

contribution of transfer of free dye to the fluorescent signal. To do so, unstained 

inflammasome-elicited EVs were incubated with different amounts of stained 

inflammasome-elicited EVs, thus leaving the overall EV concentration the same 

while increasing the concentration of stained EVs. Recipient THP-1 MΦs were 

either incubated with no EVs, with 10% stained EVs (90% unstained), 50% 

stained EVs (50% unstained), or 100% stained EVs (no unstained EVs) (Figure 

38). The more stained EVs, the higher the fluorescent signal that was observed 

for both 10K EVs (Figure 38B+D) and SEC EVs (Figure 38C+E). Additionally, I 

kept the concentration of stained EVs the same, while increasing the 

concentration of unstained EV and thus the overall EV concentration (Figure 39). 

Adding an excess of unstained EVs reduced the signal observed for both 10K 

and SEC EVs. Thus, it can be concluded that EVs are taken up by a specific 

process and that transfer of free dye does not markedly contribute to the signal 

observed. 
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Figure 38: Uptake of increasing amounts of stained EVs in the presence of 
unstained EVs. (A) Schematic representation of experimental plan. EVs were 
isolated from inflammasome-stimulated THP-1 MΦs and either stained with 
CFSE/R18 or left unstained. EVs were then transferred in different proportions to 
recipient THP-1 MΦs. Nuclei were stained using DRAG5. (B–E) Uptake of 
stained 10K EVs (B+D) or SEC EVs (C+E) in the presence of different amounts 
of unstained EVs. Overall EV concentration was kept constant. Nuclei are shown 

in blue, EVs in green. Scale bars: 50 m. Representative images. (D+E) 
Quantification of EV uptake. Technical replicates of one representative 
experimental run are shown. (B–D) Technical replicates = 3, n = 3. 
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Figure 39: Uptake of stained EVs in the presence of an excess of unstained 
EVs. (A) Schematic representation of experimental plan. EVs were isolated from 
inflammasome-stimulated THP-1 MΦs and isolated EVs were either stained with 
CFSE/R18 or left unstained. EVs were then transferred in different proportions to 
recipient THP-1 MΦs and cells were incubated for 5 h. Nuclei were stained using 
DRAQ5. (B+C) Uptake of stained 10K EVs (B) and stained SEC EVs (C) in the 
presence of an excess of unstained EVs (keeping the concentration of stained 
EVs constant while increasing the overall EV concentration). Nuclei are shown in 

blue, EVs are shown in green. Scale bars: 50 m. Representative images. 
Graphs show quantifications of all technical replicates for one representative 
experimental run. (B+C) Technical replicates = 3, n = 3. 
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Next, EV uptake was investigated at different temperatures to differentiate 

between active and passive uptake. This was done as endocytosis, which can be 

inhibited by incubation at 4 °C, has been reported to be a major EV uptake route. 

Thus, THP-1 MΦs were stimulated with LPS and nigericin and released EVs were 

isolated and stained. Stained EVs were then co-incubated for 5 h with recipient 

THP-1 MΦs at either 37 °C or at 4 °C (Figure 40A). A timepoint of 5 h was chosen 

as longer time points led to too much cell death in the case of cells incubated at 

4 °C. In one of the three experimental runs, a low amount of 10K EV uptake was 

observed at 4 °C with an increased 10K EV uptake at 37 °C (Figure 40B+D). This, 

however, could not be observed in the two following runs. On the contrary, now 

a decrease in 10K signal at 37 °C compared to at 4 °C was observed (Figure 

40E). Investigating this phenotype further by looking at the microscopy EV 

channel images (Figure 40F), it became clear that, while the signal, as quantified 

by Fiji/ImageJ and Cell Profiler, does not show a difference, the phenotype at 

4 °C is quite distinct from the one at 37 °C: while there is just a diffuse signal at 

4 °C, the signal at 37 °C is more punctuate and the individual puncti show a 

strong signal. This would suggest, for example, an uptake by phagocytosis at 

37 °C and maybe just some dye diffusion at 4°C, which might cause a problem 

for the automatic quantification of EV uptake. Uptake of SEC EVs could not be 

demonstrated at 4°C at all, but only at 37°C (Figure 40C). Quantifying SEC EV 

uptake, it could be shown in all three experimental runs (two are shown in Figure 

40D+E) that the majority of SEC EVs were only taken up at 37 °C. The major 

uptake of inflammasome-elicited EVs thus seems to be an active process. 



 153 

 



 154 

Figure 40: Temperature dependency of EV uptake. (A) Schematic 
representation of the experimental plan. EVs were isolated from inflammasome-
stimulated THP-1 MΦs and stained with CFSE (10K) or R18 (SEC). Stained EVs 
were transferred to recipient THP-1 MΦs and incubated for 5 h at either 4 °C or 
37 °C. Nuclei were stained with DRAG5. Technical replicates = 3, n = 3. (B) 
Uptake of 10K EVs at 4 °C (left) and 37 °C (right) for the first experimental run. 
(C) Uptake of SEC EVs at 4 °C (left) and 37 °C (right) for the first experimental 

run. (B+C) Nuclei are shown in blue, EV in green. Scale bars: 50 m. 
Representative images. (D+E) Quantification of 10K (top) and SEC (bottom) EV 
uptake (Fluorescence/Recipient cell) for two different experimental runs (D and 
E respectively). D shows quantification of the first experimental run (the one 
shown in B and C), while E shows quantification of the second experimental run. 
Mean of technical replicates. (F) Representative images of one technical replicate 
of the second experimental run showing the 10K EV channel at 4 °C (top) and 
37 °C (bottom). 

Cytochalasin D is a very broad inhibitor of multiple uptake mechanisms, through 

the inhibition of actin polymerisation. Thus, to check whether EV uptake is actin 

dependent, Cytochalasin D was used in transfer experiments (Figure 41). THP-1 

MΦs were stimulated with LPS and nigericin and EVs were isolated and stained 

with CFSE/R18, which were then incubated with recipient THP-1 MΦs that were 

left untreated or were pre-treated with Cytochalasin D (2 M) (Figure 41A). In 

order to verify that Cytochalasin D was working, Bodipy-labelled LDL was used 

as a control (Figure 41B). Uptake of Bodipy-labelled LDL, 10K, and SEC EVs was 

quantified as described before. Results are shown for two of the three 

experimental runs (Figure 41C). For both Bodipy-labelled LDL and SEC EVs, a 

decrease of EV uptake in the presence of Cytochalasin D was observed (Figure 

41B+C). In case of 10K EVs, no clear decrease was observed when quantifying 

results (Figure 41C). Again, this might be a problem of the quantification pipeline, 

since 10K EV uptake showed the same qualitative differences that were observed 

when comparing uptake at 37 °C and 4 °C (distinct puncti under untreated 

conditions versus diffuse signal under Cytochalasin D treatment; Figure 41B); this 

underlines the importance of not only relying on quantification, but also studying 

microscopy images. While (SEC) EV uptake is reduced in the presence of 

Cytochalasin D, it is not completely blocked. This could be either because actin 

polymerisation is not completely blocked (which is probably the case to some 

extent, as LDL uptake was also not completely blocked in Cytochalasin D pre-



 155 

treated cells) or because there are also actin-independent EV uptake processes 

taking place. 

 

Figure 41: Uptake of EVs in the presence of Cytochalasin D. (A) Schematic 
representation of the experimental plan. EVs were isolated from inflammasome-
stimulated THP-1 MΦs and either stained with CFSE (10K) or R18 (SEC). 
Stained EVs were transferred to recipient THP-1 MΦs and incubated for 5 h either 
in the presence or absence of Cytochalasin D. Nuclei were stained with DRAQ5. 
Technical replicates = 3, n = 3. (B) Uptake of 10K EVs, SEC EVs, or Bodipy-
labelled LDL (positive control) with or without Cytochalasin D pre-treatment of 
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recipient cells. Nuclei are shown in blue, EVs and LDL in green. Scale bars: 

50 m. Representative images. (C) Quantification of EV uptake 
(Fluorescence/Recipient cell) for two of the three experimental runs (mean of 
three technical replicates shown). 

3.2.3 EV Content Release 

EV uptake by recipient cells does not directly imply that intraluminal EV contents 

end up in the recipient cell’s cytosol. To investigate if EVs not only interact with 

recipient cells through surface-surface interaction but also deliver proteins (and 

possibly RNA) to recipient cells’ cytosol, THP-1 cells that stably express NLuc-

tagged HSP70 were generated (Figure 42A). HSP70 is an intraluminal-

associated EV marker and has been shown to be bulk loaded into EVs 

(Bonsergent et al, 2021). Additionally, CD63, a membrane-associated EV marker 

that is enriched in EVs (Escola et al, 1998; Bonsergent et al, 2021), was tagged 

with NLuc and introduced into THP-1 cells (Figure 42A). NLuc allows high 

sensitivity detection and is thus highly useful when working with small amounts 

of samples and therefore in case of EVs (Gupta et al, 2020). 

 

I have generated four different THP-1 cell lines: the two described above and two 

additional controls that express HSP70 or CD63 respectively, but without the 

NLuc tag (Figure 42B). Expression of these constructs was tested using an assay 

for in-gel luciferase activity of cell lysates. Cell lysates were prepared as if used 

in a normal Western blot. They were then loaded onto an SDS-polyacrylamide 

gel and gel electrophoresis was performed. After running the gel, it was washed 

in 25 % isopropanol to remove the SDS, allowing the NLuc to refold 

spontaneously. Finally, the gel was covered in NLuc detection reagent and 

luciferase activity was measured with a chemiluminescent imager. Measuring in-

gel luciferase activity thus allowed me to test whether NLuc is expressed and 

functional and, additionally, whether coupling to HSP70/CD63 had been 

successful. NLuc activity could be observed for NLuc-CD63 THP-1 MΦs as well 

as for NLuc-HSP70 THP-1 MΦs. In case of NLuc-CD63 THP-1 MΦs, NLuc signal 

was observed in the range of roughly 30–60 kDa (Figure 42C). Usually, the 

observed molecular weight of CD63 lies between 28 and 35 kDa. NLuc has a 
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molecular weight of 19 kDa. The observed NLuc signal therefore suggests 

successful tagging of CD63. In the case of NLuc-HSP70 THP-1 MΦs, NLuc signal 

was observed at around 70 and 80 kDa (Figure 42C). HSP70 has a molecular 

weight of 70 kDa. Thus, one of the two bands seems to be NLuc-HSP70. The 

nature of the second band is less clear. The faint upper and lower bands in case 

of both NLuc-tagged THP-1 MΦs are probably due to sample that has not passed 

through the gel and NLuc that was no longer coupled to HSP70 or CD63. In 

addition to performing in-gel luciferase activity assays, luciferase activity can be 

measured in solution. Cell lysates were mixed with luciferase substrate and 

luciferase activity was directly measured. Results are shown in Figure 42D. While 

a strong signal could be observed for NLuc-HSP70 THP-1 MΦ and NLuc-CD63 

THP-1 MΦ lysates, little to no signal was observed in case of control cell lysates 

(Figure 42D). The signal decreased over time, probably resulting from the 

growing depletion of available luciferase substrate. 

 

Knowing that the cells expressed NLuc coupled to CD63/HSP70, I set out to 

investigate whether the tagged proteins are incorporated into inflammasome-

elicited EVs and, if so, whether the signal is strong enough to be measured. Thus 

NLuc-CD63 THP-1 MΦs and NLuc-HSP70 THP-1 MΦs were stimulated with LPS 

and nigericin and EVs were isolated. NLuc activity was then measured in all three 

EV fractions (2K, 10K, and SEC), as well as in whole cell lysates. Whole cell 

lysates from wt, CD63, and HSP70 THP-1 MΦs, and PBS were used as controls. 

All three EV fractions isolated from NLuc-CD63 THP-1 MΦs showed measurable 

NLuc activity (Figure 42E). In case of NLuc-HSP70 THP-1 MΦs-derived EVs, 

only 10K EVs showed a strong measurable signal, while 2K and SEC EV NLuc 

activity was relatively low (although still detectable) (Figure 42E). Controls 

showed little to no NLuc activity (Figure 42E). Considering that HSP70 is only 

bulk loaded into EVs and not enriched, as CD63, these results were expected. 
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Figure 42: Generation of NLuc-tagged HSP70/CD63-expressing THP-1 cell 
lines. (A) HSP70 and CD63 are EV marker proteins. While HSP70 is found in the 
EV lumen, CD63 is associated with EV membranes. Both proteins were tagged 
with NLuc, a highly sensitive nano luciferase. (B) Different THP-1 cell lines stably 
expressing the indicated constructs. (NLuc-tagged) EV markers are under control 
of a CMV promoter. Puromycin is under control of a phosphoglycerate kinase 
(PGK) promoter and used for selection. (C) In-gel luciferase activity assay. Whole 
cell lysates of NLuc-CD63-, CD63-, NLuc-HSP70-, HSP70-, and wt THP-1 MΦs 
were run on a SDS polyacrylamide gel. The gel was washed to allow refolding of 
nano luciferase and chemiluminescence was measured. (D) Cell lysates of the 
above-described cell lines were generated, and nano luciferase activity was 
measured in cell lysates over time. Nano luciferase activity is given in arbitrary 
units. (E) Inflammasome-elicited EVs (2K, 10K, SEC) were isolated from NLuc-
CD63 THP-1 MΦs and NLuc-HSP70 THP-1 MΦs and luciferase activity of EVs 
and WCLs was measured. WCLs of wt, CD63, and HSP70 THP-1 MΦs, as well 
as PBS, acted as controls. (C) n = 1. (D+E) representative figures with n = 2. 

Having generated the above-mentioned cell-lines and having determined they 

work as expected, EVs from inflammasome-activated NLuc-CD63 THP-1 MΦs 

and NLuc-HSP70 THP-1 MΦs (10K and SEC) were isolated and transferred to 

recipient wild type THP-1 MΦs. After incubation for 15 h, cells were washed to 

remove any remaining EVs and then lysed (Figure 43A). NLuc activity was 

measured in recipient cells’ whole cell lysates (Figure 43B). Recipient cells 

treated with NLuc-CD63 THP-1 MΦ-derived EVs showed strong NLuc activity for 

both 10K and SEC EVs. NLuc activity for recipient cells treated with NLuc-HSP70 

THP-1 MΦ-derived 10K and SEC EVs showed no NLuc activity but only 

background (roughly the same as controls) signal (Figure 43B). 
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Figure 43: Transfer of NLuc-tagged HSP70/CD63 to recipient THP-1 MΦs. 
(A) EVs were isolated from inflammasome-activated wt, NLuc-CD63, and NLuc-
HSP70 THP-1 MΦs and transferred to recipient wt THP-1 MΦs. After 15 h of 
incubation, cells were lysed and NLuc activity was measured. (B) NLuc activity 
(in arbitrary units) in whole cell lysates of wt THP-1 MΦs treated with 
inflammasome-elicited 10K EVs (left) and SEC EVs (right) from wt, NLuc-CD63, 
and NLuc-HSP70 THP-1 MΦs. Mean ± SD, n = 2. 

After showing that EVs from NLuc-CD63 and NLuc-HSP70 THP-1 MΦs transfer 

NLuc tagged HSP70/CD63 to recipient cells, I investigated, whether EVs are just 

taken up by recipient cells or if their cytosolic content is released. As HSP70 is 

an intraluminal protein, it should end up in the recipient cell’s cytoplasm, if EV 

content is released. Thus, after performing detergent-free cell fractionation of 

recipient cells, it would be expected in the cytosolic fraction. On the other hand, 

if EVs are shuttled to lysosomes for degradation, it would be expected in the 

membrane fraction. By contrast, CD63, an EV transmembrane protein, would be 

expected to end up in the membrane fraction. Thus, to test EV content release, 

EVs were isolated from inflammasome-activated NLuc-CD63 and NLuc-HSP70 

THP-1 MΦs and transferred to recipient wild type THP-1 MΦs. After 15 h of 

incubation, recipient wild type THP-1 MΦs were then fractionated using a Dounce 
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homogeniser (Figure 44A). Centrifugation at 340 x g was performed to separate 

intact cells from the membrane and cytosolic fractions. Centrifugation at 

100,000 x g was then performed to pellet membranes (including intact 

organelles, such as lysosomes) and separate the membrane fraction from the 

cytosolic fraction (Figure 44A). The cytosolic fraction was expected to contain 

NLuc tagged HSP70, while the membrane fraction was expected to contain NLuc 

tagged CD63 and HSP70 that was not released into the cytosol. 

 

Successful detergent-free cell fractionation was tested by performing Western 

blotting for CANX (Figure 44B). CANX is a transmembrane ER protein and, as 

such, should be absent from cytosolic fractions and present in membrane 

fractions. This was indeed the case in samples after detergent-free cell 

fractionation (Figure 44B). As a control, 1 % Triton X-100 was added to samples. 

Triton X-100 is a detergent and was used to disrupt membranes. After membrane 

disruption, CANX was expected in the cytosolic fraction, which was the case in 

the above-described experiment (Figure 44B). Thus, it was concluded that the 

chosen method for detergent-free cell fractionation was suitable and worked well. 

 

Finally, recipient wild type THP-1 MΦs, after incubation with inflammasome-

elicited EVs (10K and SEC) from NLuc-CD63 and NLuc-HSP70 THP-1 MΦs, 

were fractioned and NLuc activity was measured in membrane and cytosolic 

fractions. Strong NLuc activity was measured in membrane fractions of recipient 

wild type THP-1 MΦs treated with 10K and SEC EVs from NLuc-CD63 THP-1 

MΦs (Figure 44C). Some signal was detected in cytosolic fractions of recipient 

wild type THP-1 MΦs treated with 10K and SEC EVs from NLuc-CD63 THP-1 

MΦs (Figure 44C), probably due to some membrane disruption and thus leakage 

of CD63 to the cytoplasmic fraction. Membrane fractions of recipient wild type 

THP-1 MΦs treated with 10K and SEC EVs from NLuc-HSP70 THP-1 MΦs 

showed some NLuc signal (Figure 44C). This might be due to the lack of a 

washing step in the protocol and thus some cytosolic components still being 

present in the membrane fraction. A washing step was purposely excluded, as it 

would further reduce the amount of sample remaining and work was already 
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conducted with little material. Cytosolic fractions of recipient wild type THP-1 MΦs 

treated with 10K and SEC EVs from NLuc-HSP70 THP-1 MΦs did not show any 

NLuc activity (Figure 44C). This might be due to the NLuc signal already being 

weak in case of EV lysates (Figure 43B), which, in turn, is probably due to HSP70 

being bulk-loaded into EVs, while CD63 is enriched. Using more EVs, using a 

transwell luciferase assay to allow signal from constant EV released to 

accumulate over time, trying other incubation periods, varying the Dounce 

homogeniser step to get higher cell rupture, or using a smaller volume for cell 

fractionation and therefore having more concentrated cytosolic fractions are just 

some ideas to try and improve the experiment in the future. 
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Figure 44: Detergent-free cell fractionation to investigate EV content 
release in recipient THP-1 MΦs after transfer of EVs carrying NLuc-tagged 
HSP70/CD63. (A) EVs were isolated from inflammasome-activated NLuc-CD63 
and NLuc-HSP70 THP-1 MΦs and transferred to recipient wt THP-1 MΦs. After 
15 h of incubation, cells were resuspended in PBS. Detergent-free cell 
fractionation was performed using a Dounce homogeniser five times. Afterwards, 
samples were centrifuged at 340 x g to remove intact cells, followed by 
centrifugation at 100,000 x g to separate the membrane from the cytosolic 
fraction. (B) Western blotting for the transmembrane ER protein CANX. Two 

different volumes (50 L and 200 L) were used for cell fractionation and 
resulting membrane and cytosolic fractions were used for Simple Western WES. 
As a control, samples were treated with detergent (1 % Triton X-100) to rupture 
membranes. (C) Nano luciferase activity given in arbitrary units for membrane 
(Mem) and cytosolic (Cyt) fractions of recipient wt THP-1 MΦs either untreated 
or treated with inflammasome-elicited 10K EVs (left) and SEC EVs (right) from 
wt, NLuc-CD63, and NLuc-HSP70 THP-1 MΦs. (B+C) n = 1.  
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3.3 THP-1 MΦ-Derived EVs and their Effect on Different Human 

Cells 

Next, primary human cells were used. These cells have a limited ability to 

replicate and have a shorter lifespan and as such were only used once 

experimental conditions had been established. For every primary cell type, EV 

uptake was investigated through confocal microscopy. While time courses were 

performed for cell lines, primary cells were just investigated at a limited number 

of time points to see if they, as their cell line counterparts, took up vesicles and if 

uptake was roughly comparable. 

 

As introduced previously, inflammasome-elicited EVs from THP-1 MΦs affect 

recipient THP-1 MΦs in various ways. To expand this knowledge and to gain a 

better understanding of the role of NLRP3-elicited EVs in the spread of 

inflammation, THP-1 MΦ-derived EVs were transferred to different human 

primary cells: NHBECs, HUVECs, NHLFs, and T cells (naïve and activated) 

isolated from human blood. To keep results comparable to experiments 

performed with THP-1 MΦ-derived EVs, experimental conditions were not 

altered, where possible. Therefore, the same EV concentration was applied to 

recipient cells using FBS-free medium (as the standard FBS used in tissue culture 

contains bovine EVs (Driedonks et al, 2019) and thus would bias results) and the 

incubation time was kept at 15 h. 

3.3.1 Uptake of Inflammasome-Elicited EVs by Different Human Cells 

MΦs are phagocytic cells and, as such, are known to take up EVs rapidly. Above, 

I have shown that THP-1 MΦs took up 10K EVs after 1–3 h (Figure 35). From 

then on, the mean EV count per cell increased until reaching the highest levels 

after about 15 h. This was followed by a decrease in EV levels (Figure 35). 

Uptake of SEC EVs by THP-1 MΦs took longer. After 7 h SEC EVs started to 

accumulate in recipient THP-1 MΦs. The mean EV count per cell constantly 

increased from this time point up to 24 h (Figure 35). To keep the incubation time 
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consistent for both 10K and SEC EVs, an incubation time of 15 h was chosen in 

previous studies (Budden, 2020). 

 

Experiments with the epithelial cell lines A549 and BEAS-2B showed a similar 

trend (Figure 36, Figure 37), thus I expected that the incubation time of 15 h might 

also be suitable for the different primary cell types. However, to make sure that 

there was indeed interaction/uptake of EVs after 15 h and to study how different 

recipient cells interact with inflammasome-elicited EVs, I performed microscopy 

experiments with fluorescently labelled EVs for all five recipient cells. 

3.3.1.1 Epithelial Cells 

NHBECs are cells isolated from the epithelial lining of airways above bifurcation 

of the lungs. NHBECs were purchased from LONZA. They were first expanded 

for 3–7 days in a submerged culture in culture flasks. After expansion, cells were 

transferred to a transwell insert where they were further expanded for 2–4 days 

until having reached a confluent monolayer. Once this confluency was reached, 

the medium in the apical chamber of transwell inserts was removed, exposing the 

NHBECs on their apical side to air (Figure 45B). This procedure is called “airlift”. 

The cells were then cultivated for at least 21 days in these ALI cultures to allow 

differentiation, resulting in a pseudostratified epithelium consisting of basal cells, 

secretory cells (goblet cells), and ciliated cells (Figure 45A+C). Mucous 

production can be observed by looking at cells through a standard wide field 

microscope. The same microscope also allows observation of ciliary beating. To 

confirm this observation, ALI cultures were cryo-embedded and antibody staining 

against acetyl-alpha tubulin, a ciliary protein, was performed (Figure 45D). The 

expression of cilia could be confirmed, as well as the successful establishment of 

a pseudostratified epithelium (Figure 45D).  
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Figure 45: Culture of lung epithelial cells. (A) NHBECs are cells isolated from 
the epithelial lining of airways. They were purchased from LONZA and cultured 
in air-liquid interface (ALI) cultures on transwell plates until differentiated to a 
pseudostratified epithelium consisting of basal cells, secretory cells (goblet cells), 
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and ciliated cells. (B+C) Light microscopy images of ALI cultures. (B) Cells on the 
day of airlift, right after removal of apical chamber medium (left) and one week 
after airlift (right). (C) Two different fields of view of fully differentiated ALI 
cultures. (D) ALI cultures were cryo-embedded, sliced, and stained for acetyl-
alpha tubulin to visualise cilia (red). Hoechst 34580 was used to stain nuclei 

(blue). Scale bar top image: 50 m; lower image: 10 m. (B–D) Representative 
images, n = 6. 

After establishing NHBEC cultures, EV transfer experiments were performed to 

check for interaction/uptake of EVs after 15 h of incubation. EVs were isolated 

from THP-1 MΦs after inflammasome activation, stained with R18, and 

transferred to NHBEC cultures (applied on the apical (top) side). Incubation was 

performed for 15 h after which cells were fixed, cryo-embedded, and used for 

immunostainings (Figure 46A). EV uptake was shown for 10K and SEC EVs 

(Figure 46B). 
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Figure 46: EV uptake by lung epithelial cells after 15 h. (A) Schematic 
representation of the experimental plan. 10K and SEC EVs were isolated from 
THP- MΦs after inflammasome activation and stained with R18. Incubation with 
epithelial cells was performed for 15 h, after which cells were fixed, cryo-
embedded, and immunostained. (B) Uptake of 10K and SEC EVs (shown in 
green). Nuclei were stained using Hoechst 34580 (shown in blue), cilia were 
stained for acetyl-alpha tubulin (shown in red). Scale bars top row left to right: 

50 m, 10 m, 50 m, 10 m; bottom row left to right: 50 m, 10 m. 
Representative images, technical replicates = 3, n = 1. 
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3.3.1.2 Endothelial Cells 

As a model for endothelial cells, HUVECs were cultured. There are different 

methods to culture HUVECs, resulting in different phenotypic representation of 

the endothelium. The simplest method is to culture HUVECs directly on a culture 

surface. A simple modification is to pre-treat this culture surface with fibronectin. 

A more advanced culture system would be to culture HUVECs on transwell 

inserts (Figure 47A). All three culture systems were tested before using HUVECs 

in transfer experiments. To do so, inflammasome-elicited EVs from THP-1 MΦs 

were isolated and stained with R18. Stained EVs were then transferred to 

HUVECs either grown on uncoated or fibronectin-coated culture surfaces (Figure 

48A). Cells were stained with acti-stain 488 phalloidin to assess polarisation 

(Figure 47B–D). Acti-stain 488 phalloidin binds to F-actin only (Wulf et al, 1979). 

It is a peptide toxin from the mushroom Amanita phalloides (Wieland et al, 2008). 

Using acti-stain 488 phalloidin allows the identification of pronounced 

circumferential actin filaments, which are found parallel to the junction to 

neighbouring cells in resting endothelium, as well as stress fibres, which are a 

sign of activated endothelial cells (Schnittler et al, 2014). 

 

First, it was investigated whether coating with fibronectin makes a difference. 

Investigating the actin stain, both circumferential actin filaments and stress fibres 

could be observed in HUVEC cultures (Figure 47). More cell death was observed 

under uncoated conditions, as well as the presence of more stress fibres (Figure 

47B+C), indicating that coating culture surfaces with fibronectin might be 

advantageous. 

 

Next, transwell cultures of HUVECs were investigated. HUVECs were seeded on 

fibronectin-coated transwells with the same medium in the upper and lower 

chambers and grown until confluent (about 3 days). They were then allowed to 

rest for a further 3 days to allow the formation of tight junctions between cells. 

Cells looked healthier than HUVECs directly grown on either uncoated or coated 

culture surfaces and only a few apoptotic cells were observed (Figure 47D). 
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Figure 47: Establishment of HUVEC culture. (A) HUVECs are isolated from 
human umbilical cords. They can be grown either directly on culture surfaces, on 
fibronectin pre-treated culture surfaces, or in transwell systems, amongst other 
methods. (B–D) F-actin in HUVECs grown either on uncoated (B), on fibronectin-
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coated (C) culture surfaces, or on a fibronectin-coated transwell surface (D). 
(B+C) Scale bars: 50 µm. (D) Scale bars: 50 µm (left), 20 µm (right). (B–D) 
Representative images, technical replicates = 3, n = 1. 

Next, it was investigated whether the difference in HUVEC culture and thus the 

state of HUVECs might also affect EV uptake. When comparing HUVECs grown 

on culture surfaces with fibronectin coating to those without coating, HUVECs 

grown on fibronectin coated culture surfaces seemed to have taken up more EVs 

(Figure 48B+C). 

Microscopy of transwell cultures is not as straightforward as imaging cells directly 

grown on coated or uncoated surfaces. The laser power needed to be increased 

a lot to be able to detect a signal and, even then, the signal was not very strong. 

Thus, EV uptake could not directly be compared to cells grown on culture dishes. 

However, it can be observed that EV uptake takes place (Figure 48D). 

Thus, it was decided to use transwell plates for HUVEC culture in transfer 

experiments. 
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Figure 48: Influence of cell culture conditions on EV uptake. (A) Scheme of 
the experiment: 10K EVs were isolated from inflammasome-activated THP-1 
MΦs and stained with R18 before transfer to HUVECs and incubation for 3 h. 
F-actin was stained using acti-stain 488 Phalloidin, nuclei were stained using 
DRAQ5. (B+C) EV uptake by HUVECs cultured on uncoated (B) and fibronectin-

coated (C) culture surfaces. Scale bars: 50 m. (D) EV uptake by HUVECs 
cultured on fibronectin-coated transwells. Scale bars: 50 µm (left), 20 µm (right). 
(B–D) F-actin is shown in red, nuclei in blue, EVs in green. (B–D) Representative 
images, technical replicates = 3, n = 1. 
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While I decided to use HUVEC transwell cultures for future transfer experiments, 

I still wanted to investigate the effect culture conditions might have on 

inflammasome-elicited EV uptake. Leaving out the transwell conditions as 

different laser powers needed to be used for microscopy, thus making these 

samples quantitatively incomparable, I compared EV uptake for HUVECs 

cultured on coated versus uncoated surfaces (Figure 49A). Inflammasome-

elicited EVs from THP-1 MΦs were isolated and stained with CFSE (10K) or R18 

(SEC). Stained EVs were transferred to HUVECs grown on fibronectin-coated 

and uncoated culture surfaces (Figure 49B). EV uptake was determined using 

the previously described analysis pipeline. Indeed, as suspected, HUVECs grown 

on fibronectin-coated surfaces, within a 3 h time course, take up more 10K and 

SEC EVs than HUVECs directly grown on uncoated culture surfaces (Figure 

49C). This finding is especially important as it underlines the importance of 

carefully finding a suitable culture system for cells used in transfer experiments 

instead of just defaulting to the simplest culture system. 

 

Figure 49: Quantification of the influence of cell culture conditions on EV 
uptake. (A) HUVECs were grown either directly on culture surfaces or on 
fibronectin pre-treated culture surfaces. (B) 10K EVs were isolated from 
inflammasome-activated THP-1 MΦs and stained with CFSE (10K) or R18 (SEC) 
before being transferred to HUVECs and incubated for 3 h. Nuclei were stained 
using DRAQ5. (C) 10K and SEC EV uptake by HUVECs cultured on uncoated 
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and fibronectin-coated culture surfaces. Representative figure showing the 
mean ± SD of technical replicates of one experimental run. Technical 
replicates = 3, n = 2. 

After investigating different culture systems for HUVECs, I checked whether they 

interact with or take up EVs after 15 h of co-incubation, the timepoint used for 

later RNA-seq experiments. EVs were isolated from inflammasome-activated 

THP-1 MΦs and stained with CFSE (10K) and R18 (SEC). Co-incubation was 

performed for 15 h with HUVECs grown on fibronectin-coated culture surfaces 

(Figure 50A). Note that while the transwell culture system was chosen for the 

RNA-seq transfer experiment, EV uptake after 15 h was assessed using the 

fibronectin-coated culture system to be able to properly visualise EVs. Uptake of 

both 10K and SEC EVs was observed (Figure 50B+C). 
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Figure 50: EV uptake by endothelial cells after 15 h. (A) Schematic 
representation of experimental plan. THP-1 MΦ-derived inflammasome-elicited 
EVs were isolated and stained with CFSE (10K) and R18 (SEC) before being 
transferred to HUVECs grown on fibronectin-coated culture surfaces. Nuclei were 
stained using DRAQ5. (B) 10K and SEC uptake after 15 h incubation with 
CFSE/R18-stained EVs. (C) Cell-only controls imaged with 10K microscopy 
settings and SEC settings. (B+C) Nuclei are shown in blue, EVs in green. Scale 

bars: 50 m. Representative images, technical replicates = 3, n = 2. 

3.3.1.3 Fibroblasts 

While culture conditions for HUVECs and especially for NHBECs are more 

complex, fibroblasts can be cultured directly on culture surfaces commonly used 

in cell culture. After finding a suitable cell density, EV uptake was thus directly 

studied. THP-1 MΦs were stimulated with LPS and nigericin to induce 

inflammasome activation and EVs were isolated and stained with CFSE (10K) or 
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R18 (SEC). Stained EVs were transferred to recipient fibroblasts and cells were 

incubated for 15 h (Figure 51A). Successful EV uptake was visualised for both 

10K and SEC EVs (Figure 51B+C). 

 

Figure 51: EV uptake by fibroblasts after 15 h. (A) Schematic representation 
of experimental plan. THP-1 MΦ-derived inflammasome-elicited EVs were 
isolated and stained with CFSE (10K) or R18 (SEC) before being transferred to 
fibroblasts grown on standard culture surfaces. (B) 10K and SEC uptake after 
15 h co-incubation with CFSE/R18-stained EVs. (C) Cell-only controls imaged 
with 10K microscopy settings and with SEC settings. (B+C) Nuclei are shown in 

blue, EVs are shown in green. Scale bars: 50 m. Representative images, 
technical replicates = 3, n = 3. 
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3.3.1.4 T cells 

NHBECs, HUVECs and NHLFs were all purchased. T cells on the other hand 

were directly isolated from human blood. Firstly, PBMCs were purified using 

Ficoll. T cells were then isolated using the StemCell EasySep Human T cell 

isolation kit according to the manufacturer’s instructions. This kit employs 

negative selection of T cells. T cell purity was checked using flow cytometry 

(Figure 52). Naïve T cells were then directly used for transfer experiments. To 

activate T cells, 96-well plates were coated with CD3 and CD28 antibodies and 

cells were grown on these plates for 7 days. T cells were cultured in the presence 

of IL-2. 

 

Figure 52: Isolation of T cells from human blood. Flow cytometry gating to 
determine T cell purity. T cells were stained for CD3. Data obtained by Lea 
Jenster. Representative of n = 2. 

Both activated and naïve T cells were used for transfer experiments. 

Inflammasome-elicited EVs were isolated and stained with CFSE (10K) or R18 

(SEC) and incubated with naïve and activated T cells for 15 h (Figure 53A). EV 

uptake was visualised under the microscope. While NHBECs, HUVECs and 

NHLFs are adherent cells, T cells are suspension cells. In case of adherent cells, 

EVs that had not bound to recipient cells nor had been taken up by recipient cells 

were washed away with PBS before fixation. This was not possible in case of T 

cells. Instead, PFA was directly added to the wells (together with DRAQ5 to stain 

nuclei). Thus, it had to be ensured that EVs are really inside cells. This was 

achieved through z-stacks and by looking at cell size in bright field images. This 

is of course suboptimal, but it nevertheless gives an impression of whether or not 

T cells take up inflammasome-elicited EVs. Results are shown in Figure 53B. 
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Uptake of 10K EVs was not observed in case of naïve T cells, but could be 

demonstrated for activated T cells, although only a few EVs were taken up and 

only by a few cells (Figure 53B). SEC EV uptake was observed for a few naïve 

T cells and for most activated T cells (Figure 53B). 

 

Figure 53: EV uptake by naïve and activated T cells after 15 h. (A) Schematic 
representation of the experimental plan. THP-1 MΦ-derived inflammasome-
elicited EVs were isolated and stained with CFSE (10K) or R18 (SEC) before 
being transferred to naïve or activated T cells. Nuclei were stained using DRAQ5. 
(B) 10K and SEC uptake after 15 h incubation with CFSE/R18-stained EVs. 

Nuclei are shown in blue, EVs in green. Scale bars top row: 50 m, bottom row: 

10 m. Representative images, technical replicates = 3, n = 3. 

3.3.2 Transcriptomic Changes in Recipient Cells After Transfer of 

Inflammasome-Elicited EVs 

Having established suitable culture conditions for the different recipient cells and 

having studied how they interact with EVs, the effect of inflammasome-elicited 

EVs on these cells was studied using RNA sequencing. While the EV isolation, 

transfer of EVs to the different recipient cells, and cell lysis was performed in our 
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lab, we collaborated with Dr. Jonathan Schmid-Burgk and Marius Jentzsch for 

the library preparation and sequencing. They have established a library 

preparation protocol that reduces the pipetting steps of a classical library 

preparation and skips the step of RNA isolation from cell lysates. Instead, lysates 

can directly be used. 

 

To test whether this procedure is also suitable for our application and, if so, which 

conditions to use, we first tested the protocol in two pilot experiments (Figure 54). 

In the first pilot experiment, sequencing conditions for EVs were tested (Figure 

54A). EVs were either directly lysed with RLT buffer and RNA was isolated using 

RNeasy plus micro kits or a dry EV pellet was frozen. Both samples were stored 

at −80°C before processing. Additionally, EVs were directly lysed after isolation 

using different amounts of buffer. Samples were then processed in Dr. Jonathan 

Schmid-Burgk’s lab by Marius Jentzsch. He either directly used lysates or first 

purified the RNA using a bead-based RNA purification approach. After performing 

whole transcriptome amplification (WTA), gels were run to determine fragment 

sizes. Direct lysis of EVs in 10 L of lysis buffer led to the best results (Figure 

54A). 

 

Having established good sequencing conditions for EVs, conditions for the 

different recipient cells were established in a second pilot experiment (Figure 

54B). Cells were lysed in either 100 L or 200 L lysis buffer and directly used 

for WTA or lysed in 100 L followed by bead-based RNA purification before WTA 

was performed. Best results were achieved using 100 L lysis buffer (Figure 

54B). 
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Figure 54: Establishment of sequencing conditions. (A) Different sequencing 
conditions for isolated EVs were tested. EVs were isolated and either lysed in 
RLT buffer followed by RNA isolation with the RNeasy plus micro kit or the 
isolated EV pellet was directly frozen. Both samples were stored at −80°C before 
further processing. Alternatively, EVs were isolated and freshly lysed in different 
volumes of lysis buffer. WTA was performed either on direct lysates or on RNA 
purified by bead-based isolation. (B) The different recipient cells were lysed in 

either 100 L or 200 L lysis buffer and directly used for WTA. Alternatively, cells 

were lysed in 100 L lysis buffer and bead-based RNA purification was performed 
before lysis. Data obtained by Marius Jentzsch. n = 1. 

Additionally, Dr. Jonathan Schmid-Burgk and Marius Jentzsch sequenced and 

analysed the above-mentioned samples and confirmed that library preparation 

and sequencing conditions were suitable for the different cell- and vesicle types 

(data not shown). 
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After establishing cell culture conditions, checking for EV uptake/interaction after 

15 h, and finding suitable sequencing conditions, the actual transfer experiment 

was performed. THP-1 MΦs were stimulated with LPS and nigericin to activate 

the NLRP3 inflammasome or just with LPS (control). 10K and SEC EVs from both 

conditions were isolated and transferred to NHBECs, HUVECs, NHLFs, naïve T 

cells and activated T cells and incubated for 15 h. As controls, the different 

recipient cells were stimulated with LPS (2 h), Nigericin (1.5 h), or left untreated. 

All different recipient cells, as well as part of the transferred vesicles, were lysed 

and RNA-seq was performed (Figure 55). 

 

Figure 55: The effect of inflammasome-elicited THP-1 MΦs on different 
recipient cells. (A) Schematic representation of experimental plan. THP-1 MΦs 
were stimulated with either LPS only (control) or LPS + nigericin. 10K and SEC 
EVs were isolated from both conditions and transferred to different recipient cells: 
NHBECs, HUVECs, NHLFs, naïve and activated T cells. Recipient cells were 
also directly stimulated with LPS (2 h), nigericin (1.5 h), or left untreated. 
Recipient cell supernatant was taken directly before lysis. Cells, as well as part 
of the transferred vesicles, were lysed and used for RNA-seq. n = 5. 

Supernatants were taken directly before cell lysis and TNF-α and IL-1β protein 

levels were determined (Figure 56B). The highest TNF-α levels were observed 

for naïve (~1800 pg/mL) and activated T cells (~2500 pg/mL) after transfer of 10K 
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EVs from inflammasome activated cells (Figure 56B). The highest IL-1β levels 

were observed after transfer of 10K EVs from inflammasome activated cells to 

HUVECs (~750 pg/mL), NHLFs (~1250 pg/mL), naïve (~500 pg/mL) and 

activated T cells (~500 pg/mL). NHBECs showed little TNF-α and IL-1β secretion 

(Figure 56B). As TNF-α levels are different between cell types, it is probably an 

induction of these cytokines instead of just a transfer through 10K vesicles. If it 

were just a transfer, the same levels should be observed for all cell types—with 

the exception of NHBECs: here EVs and stimuli were applied on the apical side 

(upper) and supernatants were taken from the basal side (lower) as there was no 

medium in the upper chamber (which was exposed to air). In the case of IL-1β, it 

cannot be ruled out that the IL-1β is transferred through the 10K EVs. 

 

Figure 56: Cytokine secretion after inflammasome-elicited EV transfer to 
different recipient cells. (A) Schematic representation of the experimental plan. 
The effect of EVs on epithelial cells (NHBECs), endothelial cells (HUVECs), 
fibroblasts (NHLFs), and T cells (naïve and activated) was studied. (B) TNF-α 
and IL-1β protein levels after stimulation of NHBECs, HUVECs, NHLFs, and 
naïve and activated T cells with 10K and SEC EVs from either LPS or LPS + Nig 
stimulated THP-1 MΦs. Mean ± SEM. n = 5. 
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Cell and EV lysates were given to Marius Jentzsch for library preparation and 

sequencing using the NextSeq 2000 Illumina sequencer. Even though 

sequencing of EVs themselves worked in the pilot experiment, it was not 

successful for this experiment. Thus, only the effect on recipient cells could be 

analysed (Figure 56A). Additionally, sequencing depth for recipient cells, 

especially for NHBEC and naïve T cells, was very low. It was thus decided to re-

sequence the whole library to increase sequencing depths. One problem of the 

library preparation approach used is that RNA input levels for different samples 

differ as, without direct RNA isolation, there is no RNA quantification step. This 

led to HUVEC, NHLF, and activated T cell samples being overrepresented and 

NHBEC and naïve T cell samples being underrepresented (Figure 57B). We 

therefore decided, in addition to the re-sequencing of the whole library, to prepare 

a separate library for NHBEC and naïve T samples. However, after trying to do 

so, Marius Jentzsch reported that this was no longer possible, as samples were 

already too degraded. As a result, the sequencing analysis had its limits and 

could only detect major transcriptomic changes, mainly for HUVEC cells, NHLFs, 

and activated T cells. 

 

Read alignment and data analysis was performed by me with the help of 

Dr. Jamie Gearing. Reads were aligned to the human genome using the 

Rsubread package. Genes were annotated and raw counts were converted to 

log2CPM. MDS plots of the raw data showed a dependence on library size (Figure 

57A); thus, filtering was performed to remove samples with library sizes less than 

or equal to 1 x 104. While this is still a very small library size, we wanted to try to 

perform at least some comparisons in the NHBEC and naïve T cells, and thus 

decided for this cut-off. It led to the exclusion of 32 samples with library sizes 

ranging from 14 to ~9.9 x 103 with a mean of ~4.0 x 103 reads and leaving 

samples with library sizes ranging from ~1.2 x 104 up to ~2.6 x 107 with a mean 

of 2.9 x 106 (Figure 57B). Filtering for larger library sizes removed many of the 

NHBEC and naïve T cell samples, thus decreasing group sizes for these cell 

types (Table 1). 
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Cell Type 10KL 10KLN SECL SECLN LPS Nig UT 

NHBEC 1 4 2 2 3 3 3 

HUVEC 5 5 5 5 5 5 5 

NHLF 5 5 5 5 5 5 5 

Naïve T cell 4 3 3 3 3 2 2 

Activated T cell 5 5 5 5 5 5 5 

Table 1: Group sizes. The number of samples remaining per group after 
removing samples with library sizes smaller than 1 x 104. Group sizes are 
represented by colour. 

Next, lowly expressed genes were removed, leaving ~3.9 x 104 genes in the 

analysis, and normalisation was performed. After sample pre-processing, 

samples clustered (in the first two dimensions) according to cell type (Figure 

57C), but not stimulation (Figure 57D). 

 

For the differential expression analysis, linear modelling was performed. A design 

matrix was set up using the sample group (cell type and treatment) and, for each 

cell type, pairwise comparisons were made between the different stimulations 

and untreated samples. Linear modelling was performed on log2CPM values with 

accommodated mean-variance relationships using precision weights calculated 

using the voom method with the voomLmFit function (Figure 58A). Moderated t-

tests were performed using either eBayes or treat. Treat was used with a log2 fold 

change threshold of 1. The number of significantly up- or downregulated genes 

for each comparison is shown in Figure 58B determined by either the eBayes 

function (left) or the treat function with a log2 fold change threshold of 1 (right). 

Most DE genes are found in NHLFs, followed by HUVECs. The eBayes function 

is less stringent, since it does not apply a log2 fold change threshold, and thus 

more DE genes are found. In case of HUVECs, most DE genes are found upon 

treatment with 10K EVs from inflammasome-activated cells, both using eBayes 

and treat. In the case of NHLFs, the most DE genes are found upon treatment 

with 10K EVs from LPS-only stimulated cells (eBayes) or 10K EVs from 

inflammasome-activated cells (treat). In NHLFs, SEC EVs also seem to have an 

influence on cells (Figure 58B). 
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Figure 57: Overview of the effect of THP-1 MΦ inflammasome-elicited EVs 
on different recipient cells. (A) MDS plot showing sample relationships, 
coloured by library size. (B) Plot showing the library sizes for the different 
samples, coloured by cell type. Dashed line indicates the filtering cut-off at 
1 x 104. Samples below this cut-off were removed from the analysis. (C+D) MDS 
plots showing sample relationships, coloured by cell type (C) or stimulation (D). 
(A-D) n = 5. 
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Figure 58: Linear modelling to determine significantly differentially 
expressed genes. (A) Means (log2(count size + 0.5) on the left and mean 
log2CPM values on the right) of each gene are shown on the x-axis with 
corresponding variances (square-root of standard deviations on the left and 
residual standard deviations on the right) on the y-axis, showing the dependency 
between genes and variances before applying the voom function (left) and once 
it has been applied and the trend removed through the application of voom 
precision weights (right). The red line indicates the estimated mean-variance 
trend used to compute the voom precision weights. (B) Heat maps showing the 
numbers of significantly differentially expressed genes (either up- or 
downregulated) for each cell type for each comparison (all stimuli compared to 
untreated). DE genes were determined either by applying the eBayes function or 
the treat function with a log2 fold change threshold of 1. The number of DE genes 
is represented by the colour (log2 of the number of DE genes + 1) and the actual 
number of DE genes found is indicated within each square. (A+B) n = 5. 
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3.3.2.1 Epithelial Cells 

After investigating the distances between all samples from all cell types, MDS 

plots were generated separately for every cell type. In the case of NHBECs, 

neither dimensions one and two nor three and four showed clustering of samples 

according to treatment (Figure 59B). Only two DE genes were found: PCM1 was 

found to be downregulated upon treatment of NHBECs with 10KLN EVs 

compared to the untreated condition (Figure 59C). OASL was found to be 

upregulated upon treatment of NHBECs with SEC EVs from LPS-only stimulated 

cells (Figure 59C). NHBEC library sizes were quite small compared to library 

sizes of other cell types (Figure 56D) and Marius Jentzsch reported a lot of 

problems when preparing the library and sequencing these cells. 
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Figure 59: Effect of inflammasome-elicited EVs on epithelial cells. (A) 
NHBECs were treated with 10K and SEC EVs from LPS-stimulated THP-1 MΦs, 
10K and SEC EVs from LPS + nigericin-stimulated THP-1 MΦs, as well as with 
LPS, nigericin, or they were left untreated. n = 5. (B) MDS plots of leading log2FC 
(average (root-mean-square) log2FC for the 500 genes most different between 
samples) over dimensions one and two (left) and three and four (right), coloured 
by stimulations. (C) Mean-difference plot showing significantly up (red)- or down 
(blue)-regulated genes in NHBECs stimulated with 10KLN EVs (left) or SECL EVs 
(right) compared to untreated. PCM1: Pericentriolar Material 1. OASL: 2’-5’-
Oligoadenylate Synthetase-Like. 
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One reason for not seeing many DE genes in NHBEC samples could be that the 

library preparation or sequencing of these cells failed, resulting in small library 

sizes and, for half of the stimulations, only one or two samples. This makes it very 

hard to detect statistically significant changes, especially when the effect is 

subtle. 

Another reason could be that these cells are not very reactive. In addition to 

analysing the effect of inflammasome-elicited EVs on the transcriptome of 

epithelial cells through RNA-sequencing, qPCR was performed. While RNA-

sequencing allows a broad, unbiased analysis, qPCR requires the preselection 

of targets. Based on our previous results that showed that inflammasome-elicited 

10K EVs induce interferon-stimulated gene (ISG) expression in recipient MΦs, 

we checked for some common ISGs. In addition of treating NHBECs with different 

EVs, we used IFN-β as a control (10KLN, SECLN, and IFN-β were applied on top 

of cells, except for one condition where 10KLN and SECLN were combined and 

applied to the bottom chamber; Figure 60A). While we expected to see 

upregulation of the selected ISGs, we barely saw any reaction to IFN-β (Figure 

60B). NHBECs also showed little to no changes in ISG gene expression after EV 

treatment (Figure 60B). 10KLN stimulation did, however, lead to the upregulation 

of TNF-α (Figure 60B). In the RNA-seq data, TNF-α was not detected, probably 

because of the extremely small library sizes that did not allow the detection of 

genes with low baseline expression. And even if there would have been a strong 

induction, it might have still ended up below the limit of detection. While the qPCR 

data hints that NHBECs might not respond much to IFN-β stimulation, they might 

of course still respond to other stimuli. Additionally, the experiment was only 

performed once and a rather long timepoint for IFN-β stimulation of 15 h was 

chosen (a shorter timepoint would have been better with regards to a maximal 

response), so results have to be interpreted with caution. 
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Figure 60: Effect of inflammasome-elicited EVs on ISG expression in 
epithelial cells. (A) NHBECs were treated with 10K and SEC EVs from LPS + 
nigericin stimulated THP-1 MΦs, as well as with IFN-β, or they were left 
untreated. 10KLN, SECLN, and IFN-β were applied to the top chamber of ALI 
cultures, while a mixture of 10KLN and SECLN EVs was applied to the bottom 
chamber. All stimuli were applied for 15 h. (B) RNA was isolated from NHBECs 
and qRT-PCR was performed. n = 1. 
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3.3.2.2 Endothelial Cells 

Library preparation and sequencing of HUVEC samples was more successful, 

which was reflected in the number of DE genes found (Figure 58). MD plots of 

samples for dimensions one and two and for dimensions three and four show 

clustering of samples treated with 10KLN EVs (especially in dimensions three 

and four; Figure 61B). Figure 61C shows significantly up- or downregulated 

genes for these samples compared to UT samples. The top 20 DE genes for 

10KLN compared to untreated samples are shown in Figure 61D. AQP1, NTN4, 

and ADGRG6 were downregulated in HUVECs treated with 10KLN EVs. Other 

genes such as selectin E (SELE), colony stimulating factor (CSF)3, C-C Motif 

Chemokine Ligand (CCL)2, CCL20, C-X-C Motif Chemokine Ligand (CXCL)2, 

TLR2, or superoxide dismutase 2 (SOD2) and matrix metalloproteinase (MMP)10 

were upregulated (Figure 61D). 
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Figure 61: Effect of inflammasome-elicited EVs on endothelial cells. (A) 
HUVECs were treated with 10K and SEC EVs from LPS-stimulated THP-1 MΦs, 
10K and SEC EVs from LPS + nigericin-stimulated THP-1 MΦs, as well as with 
LPS, nigericin, or they were left untreated. ) n = 5. (B) MDS plot of leading log2FC 
(average (root-mean-square) log2FC for the 500 genes most different between 
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samples) over dimensions one and two (left) and three and four (right) coloured 
by stimulations. (C) Mean-difference plot showing significantly up (red)- or down 
(blue)-regulated genes in HUVECs stimulated with 10KLN EVs compared to 
untreated. (D) Heat map showing the top 20 DE genes (ranked by p-value) for 
10KLN treated HUVECs compared to untreated HUVECs. The scale shows the 
relative log2CPM values (log2CPM values were normalised to the respective 
untreated condition). 

Gene set testing for MSigDB hallmark gene sets reflects that most change is 

observed when comparing 10KLN-treated samples to untreated and points 

toward an involvement of TNF-α-, IFN-α/γ -, and IL-6 signalling (Figure 62B, 

Table 2). Knowing that inflammatory signalling in endothelial cells can lead to the 

activation of the endothelium (Szmitko et al, 2003; Zhang, 2022), it was checked 

if some of the upregulated genes are markers of activated epithelium (e.g., SELE, 

CCL2, IL6, intercellular adhesion molecule 1 (ICAM1), and MMP1), which was 

indeed the case (Figure 62C). 
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Figure 62: Effect of inflammasome-elicited EVs on endothelial cell 
activation. (A) HUVECs were treated with 10K and SEC EVs from LPS-
stimulated THP-1 MΦs, 10K and SEC EVs from LPS + nigericin-stimulated 
THP-1 MΦs, as well as with LPS, nigericin, or they were left untreated. n = 5. (B) 
Gene set testing was performed using the cameraPR function from the limma 
package. The heat map shows the top MSigDB hallmark gene sets for the 
different treatments vs untreated cells. The scale shows the average log2 fold 
change of the genes in each set. Annotation indicates significance (−log10 
adjusted p-value; * p < 0.1, 2: p < 0.01, 3: p < 0.001, …). (C) Mean-difference plot 
of transcripts in HUVECs stimulated with 10KLN compared to untreated HUVEC 
cells. Genes commonly found on activated endothelium are highlighted. 
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 Number 

of 

Genes 

Direction p-value FDR-

adj. 

p-value 

Average 

log2FC 

Top significant genes 

TNFa signalling via 

NFKb 

199 Up 3.07e-

31 

1.50e- 

29 

1.124 TLR2; TNFAIP6; CCL20; CCL2; CXCL2; NAMPT; CXCL6; PTGS2; LIF; CXCL3; TNFAIP3; F3; 

CSF2; MSC; IL6; CXCL1; CSF1; TNFAIP2; DNAJB4; TNFAIP8; SAT1; BCL6; ICAM1; SLC2A6; 

IL7R; ID2; TNIP1; ACKR3; IL1B; TRAF1; ZFP36; GCH1; PTGER4; NFKBIA; TNC; CD69; 

NR4A3; CCL4; CEBPD; SDC4; JUNB; ZC3H12A; CCN1; SERPINE1; DUSP5; ICOSLG; 

NFKB1; PLPP3; NFKBIE; FOS; TGIF1; EGR1; IRS2; CCRL2; IER3; SOCS3; CLCF1; LAMB3; 

TRIB1; AREG; PANX1; NFKB2; SPSB1; BCL2A1; CXCL10; JUN 

Interferon gamma 

response 

198 Up 1.17e-

21 

2.93e-

20 

0.917 TNFAIP6; CCL2; NAMPT; PTGS2; C1R; TNFAIP3; IL6; MT2A; TNFAIP2; C1S; ISG20; CFB; 

ICAM1; SOCS1; VCAM1; IRF9; PLA2G4A; CCL7; PNP; GCH1; NFKBIA; HLA-B; CD69; IFI27; 

OAS2; CSF2RB; PSME2; MX1; XAF1; PARP14; NFKB1; IL4R; SPPL2A; SOCS3; OAS3; 

ARL4A; APOL6; HLA-A; CXCL10 

Inflammatory 

response 

198 Up 4.53e-

18 

7.55e-

17 

0.879 SELE; CSF3; TLR2; SLC7A2; TNFAIP6; CCL20; CCL2; NAMPT; CXCL6; CXCL8; LIF; 

CX3CL1; F3; IL6; CSF1; EBI3; LPAR1; ICAM1; TIMP1; IRAK2; IL7R; CCL7; IL1B; IL18R1; 

GCH1; PTGER4; NFKBIA; CD69; AXL; SERPINE1; ICOSLG; ITGB8; APLNR; NFKB1; ADM; 

CCRL2; IL4R; IFNAR1; KCNJ2; CXCL10; TPBG 

IL6 JAK STAT3 

signalling 

83 Up 8.04e-

16 

1.00e-

14 

1.008 TLR2; CXCL3; CSF2; IL6; CXCL1; CSF1; EBI3; SOCS1; IRF9; CCL7; IL1B; IL18R1; LTB; 

CSF2RB; IL4R; IFNAR1; SOCS3; CD36; CXCL10; JUN; PDGFC 

Interferon alpha 

response 

97 Up 1.47e-

13 

1.47e-

12 

0.820 CSF1; C1S; ISG20; IRF9; HLA-C; IFI27; PSME2; MX1; PROCR; PARP14; NCOA7; CCRL2; 

IL4R; TENT5A; CXCL10; GBP2 

E2F targets 200 Down 6.31e-

11 

5.26e-

10 

-0.393 TOP2A; AURKA; CDCA8; CDC20; DEPDC1; MKI67; H2AX; HMMR; BUB1B; CENPE; 

MMS22L; CDCA3; E2F8; CKS1B; UBE2S 

Table 2: Hallmark gene sets of 10KLN vs UT HUVEC samples. Hallmark gene sets whose genes were highly ranked in terms 
of differential expression relative to genes that are not in the set in the comparison of 10KLN samples versus untreated samples 
in HUVECs. Names of gene sets, number of genes included in each set, directionality (up- or down), p-value, FDR-adj. p-value, 
average log2FC, and genes from the sets that were significantly differentially regulated are shown. 
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3.3.2.3 Fibroblasts 

In the case of NHLFs, MDS plots of samples showed a distinct clustering of 

NHLFs treated with 10K EVs from inflammasome-activated THP-1 MΦs (Figure 

63B). Significant genes for NHLFs treated with these 10KLN EVs compared to 

untreated NHLFs were identified and sorted by FDR-adjusted p-value. The six 

genes with the lowest FDR-adjusted p-values were SOD2, PTGS2, CXCL8, IL6, 

TNFAIP6, and TFPI2 (Table 3). The top 20 DE genes for 10KLN compared to 

untreated samples are shown in Figure 63C. 

 

Gene Name log2FC Average Expression FDR-adjusted p-value 

SOD2 6.23 6.13 3.02 x 10-32 

PTGS2 9.03 2.79 9.91 x 10-31 

CXCL8 10.28 4.66 9.91 x 10-31 

IL6 9.66 2.61 9.91 x 10-31 

TNFAIP6 8.98 0.89 1.45 x 10-27 

TFPI2 7.58 3.13 3.98 x 10-27 

Table 3: DE genes between 10KLN and untreated NHLFs. DE genes with the 
lowest adjusted p-values according to eBayes are shown. Gene names, log2FC, 
average expression and FDR-adjusted p-values are shown. 
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Figure 63: Effect of inflammasome-elicited EVs on fibroblasts. (A) NHLFs 
were treated with 10K and SEC EVs from LPS-stimulated THP-1 MΦs, 10K and 
SEC EVs from LPS + nigericin-stimulated THP-1 MΦs, as well as with LPS, 
nigericin, or they were left untreated. n = 5. (B) MDS plot of leading log2FC 
(average (root-mean-square) log2FC for the 500 genes most different between 
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samples) over dimensions one and two shows clustering of NHLFs treated with 
10KLN EVs. (C) Heat map showing the top 20 DE genes (ranked by p-value) for 
10KLN treated NHLFs compared to untreated NHLFs. The scale shows the 
relative log2CPM values (log2CPM values were normalised to the respective 
untreated condition). 

Performing gene set testing for MSigDB hallmark gene sets pointed towards the 

involvement of IFN-α/γ -, TNF-α-, and IL-6 signalling (Figure 64B) upon 10KLN 

exposure of endothelial cells. Gene set testing for Reactome gene sets further 

pointed towards the involvement of IL-10 signalling (Figure 64C). A list of 

Reactome genes sets shown in Figure 64C with corresponding statistics and 

significant DE genes from the dataset found in these gene sets is shown in Table 

4. 
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Figure 64: Effect of inflammasome-elicited EVs on fibroblasts—pathway 
enrichment analysis. (A) NHLFs were treated with 10K and SEC EVs from 
LPS-stimulated THP-1 MΦs, 10K and SEC EVs from LPS + nigericin-stimulated 
THP-1 MΦs, as well as with LPS, nigericin, or they were left untreated. (B+C) 
Gene set testing was performed using the cameraPR function from the limma 
package. n = 5. (B) The heat map shows the top MSigDB hallmark gene sets for 
the different treatments vs untreated cells. The scale shows the average log2FC. 
Annotation indicates significance (−log10 adjusted p-value; * p < 0.1, 2: p < 0.01, 
3: p < 0.001, …). (C) The bar plot shows the top Reactome gene sets for NHLFs 
treated with 10KLN EVs vs untreated NHLFs. Bars are coloured by average log 
fold change. Bar lengths represent −log10 adjusted p-values and widths 
represent relative gene set size. 

In addition to analysing the effect of inflammasome-elicited EVs on the 

transcriptome of fibroblasts through RNA-sequencing, qPCR was performed on 

A549 cells. While RNA-sequencing allows a broad, unbiased analysis, qPCR 

requires the preselection of targets. Based on some studies linking inflammation 

to fibrosis (Wynn, 2011; Crystal et al, 2012) we checked for three genes 

commonly associated with fibrosis: vimentin (VIM), TGFB1, and MMP7. While 

these three genes were not differentially regulated (VIM had a log2FC of -0.28 

and a FDR-adjusted p-value of 0.96, TGFB1 had a log2FC of 1.18 and a FDR-

adjusted p-value of 0.94, and MMP7 had a log2FC of 0.40 and a FDR-adjusted 

p-value of 0.99) and MMP7 was not really detected in the RNA-seq experiment 

(average expression of 0.03), one of them, MMP7, was upregulated upon 

10KLN treatment and slightly increased upon SECLN treatment (Figure 65B). 

For VIM and TGFB1, no changes in gene expression were observed (Figure 

65B). This finding, taken together with the RNA-sequencing results described 

above (Figure 63, Figure 64), suggests that while 10KLN EVs induce 

inflammatory signalling (mainly IFN, TNF-α and IL-10 based), they do not induce 

genes associated with fibrosis—at least not at a 15 h time point; it is of course 

still possible that a constant activation of inflammatory signalling mediated 

through 10KLN EVs leads to fibrosis at some point. 
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 Number 
of Genes 

Direction p-value FDR-adj. 
p-value 

Average 
log2FC 

Top significant genes 

Interferon alpha beta signalling 60 Up 1.45e-56 2.35e-53 2.198 OAS2; MX1; RSAD2; IFI6; ISG15; OAS1; IFI27; MX2; IFIT1; OAS3; IFITM1; IRF7; 
BST2; IFIT3; GBP2; HLA-F; OASL; ISG20; IFI35; XAF1; IFITM3; STAT2; USP18; 
SAMHD1; STAT1; HLA-E; IRF9; IFIT2; HLA-B; IFNA13; HLA-C; ADAR; HLA-H; HLA-
G; IFNA1; HLA-A 

IL10 signalling 45 Up 4.68e-52 3.78e-49 3.027 PTGS2; CXCL8; IL6; CXCL1; CXCL2; CCL20; CSF3; CSF2; IL1B; CXCL10; ICAM1; 
CCL3L3; TIMP1; LIF; CCL3; CCL2; CCL4; IL1A; IL1RN 

Chemokine receptors bind chemokines 53 Up 2.95e-22 1.59e-19 2.025 CXCL8; CXCL1; CXCL2; CCL20; CXCL3; CXCL6; CXCL5; CXCL10; CCL3L3; 
CXCL11; CCL3; CCL2; CXCL12; CCL4; CXCR4 

Antigen presentation folding assembly 
and peptide loading of class I MHC 

25 Up 3.99e-17 1.61e-14 1.221 HSPA5; HLA-F; SEC13; HLA-E; HLA-B; PDIA3; B2M; TAP1; HLA-C; SEC24A; HLA-
G; HLA-A 

Unfolded protein response UPR 91 Up 7.89e-17 2.36e-14 0.790 CXCL8; HERPUD1; HSPA5; XBP1; DNAJB9; SRPRB; SERP1; WIPI1; HYOU1; 
HSP90B1; DNAJB11; CREB3; KDELR3; GFPT1; YIF1A; CCL2; LMNA; DNAJC3; 
FKBP14; MYDGF; ARFGAP1; ATF4; EIF2AK3; CEBPB; SRPRA; DDIT3; ADD1; 
GOSR2; PDIA6; TSPYL2; NFYB; PREB; EXOSC1; ATF3 

Antigen processing cross presentation 103 Up 8.80e-17 2.36e-14 0.804 CTSS; HLA-F; PSMC4; UBB; PSMA6; PSMA5; CTSL; HLA-E; UBC; PSME2; PSMB7; 
HLA-B; SEC61G; PDIA3; B2M; PSMB4; PSME1; SEC22B; PSMC2; PSMB9; TAP1; 
HLA-C; PSMB3; PSMD4; PSMA3; PSMD7; PSMB5; PSMD14; HLA-G; PSMD6; HLA-
A; SEC61B 

IRE1alpha activates chaperones 49 Up 1.16e-16 2.68e-14 0.874 HSPA5; XBP1; DNAJB9; SRPRB; SERP1; WIPI1; HYOU1; DNAJB11; KDELR3; 
GFPT1; YIF1A; LMNA; DNAJC3; FKBP14; MYDGF; ARFGAP1; SRPRA; ADD1; 
GOSR2; PDIA6; TSPYL2; PREB 

IL1 signalling 100 Up 1.52e-16 3.07e-14 0.879 IL1B; IRAK3; NFKBIA; RIPK2; IRAK2; SQSTM1; PSMC4; UBB; PSMA6; NFKB2; 
PSMA5; UBC; NFKB1; PSME2; PSMB7; PSMB4; PSME1; IRAK1; PSMC2; PSMB9; 
PSMB3; IL1A; PSMD4; PSMA3; MAP3K8; PSMD7; PSMB5; IL1RN; PSMD14; 
NFKBIB; PSMD6 

Endosomal vacuolar pathway 11 Up 1.83e-16 3.28e-14 1.880 CTSS; HLA-F; CTSL; HLA-E; HLA-B; B2M; HLA-C; HLA-G; HLA-A 

Table 4: Reactome gene sets of 10KLN vs UT NHLF samples. Reactome gene sets whose genes were highly ranked in 
terms of differential expression relative to genes that are not in the set in the comparison of 10KLN samples versus untreated 
samples in NHLFs. Names of gene sets, number of genes included in each set, directionality (up- or down), p-value, FDR-adj. 
p-value, average log2FC, and significantly regulated genes from the dataset part of the gene set are shown. 
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Figure 65: Effect of inflammasome-elicited EVs on fibroblasts with regards 
to fibrosis. (A) A549 cells were treated for 15 h with 10K and SEC EVs from 
LPS-stimulated THP-1 MΦs, 10K and SEC EVs from LPS + nigericin-stimulated 
THP-1 MΦs, as well as with LPS, or they were left untreated. (B) RNA was 
isolated from A549 cells and qRT-PCR was performed. Mean ± SD, n = 2 (n = 1 
for LPS treated samples). 

3.3.2.4 T cells 

In the case of naïve T cells, clustering of 10KLN EVs was observed in MDS plots 

(Figure 66B). The top 20 DE genes for 10KLN treated versus untreated naïve T 

cells are shown in Figure 66C. 
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Figure 66: Effect of inflammasome-elicited EVs on naïve T cells. (A) naïve 
T cells were treated with 10K and SEC EVs from LPS-stimulated THP-1 MΦs, 
10K and SEC EVs from LPS + nigericin-stimulated THP-1 MΦs, as well as with 
LPS, nigericin, or they were left untreated. n = 5. (B) MDS plot of leading log2FC 
(average (root-mean-square) log2FC for the 500 genes most different between 
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samples) over dimensions one and two, coloured by treatment. (C) Heat map 
showing the top 20 DE genes (ranked by p-value) for 10KLN treated naïve T cells 
compared to untreated naïve T cells. The scale shows the relative log2CPM 
values (log2CPM values were normalised to the respective untreated condition) 

Gene set testing for MSigDB hallmark gene sets pointed towards an effect of 

10KLN EVs on MYC targets (version 1 and 2, Figure 67B) and thus towards an 

effect on proliferation (Bishop et al, 2021). Indeed, when looking at bright field 

images after transfer of 10KLN EVs to naïve T cells vs untreated naïve T cells, 

cell proliferation was observed (Figure 68), although this has not yet been 

quantified. This is supported by the enrichment of genes involved in oxidative 

phosphorylation, as well as in mechanistic target of rapamycin complex 1 

(mTORC1) signalling (Figure 67B): oxidative phosphorylation (along with 

glycolysis) is shown to be increased in proliferating T cells (Bishop et al, 2021); 

mTOR promotes cell growth (Bishop et al, 2021). Additionally, 10KLN EVs seem 

to induce some inflammatory signalling: gene set testing points towards the 

upregulation of TNF-α and IFN-α/γ signalling (Figure 67B). Interestingly, while 

10KLN EVs seem to lead to the upregulation of TNF-α signalling, the opposite 

(although more subtle) is seen for the other stimuli (Figure 67B). Table 5 shows 

the different hallmark gene sets and their statistics, as well as the significant 

genes from the dataset that are part of these pathways. 

 Number 

of 

Genes 

Direction p-value FDR-adj. 

p-value 

Average 

log2FC 

Top significant genes 

MYC TARGETS V1 199 Up 2.56e-

107 

1.28e-105 1.404 SNRPD1; HSP90AB1; 

IARS1 

OXIDATIVE 

PHOSPHORYLATION 

200 Up 2.36e-56 5.91e-55 0.911 
 

UNFOLDED 

PROTEIN 

RESPONSE 

113 Up 4.27e-39 7.11e-38 0.710 IARS1 

MTORC1 SIGNALING 200 Up 6.04e-38 7.55e-37 0.578 WARS1 

INTERFERON 

GAMMA RESPONSE 

198 Up 2.63e-37 2.63e-36 0.568 CD69; WARS1; HIF1A 

MYC TARGETS V2 57 Up 8.33e-33 6.94e-32 0.982 
 

INTERFERON 

ALPHA RESPONSE 

97 Up 3.08e-31 2.20e-30 0.692 WARS1 

TNFA SIGNALING 

VIA NFKB 

199 Up 7.66e-25 4.78e-24 0.313 CD69; IL7R; ID2 
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Table 5: Hallmark gene sets of 10KLN vs UT naïve T cell samples. Hallmark 
gene sets whose genes were highly ranked in terms of differential expression 
relative to genes that are not in the set in the comparison of 10KLN samples 
versus untreated samples in naïve T cells. Names of gene sets, number of genes 
included in each set, directionality (up- or down), p-value, FDR-adj. p-value, 
average log2FC, and significantly regulated genes from the dataset part of the 
gene set are shown. 

 

Figure 67: Effect of inflammasome-elicited EVs on naïve T cells—pathway 
enrichment analysis. (A) naïve T cells were treated with 10K and SEC EVs from 
LPS-stimulated THP-1 MΦs, 10K and SEC EVs from LPS + nigericin-stimulated 
THP-1 MΦs, as well as with LPS, nigericin, or they were left untreated. (B) Gene 
set testing was performed using the cameraPR function from the limma package. 
The heat map shows the top MSigDB hallmark gene sets for the different 
treatments vs untreated cells. The scale shows the average log2 fold change. 
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Annotation indicates significance (−log10 adjusted p-value; * p < 0.1, 2: p < 0.01, 
3: p < 0.001, …). n = 5. 

 

 

Figure 68: Effect of inflammasome-elicited EVs on naïve T cells with 
regards to cell proliferation. (A) naïve T cells were treated with 10K and SEC 
EVs from LPS-stimulated THP-1 MΦs, 10K and SEC EVs from LPS + nigericin-
stimulated THP-1 MΦs, as well as with LPS, or they were left untreated. (B) Bright 
field images of naïve T cells. n = 1. 

No DE genes were found for activated T cells and no clustering of samples by 

stimulation was observed (Figure 69B). It is of interest that a stronger effect of 

inflammasome-elicited EVs was found for naïve T cells, especially as library 

preparation and sequencing worked better in case of activated rather than 

naïve T cells and activated T cells took up more EVs than naïve T cells (Figure 

53). Actually, naïve T cells could not be shown to take up 10KLN EVs, but only 

took up SECLN EVs in a subset of cells. Nevertheless, the 10KLN EV fraction 

had the strongest effect on naïve T cells. This is then probably induced through 

surface-surface interactions, rather than EV uptake. 
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Figure 69: Effect of inflammasome-elicited EVs on activated T cells. (A) 
Activated T cells were treated with 10K and SEC EVs from LPS-stimulated 
THP-1 MΦs, 10K and SEC EVs from LPS + nigericin-stimulated THP-1 MΦs, as 
well as with LPS, nigericin, or they were left untreated. n = 5. (B) MDS plot of 
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leading log2FC (average (root-mean-square) log2FC for the 500 genes most 
different between samples) over dimensions one and two (left) and three and four 
(right) coloured by treatments. (C) Heat map showing the top 20 DE genes 
(ranked by p-value) for 10KLN treated activated T cells compared to untreated 
activated T cells. The scale shows the relative log2CPM values (log2CPM values 
were normalised to the respective untreated condition). 
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4 Discussion 

4.1 EVs as Biomarkers for Inflammasome-Related Diseases 

An important aim of our study was to investigate whether inflammasome-elicited 

EVs might be suitable biomarkers for NLRP3-elicited diseases. Thus, we 

characterised inflammasome-elicited EVs with regard to the presence of certain 

proteins and their RNA content. 

 

We could show that EV release is increased upon inflammasome activation 

(Figure 9), confirming what had already been shown by Dr. Christina Budden 

(Budden et al, 2021) and various other researchers (MacKenzie et al, 2001; 

Pizzirani et al, 2007; Lipinski et al, 2019). This is likely due to NLRP3 stimuli 

leading to changes in Ca2+ flux (Swanson et al, 2019), since from the literature, it 

has been shown that an increased Ca2+ flux leads to an increase in EV release 

(Sidhu et al, 2004; Bianco et al, 2005; Pizzirani et al, 2007). 

This increase in EV release is promising for their role as biomarkers, as the 

resulting increase in their concentration in the body would make their detection 

easier. 

4.1.1 The Need for New Biomarkers 

But why would we even need new biomarkers for inflammasome-related 

diseases? Previous studies have taught us that, often years before a disease is 

at the point of causing symptoms and thus being diagnosed, NLRP3 already 

drives a subclinical inflammatory state (Coll et al, 2022). It is of utmost importance 

to identify this state early enough and to narrow down the pathways involved. 

 

Currently, this can be done by measuring IL-1β levels. However, measuring IL-1β 

levels has its limitations. Many cytokines, including IL-1β, show high individual-

to-individual (Roth-Isigkeit et al, 2001; Li et al, 2016a, 2016b; Wu et al, 2017; van 

Deuren et al, 2021) as well as day-to-day variability (Scheiermann et al, 2013; 
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Cermakian et al, 2014; Labrecque & Cermakian, 2015) in baseline levels, thus 

making it hard to define certain standard cytokine levels. 

In addition, increases in IL-1β are not necessarily caused by inflammasome 

activation. Besides being cleaved by inflammasome-associated caspases, 

cleavage of IL-1β has also been demonstrated for other proteases (Netea et al, 

2015): For example, for several neutrophil- and MΦ-derived neutral serine 

proteases (Netea et al, 2015) such as for proteinase 3 (Coeshott et al, 1999; 

Joosten et al, 2009), for the metalloproteinase meprin A (Herzog et al, 2009), or 

by invading microorganism-derived proteases (Netea et al, 2010). As a result, 

detecting high levels of IL-1β in patient plasma is not necessarily a sign of 

inflammasome activation. 

 

Another cytokine cleaved by caspase-1 during inflammasome activation is IL-18. 

One could therefore also consider measuring IL-18 levels in patients to detect 

inflammasome activation. However, as is the case for IL-1β, IL-18 release is not 

just caspase dependent: cleavage of IL-18 has been demonstrated for 

proteinase 3 (Sugawara et al, 2001), for mast cell-derived chymase (Omoto et al, 

2006), for NK cell-derived granzyme B (Banerjee & Bond, 2008; Omoto et al, 

2010), and for meprins A and B (Banerjee & Bond, 2008). Thus, IL-18 would not 

be a suitable alternative to definitely detect inflammasome activation. 

 

Alternatively, one can measure C-reactive protein (CRP), which is a routine 

clinical parameter to assess immune activation—for example, in sepsis 

(Pierrakos et al, 2020), rheumatoid arthritis (Pope & Choy, 2021), or 

atherosclerotic disease (Ridker et al, 2017; Grebe et al, 2018). CRP is induced 

by a range of inflammatory cytokines (mainly IL-6) as a result of various immune 

activators (Sproston & Ashworth, 2018), and thus acts as a good marker for 

general assessment of immune activation, but is rather unspecific when it comes 

to determining the exact cause. 

Thus, there is a clear need for a better biomarker and EVs might be the solution. 
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4.1.2 The RNA Content of Inflammasome-Elicited EVs 

Previously, the RNA content of THP-1 MΦ-derived inflammasome-elicited EVs 

was extensively studied in our lab (Budden et al, 2021). 10K and SEC EVs 

released from THP-1 MΦs treated with several different inflammasome stimuli 

were compared to one another, as well as to EVs from TLR-stimulated cells. The 

biggest differences between EVs were seen when comparing 10K to SEC EVs, 

regardless of the stimulus, with 10K EVs from all stimuli (inflammasome and TLR 

alike) being enriched in mitochondrial genes compared to SEC EVs. This was 

confirmed when analysing 10K EVs from blood plasma of healthy human donors 

(Budden et al, 2021). 

We have now built on this data and further analysed the RNA content of EVs 

derived from blood plasma. Again, using blood from healthy human donors, we 

now performed whole blood inflammasome-stimulation assays to model EV 

release in patients with inflammasome-related diseases. As seen in the 

THP-1 MΦ data, the biggest differences were observed between 10K and SEC 

EVs, with samples clustering primarily by EV subtype (Figure 23). Furthermore, 

we could confirm the enrichment of mitochondrial transcripts in 10K EVs 

compared to SEC EVs (Figure 27)—something that has also been shown in the 

literature (Kowal et al, 2016). 

We were further able to correlate our whole blood assay inflammasome-elicited 

EV results to the previously obtained THP-1 MΦ inflammasome-elicited EV 

results (Figure 28). Considering such big differences in experimental setup 

(primary cells vs cell line, mix of cell types vs one single cell type, non-canonical 

vs canonical inflammasome-activation), it is remarkable that the results 

correlated, further supporting the ability to reproduce inflammasome-elicited EV 

data and thus the suitability of EVs as biomarkers. 

 

Looking for differentially abundant transcripts in our blood-derived EVs, we could 

identify most differences in the case of CRID3 + LPS-treated samples compared 

to untreated samples (Figure 25). This would suggest that CRID3 either has a 

specific (off-target) effect on one of the cell types in the whole blood cell mix, or 
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the treatment of cells with CRID3 has an even bigger effect on a cell’s EV content 

than inflammasome-activation, which would be quite unexpected as, so far, 

CRID3 has been shown to barely have any off-target effects (Primiano et al, 2016; 

Kennedy et al, 2021). While CRID3 was discovered to block IL-1β release 

(Perregaux et al, 2001) through inhibition of NLRP3 in 2015 (Coll et al, 2015), the 

exact mechanism of NLPR3 inhibition has only recently been demonstrated: 

Hochheiser and colleagues showed that CRID3 inhibits NLRP3 by stabilising the 

NACHT and LRR domains relative to one another. It ties five NLRP3 subunits 

together, which leads to the stabilisation of the inactive NLRP3 (Hochheiser et al, 

2022). However, using a photoaffinity-based probe for CRID3, Kennedy and 

colleagues have shown CRID3 to additionally interact with carbonic anhydrase 2 

(CA2), which suggests possible off-target effects. This was confirmed using 

biochemical assays, which showed inhibition of CA2 activity (Kennedy et al, 

2021). 

Carbonic anhydrases catalyse the dissociation of carbon dioxide (CO2) into 

bicarbonate (HCO3
−) and H+. This leads to the acidification of the surrounding 

environment (Lindskog & Coleman, 1973). CA2 is found in the cytoplasm and is 

especially expressed at high levels in phagocytic immune cells, such as PBMC-

derived MΦs and THP-1 cells (Strowitzki et al, 2022). Strowitzki and colleagues 

have studied the role of CA2 in immune cells, in particular in THP-1 cells, and 

shown that increased CO2 levels led to a decrease in monocyte migration and to 

the attenuation of LPS-induced MΦ activation. Furthermore, knockdown of CA2 

in THP-1 monocytes led to a significant reduction in the rate of cytosolic pH 

changes when cells were exposed to high CO2 concentrations, indicating that 

CA2 plays a role in conferring sensitivity to CO2 in MΦs (Strowitzki et al, 2022). 

With CRID3 having been shown to inhibit CA2 activity (Kennedy et al, 2021), one 

could speculate that this leads to the disruption of the cell’s pH. Since pH has 

been shown to influence EV-related processes including EV release (Logozzi et 

al, 2018; Nakase et al, 2021; Riazanski et al, 2022; Parolini et al, 2009), this might 

be the reason for the observed strong effects of CRID3 on EVs. Interestingly, at 

least in MΦs, it seems to change only transcript loading into EVs and not EV 

release, as CRID3 inhibition has been previously shown to reverse the NLRP3-
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induced increase in EV secretion (Budden et al, 2021). Of course, this is all highly 

speculative and would have to be proven experimentally. 

 

While CRID3 + LPS treatment showed the biggest effect on 10K EV RNA 

content, IFM + LPS-treated samples and DMSO + LPS-treated samples showed 

roughly the same number of differentially abundant transcripts compared to 

controls (DMSO) (Figure 25). 

 

Two of the differentially abundant transcripts were in common between EVs 

derived from uninhibited LPS-stimulated, CRID3 + LPS-stimulated, and 

IFM + LPS stimulated samples, all compared to control samples, with SPP1 

showing by far the strongest fold change for all three comparisons (Figure 25C). 

SPP1 encodes the protein osteopontin (OPN) (Rittling, 2011). OPN is a secreted 

protein that has been implicated in the recruitment of monocytes and MΦs and in 

the regulation of cytokine production in MΦs, DCs, and T cells (Suzuki et al, 

2009). It has been found to play a role in several inflammatory and cardiovascular 

diseases, as well as in cancer (Icer & Gezmen-Karadag, 2018). SPP1 expression 

levels are low in monocytes but increase upon differentiation of monocytes to 

MΦs, which has been shown in THP-1 cells upon differentiation using PMA 

treatment (Oyama et al, 2000, 2002; Suzuki et al, 2009). It has also been shown 

to be induced by IL-1β, IFN-γ, TNF-α, and IL-10 (Denhardt & Guo, 1993; Miyazaki 

et al, 1995; Mazzali et al, 2002; Li et al, 2003b; Konno et al, 2006). 

 

Some transcripts were differentially abundant after DMSO + LPS and 

CRID3 + LPS treatment. These included IL1B and VCAN (Figure 25C). 

While IL1B was significant in these comparisons, it was not significant in the 

comparison between IFM + LPS and DMSO treated samples (Figure 25C). 

However, looking at the individual abundance plots (Figure 26) we still see an 

increase of IL1B abundance (FDR-adjusted p-value = 0.170, log2FC = 1.543). 

This was to be expected, as both CRID3 (Perregaux et al, 2001; Coll et al, 2015; 

Hochheiser et al, 2022) and IFM (Friker et al, 2020) block the NLRP3 

inflammasome, but not signalling of LPS through TLR4, which induces IL1B 
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transcription (Bauernfeind et al, 2009; Latz et al, 2013; Franchi et al, 2009). 

However, since the strong increase in EV release is only seen upon 

inflammasome activation (Figure 9), we would expect fewer EVs being released 

in case of the inhibited samples—resulting in a lower abundance of IL1B 

transcripts being detected in the microarray analysis. 

VCAN is an extracellular matrix (ECM) protein that has been shown to be 

increased in several inflammatory diseases, including in cardiovascular diseases 

and lung disease (Wight et al, 2020). Immune cells are recruited from the 

bloodstream, and once having entered the ECM in tissues, they interact with 

VCAN with their surface receptors. These include CD44, PSGL-1, and TLRs 

(Wight et al, 2020). Interaction of immune cells with VCAN not only affects their 

trafficking and migration—it also affects cell differentiation and survival, 

proliferation, and cytokine expression and activity (Wight et al, 2020). 

Many different cell types have been shown to synthesise VCAN in response to 

proinflammatory cytokines, as well as to growth factors. Amongst them are 

epithelial cells, endothelial cells, stromal cells, and monocytes upon 

differentiation to MΦs under inflammatory conditions (Wight et al, 2014). For 

example, it has been shown that TLR4 stimulation, through LPS treatment, leads 

to an increase in VCAN expression in mouse MΦs (Chang et al, 2017). Thus, in 

the case of VCAN, we might have the same situation, in which the decrease in 

EV release caused by the blockage of NLRP3 leads to a decrease in signal 

intensity in the microarray analysis. 

 

Finally, there were some significant transcripts unique to inflammasome-

activated samples. Those were IL6 and the multiple complex transcript 

C15orf48;miRNA147B (Figure 25C). “Multiple complex” is a term used by Thermo 

Fisher Scientific Inc. for some of the probes on the Clariom D Microarray. It means 

that for the respective microarray probe, both coding and non-coding transcripts 

were identified. In this case this was C15orf48 and the miRNA miR-147b. 

Recently, C15orf48 was identified as a mito-SEP termed modulator of 

cytochrome C oxidase during inflammation (MOCCI; Lee et al, 2021). Mito-SEPs 

are small open reading frame (sORF)-encoded peptides that are, by definition, 
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smaller than 100 residues and localise to the mitochondria (Zhang et al, 2020). 

They function in mitochondrial processes, such as in calcium homeostasis, lipid 

metabolism, or electron transport. In the case of MOCCI, it was shown to be a 

paralogue of the NDUFA4 subunit of complex IV, also known as cytochrome c 

oxidase: it replaces NDUFA4 during inflammation, thus leading to a reduction in 

mitochondrial ROS production, as well as to a lower mitochondrial membrane 

potential. MOCCI additionally leads to the suppression of the interferon response. 

As a result, the immune response is dampened. This dampening of the immune 

response is further achieved through the second transcript encoded by the same 

locus: miR-147b. This miRNA targets NDUFA4 mRNA, thus working in union with 

MOCCI; together they have been shown to lead to the suppression of IL-6 and 

MCP-1 secretion (Lee et al, 2021). 

However, miR-147b has an additional function: it enhances viral immunity 

mediated through RIG-I/MDA-5 signalling, leading to the induction of interferon 

signalling (Lee et al, 2021). Therefore, while MOCCI solely leads to a dampening 

of immune responses, including viral immunity and thus allows a certain degree 

of viral replication—probably to create a cytoprotetctive effect—miR-147b is also 

immunosuppressive but anti-viral at the same time (Lee et al, 2021). 

Transcription of C15orf48, leading to the upregulation of the MOCCI mito-SEP 

and miR-147b, has been shown to be upregulated through IL-1β stimulation and 

viral infection (Lee et al, 2021). This is further supported by a study by van 

Scheppingen and colleagues, who have also shown that miR-147b is induced 

upon IL-1β stimulation and that it leads to the reduced expression of pro-

inflammatory cytokines such as IL-6 (van Scheppingen et al, 2018). 

Considering these results, it would be of interest to study the C15orf48 locus in 

the context of NLRP3 or other inflammasome knockout models to see if 

inflammasomes are directly involved in the upregulation of MOCCI and miR-147b 

or if this is a general phenomenon also observed in the absence of inflammasome 

activation. 

This transcript from the C15orf48;miRNA147B locus that we identified in 10KLN 

EVs, might potentially be processed by the RNAi machinery in recipients cells to 

the mature miR-147b. Additionally, it might also be possible that the actual mature 
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miRNA hairpin itself is present in inflammasome-elicited EVs as miRNAs with a 

certain motif that is also found in miR-147b, have been shown to be released in 

EVs from inflammasome-activated cells: Wozniak and colleagues have shown 

that miRNAs are selectively loaded into exosomes after inflammasome 

activation. They showed that caspase-1 activation, as a result of inflammasome 

activation, enables the cleavage of RILP by caspase-1. RILP is a trafficking 

adaptor protein that, once cleaved, plays a role in the relocation of MVBs to the 

cell periphery. It further induces the selective loading of certain miRNA exosomal 

cargo. Specificity for certain miRNAs is given by a short sequence motif in 

miRNAs that allows miRNAs to be loaded into exosomes by the ESCRT 

machinery (Wozniak et al, 2020). 

 

The transcriptional upregulation of IL6 is generally not inflammasome-specific, 

but seen in response to various inflammatory stimuli (Wight et al, 2014; Murphy 

et al, 2017; Chang et al, 2017; Wight et al, 2020). Nevertheless, IL6 release in 

EVs in the absence of inflammasome activation seems to be very low, so that it 

is not significantly differentially abundant in EVs isolated under these conditions. 

Only the combination of its transcriptional upregulation and the increase in EV 

release allowed it to be detected. Thus, while many stimuli lead to the 

upregulation of IL6, only inflammasome-activation leads to its detection in EVs, 

therefore making its detection inflammasome-specific in this context. 

 

One way to possibly identify more differentially abundant transcripts in the future 

would be to use a different stimulus to achieve inflammasome activation. While 

we chose to use 23 h LPS stimulation for the reasons outlined above (section 

3.1.3), this stimulation led to highly variable IL-1β release in different donors 

(Figure 15, Figure 18, Figure 21). As discussed in 3.1.3, this could be due to 

donor variations in IL-1β release previously reported (Sahdo et al, 2013) or due 

to problems with the HTRF measurements, it could also suggest that 

inflammasome activation using long-term LPS stimulation was not successful in 

all donors. This high variation in donor responsiveness to long-term LPS 

stimulation would of course make it harder to identify significantly abundant 
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transcripts. Thus, it would be useful to try an alternative inflammasome activator 

that leads to more consistent IL-1β release in different donors and, as a result, 

possibly allows the identification of more significantly differential transcripts. 

4.1.3 N-Terminal GSDMD as a Possible Biomarker 

An alternative to identifying an RNA signature for biomarker development, may 

be to focus on N-terminal GSDMD, which we could identify in inflammasome-

elicited EVs. 

 

So far, we have only demonstrated the presence of N-terminal GSDMD in EV 

fractions (Figure 13). We have not yet characterised if it is present in EV 

membranes, or in the EV lumen. However, taking the current literature on 

GSDMD pore formation during pyroptosis into account, we would expect 

N-terminal GSDMD to be part of EV membranes. 

As mentioned in the introduction (section 1.2), caspase-1,4,5, and 11 activation 

leads to a GSDMD-mediated form of cell death called pyroptosis. GSDMD is 

cleaved into its C- and N-terminal parts. While full length GSDMD does not bind 

to lipids (Liu et al, 2016; Chen et al, 2016a), once GSDMD is cleaved, the 

N-terminal part is able to bind to lipids and as such translocates to the plasma 

membrane (Sborgi et al, 2016; Chen et al, 2016a). This recruitment of N-terminal 

GSDMD seems to be quite strong, as studies have shown that N-terminal 

GSDMD is only found in the membrane fraction (Liu et al, 2016; Aglietti et al, 

2016). Furthermore, this enrichment of GSDMD N-terminus on the plasma 

membrane has already been shown at early stages of pyroptosis and persists 

throughout pyroptosis and, once the cell has died from pyroptosis, N-terminal 

GSDMD is still found to be associated with the dead cell’s plasma membrane 

(Chen et al, 2016a). 

Besides pore formation, Hu and colleagues have found that N-terminal GSDMD 

can act as a negative feedback loop during inflammasome activation by binding 

to and inhibiting caspase-1 (Hu et al, 2022). 

On the other hand, GSDMD C-terminus is absent from dead cells, suggesting it 

is released during lytic cell death and does not associate with cell membranes. 
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This agrees with the finding that C-terminal GSDMD has been found to not 

interact with lipids (Chen et al, 2016a). 

Thus, this points to N-terminal GSDMD being within EV membranes as opposed 

to being inside the EV lumen. 

 

In addition to being able to bind to lipids, N-terminal GSDMD can form oligomers 

with itself (Chen et al, 2016a), allowing GSDMD pore formation in the cell 

membrane. In our Western blots, we have demonstrated the presence of 

N-terminal GSDMD in 2K, 10K, and SEC EVs (Figure 13), but we have not 

performed an experiment to differentiate between N-terminal GSDMD monomers 

and pores. From the literature, we would expect it to be present in the form of 

GSDMD pores: on the one hand, because the structure of GSDMD-pores has 

been investigated in liposomes, in which it has been shown to exist in ring-like 

structures (Aglietti et al, 2016; Sborgi et al, 2016); since liposomes are similar to 

EVs, we would expect the situation in EVs to be similar. On the other hand, 

because GSDMD pores have been shown to be expelled from cells through 

microvesicle release, as a way to save cells from pyroptosis. This would indicate 

that most of our EVs actually contained pre-formed GSDMD pores and that pores 

would not just form in EVs. 

To confirm this, one of the next steps would be to employ cryo-electron and 

atomic force microscopy on EVs stained for N-terminal GSDMD. Furthermore, 

one could look at N-terminal GSDMD in vesicles in WES during non-reducing 

conditions: Liu and colleagues have shown that, in Western blots of whole cell 

lysates, GSDMD is present either as a monomer (around 30 kDa) or as a multimer 

of ≥250 kDa. Under reducing conditions, however, the multimeric N-terminal 

GSDMD is lost, suggesting that GSDMD pore formation requires disulfide-cross-

linking (Liu et al, 2016). Thus, if we performed Western blotting of EV lysates 

under non-reducing conditions for N-terminal GSDMD, we might find multimeric 

N-terminal GSDMD, suggesting the presence of GSDMD pores in EVs. 

 

Considering that GSDMD is likely to be present in the form of GSDMD pores in 

EVs, the question arises if inflammasome-elicited EVs might be leaky. Cryo-
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electron microscopy has recently revealed that GSDMD assembles pores with 

31-fold to 34-fold symmetry with the 33-subunit GSDMD pore having an outer 

diameter of around 310 angstroms (Å) and an inner diameter of around 215 Å 

(Xia et al, 2021). These pores have been shown to allow the passage of small, 

neutrally charged dextrans, but not large ones. This was demonstrated through 

the generation of liposomes containing fluorescent dextrans. When the size of 

the dextrans used (4 kDa and 20 kDa, hydrodynamic radius smaller than 4 nm) 

was smaller than that of the GSDMD pore, dextran passage through pores was 

observed. On the other hand, dextrans with a hydrodynamic radius of 27 nm 

(2000 kDa) were retained (Evavold et al, 2018). While these neutrally charged 

dextrans were able to pass the GSDMD pore, acidic cargo has been shown to be 

repelled by pores (Xia et al, 2021). Indeed, it was shown that both neutral and 

basic cargo preferentially pass GSDMD pores over acidic cargo (Xia et al, 2021), 

thus explaining why it has been shown that Rac-1 (Heilig et al, 2018), HMGB1 

(Davis et al, 2019) and cytochrome c (Rogers et al, 2019), being non-acidic, are 

rapidly released through GSDMD pores. It also explains why IL-1β and IL-18 are 

primarily released when in their mature form: In their pro-forms, they contain an 

acidic domain. However, during maturation the acidic domain is removed through 

caspase-1 cleavage, resulting in a basic, mature form that is preferentially 

released (Xia et al, 2021). 

This alone would allow preferential secretion through GSDMD pores, especially 

as IL-1β and IL-18 are much smaller in size than GSDMD pores. However, 

additionally, the basic charge of mature IL-1β has been shown to lead to its 

accumulation on phosphatidylinositol 4,5-bisphosphate (PIP2) membrane ruffles 

(Monteleone et al, 2018), so it is even targeted to the plasma membrane. 

Considering that RNA is acidic, RNA would probably not be released through 

GSDMD pores. In cells, pyroptosis ultimately occurs as a result of GSDMD pore 

formation, which would lead to RNA secretion; however, in vesicles, we might 

only have the presence of GSDMD pores without pyroptosis and, in that case, we 

would not expect RNA to leak. 
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Another interesting study that has implications for the use of GSDMD N-terminal-

positive EVs as possible biomarkers was published by Rühl and colleagues: they 

showed that the release of microvesicles is a way for cells to restrict pyroptosis 

by repairing their membrane through the release of GSDMD pores (Rühl et al, 

2018). Mechanistically, they have shown that inflammasome-induced GSDMD 

pore formation leads to calcium influx through GSDMD pores, which then recruits 

the ESCRT machinery and results in the release of vesicles (Rühl et al, 2018). 

Interestingly, this release mechanism of GSDMD pores would be in line with 

experiments previously performed in our lab, which demonstrated that vesicle 

release is downstream of NLRP3, caspase-1, and GSDMD (Budden et al, 2021). 

This makes sense, if GSDMD is required for pore formation and calcium influx, 

triggering ESCRT recruitment and vesicle release. A way to test if this is indeed 

the case would be to quantify inflammasome-elicited EV release in the presence 

of a calcium-chelating agent. 

Considering this mechanism of GSDMD pore-containing microvesicle release 

upon inflammasome activation, we would expect to not only have a high increase 

in EV release upon inflammasome activation (which we have demonstrated 

before), but to also have an enrichment of GSDMD pore-positive microvesicles: 

since calcium influx takes place through GSDMD pores and the ESCRT 

machinery is recruited to the sites of calcium influx, vesicle release is thought to 

take place at the very site of GSDMD pore formation. As a result, we would expect 

to see large numbers of vesicles with GSDMD pores present. 

 

To summarise, we have shown that inflammasome-activation leads to an 

increase in EV release. These inflammasome-elicited EVs are distinct from other 

EVs. They carry N-terminal GSDMD and show a distinct RNA signature. While 

their RNA content has the potential to elucidate how these inflammasome-elicited 

EVs affect recipient cells and thus spread inflammation throughout the body, it is 

especially the presence of GSDMD N-terminal in these EVs that might in the end 

allow inflammasome-elicited EVs to be used as a biomarker. 
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4.2 Interaction of Inflammasome-Elicited EVs With Recipient Cells 

Besides analysing the content of inflammasome-elicited EVs, we set out to study 

the effect of EVs on different recipient cells. 

4.2.1 Suitability of Different Labelling Approaches 

In order to study EV uptake, we used different EV labelling approaches. One 

approach was to target the fluorescent proteins mCherry and EGFP to the cell 

membrane (Figure 29A). This approach would have had the advantage that we 

could have directly isolated labelled EVs, without the need to change the EV 

isolation protocol and it has been shown to work well before (Lai et al, 2015). 

However, the fluorescent signal was not strong enough to look at EV uptake in 

our hands (Figure 30). In agreement with this, a review focusing on different 

microscopy approaches further states that the usage of plasma membrane-

anchored GFP or RFP proteins is an inefficient labelling technique for EVs 

(Colombo et al, 2021). Thus, we had to switch to labelling EVs with different dyes. 

The main disadvantage was that the EV isolation protocol needed to be adapted 

to include staining and removal of dye, thus changing it from the standard EV 

isolation protocol used for all other experiments. This might have had an influence 

on the exact EV composition; however, we believe it was within reason, especially 

as the same centrifugation spins and SEC columns were used. Another 

disadvantage of some dyes, in particular lipid-based dyes such as PKH dyes, is 

their ability to form micelles in aqueous solution, thus leading to false positives 

(Colombo et al, 2021). Such micelles or dye aggregates might appear as EVs 

(Russell et al, 2019). Additionally, PKH dyes have been shown to lead to an 

increase in EV size (Dehghani et al, 2020). We thus avoided lipid-based dyes 

and opted for CFSE and R18. 

CFSE is the fluorescent derivative of Carboxy-Fluorescein Diacetate 

Succinimidyl Ester (CFDA-SE). Upon entry of CFDA-SE into EVs, it is cleaved by 

esterases, leading to CFSE. CFSE covalently binds to amine groups and thus 

can no longer cross the membrane. Instead, it stays permanently inside the EV 
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lumen (Colombo et al, 2021). CFSE by itself was shown not to aggregate 

(Morales-Kastresana et al, 2017). 

R18 is a lipid-labelling dye that is incorporated into the lipid bilayer through its 

alkyl tails (Hoekstra et al, 1984). At high enough concentrations it self-quenches. 

Only upon fusion with membranes does it start to distribute, leading to its 

dequenching and an increase in fluorescence (Montecalvo et al, 2012). 

While these two dyes are not known to cause dye aggregates, unspecific transfer 

of dye might occur. To a small extent, this might indeed be the case in our 

experiments, as even at incubation of EVs with recipient cells at 4 °C there was 

some signal (Figure 40). Both endocytosis and membrane fusion are active 

processes (Ohki et al, 1998; McNew et al, 2000; Martens & McMahon, 2008; 

Montecalvo et al, 2012) and as such are affected by temperature (Ohki et al, 

1998; Morelli et al, 2004; Escrevente et al, 2011; Montecalvo et al, 2012; Espósito 

et al, 2015). Thus, when we still see a signal for R18-stained SEC EVs and CFSE-

stained 10K EVs after incubation at 4 °C, this might be due to passive dye 

transfer. This, however, is commonly observed in EV uptake studies performed 

at 4 °C (Morelli et al, 2004; Temchura et al, 2008; Tian et al, 2010; Escrevente et 

al, 2011; Montecalvo et al, 2012; Christianson et al, 2013; Delenclos et al, 2017) 

and might also be explained by the fact that the metabolism of cells is just 

decreased through incubation at 4 °C, yet not completely blocked. 

 

An alternative to using dyes or generic targeting of proteins to membranes, would 

be to couple EGFP to CD63 or other EV marker proteins and use this to study 

uptake. This is commonly done in the EV field (Jurgielewicz et al, 2020). 

However, it limits the analysis to certain subtypes of EVs—to those that contain 

said EV marker proteins. In our case, performing Western blotting, we got a 

strong signal for CD9, CD81, and HSP70 (Figure 12), so these could be 

candidates for coupling to EGFP. 

We used HSP70 and CD63 when studying EV content release: we tagged both 

CD63 and HSP70 to NLuc to see if EV content (membrane proteins in case of 

CD63 and EV lumen content in case of HSP70) ends up in the recipient cell 

cytoplasm (Figure 42). While we could detect CD63 in recipient cells, so far we 
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were not able to show the presence HSP70 in recipient cells (Figure 43). This 

mainly seemed to depend on the fact that CD63 was enriched in vesicles (Escola 

et al, 1998; Bonsergent et al, 2021), while HSP70 is bulk loaded into EVs 

(Bonsergent et al, 2021). Thus, HSP70 might not be as suitable as CD63 to be 

coupled to EGFP to monitor EV uptake. A possible alternative for HSP70 in case 

of inflammasome-elicited EVs might be IL-1β as its presence has been 

demonstrated in inflammasome-elicited EVs (section 1.9.2) and as its targeting 

to PIP2 membrane regions (section 4.1.3) might lead to its enrichment in 

inflammasome-elicited EVs. 

Further pointing towards the suitability of CD9 and CD63 is the fact that these 

have been identified in multiple EVs (Kowal et al, 2016) and the technique has 

been used in studies before (Chivet et al, 2014; Joshi et al, 2020). While we would 

still not be able to exclude the possibility that they are not present in all EVs, they 

may allow us to look at the majority of inflammasome-elicited EVs and thus may 

be an alternative to classical dyes. 

4.2.2 How do Recipient Cells Take up Inflammasome-Elicited EVs? 

While tagging of CD9 or CD63 with EGFP may be a good alternative to EV dyes, 

the dyes generally worked well and, with the appropriate controls, we were able 

to study the uptake of inflammasome-elicited EVs by recipient cells (mainly 

THP‑1 MΦs). 

As mentioned before (section 4.2.1), CFSE attaches to amine groups inside the 

EV lumen and permanently stays attached to these EV proteins. R18, on the 

other hand, is a self-quenching membrane dye that only fluoresces when it 

becomes distributed in the recipient cell’s membranes. Thus, when it came to EV 

quantification, we could count single dots, representing single EVs or EV 

aggregates for 10K EVs stained with CFSE, but not for SEC EVs stained with 

R18. Instead, for R18 we opted to measure the overall increase in fluorescence 

in recipient cells. 

In the case of membrane fusion taking place, we would expect to see the plasma 

membrane of recipient cells to be fluorescent when transferring R18-stained EVs. 

In the case of vesicle uptake through endocytosis followed by fusion with 
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endosomal membranes, we would expect a dot-like appearance of the 

fluorescence. Indeed, upon treatment of cells with R18 stained EVs we did see 

distinct puncti, indicating that R18-stained SEC EVs were taken up through 

endocytic processes and then fused with endosomal membranes after 

internalisation. Along these lines, in the field of virology, it has been reported that 

the targeting of viruses to the endosomal compartment is a prerequisite for viral 

content delivery, due to it being controlled by the acidic pH within the endo-

lysosomal system (White & Whittaker, 2016). Studies with EVs further support 

this dependency of EV content release on the pH (Parolini et al, 2009; Bonsergent 

& Lavieu, 2019; Joshi et al, 2020; Bonsergent et al, 2021), demonstrating that 

content release is dependent on endosomal acidification leading to membrane 

fusion (Joshi et al, 2020; Bonsergent et al, 2021). 

 

To test if EVs might indeed be taken up by an endocytic process, we performed 

several kinetic and inhibitory experiments. 

First, we showed that the process was time dependent, with 10K uptake in 

THP‑1 MΦs starting at around 1-3 h and peaking after around 15 h (Figure 35). 

SEC uptake was first observed after around 7 h and from then on increased over 

time (Figure 35). The same trend was observed in the human lung epithelial cell 

lines A549 and BEAS-2B (Figure 36, Figure 37). Similar timepoints have been 

shown by others. For example, Jurgielewicz and colleagues have performed time 

courses of transfers of HEK293T cell-derived EVs to HEK293T recipient cells. 

They showed EV uptake at around 2 h. Uptake peaked at 12 h and declined 

thereafter. They used EVs with a diameter roughly in between 50 nm and 300 nm 

(Jurgielewicz et al, 2020), thus we can roughly compare them in size to our SEC 

and 10K EVs. Perez et al. (2022) showed that in the case of mouse fibroblasts 

and RAW MΦs, EV uptake peaked at 24 h (Perez et al, 2022). This is similar to 

the steady increase we have seen in case of SEC EVs in our experiments. Finally, 

it is of note that in an ISEV position paper, it was published that there is 

consensus within the field of EV research that EV transfer experiments are time 

dependent (Russell et al, 2019). 
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Next, we investigated the specificity of inflammasome-elicited EV uptake. We 

could show that it was indeed a specific process and not just random fusion or 

uptake of dye, as demonstrated through competition experiments with non-

labelled EVs, which were able to compete for possible receptor engagement with 

labelled EVs and thus lead to a decrease in detected fluorescent signal (Figure 

38, Figure 39). This was in agreement with published literature on EV uptake 

(Svensson et al, 2013; Costa Verdera et al, 2017). 

 

Subsequently, with incubation at 4 °C, we investigated if the uptake was of an 

active, energy requiring nature. Cell culture at 4 °C leads to an arrest of cell 

growth and to the inhibition of active processes (Hunt et al, 2005). As such, it 

inhibits active forms of EV uptake. Numerous studies have so far shown that EV 

uptake is reduced at 4 °C and hence energy dependent (Morelli et al, 2004; 

Temchura et al, 2008; Tian et al, 2010; Escrevente et al, 2011; Montecalvo et al, 

2012; Christianson et al, 2013; Delenclos et al, 2017). This was also the case in 

our experiments (Figure 40), thus agreeing with the previously published 

literature. 

 

Using Cytochalasin D to disrupt actin polymerisation and thus cytoskeletal 

remodelling, we showed that the uptake process was mainly an endocytic one; 

however, membrane fusion might also play a role, as Cytochalasin D did not 

completely block uptake (Figure 41). This incomplete blocking of EV uptake could 

also be attributed to the inhibition by Cytochalasin D not being 100 % efficient. A 

significant reduction, but not complete prevention of EV uptake, through 

Cytochalasin D inhibition has also been shown in various other studies with 

several different recipient cells (Morelli et al, 2004; Hao et al, 2007; Obregon et 

al, 2009; Feng et al, 2010; Escrevente et al, 2011; Fitzner et al, 2011; Montecalvo 

et al, 2012; Svensson et al, 2013). Cytochalasin D leads to the depolymerisation 

of F-actin (Brenner & Korn, 1979) and has been intended to be an inhibitor of 

macropinocytosis and phagocytosis. However, its interference with actin 

polymerisation affects multiple pathways (Fujimoto et al, 2000), basically 

including all other forms of endocytic uptake mechanisms (Rennick et al, 2021). 
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Since those are just off-target effects, they might not be 100 % blocked. Together 

this suggests that many different endocytic pathways might be involved in the 

uptake of inflammasome-elicited EVs. 

 

Above, we have focused on the possibility of EVs being taken up through 

endocytosis and then fusing with the endosomal membrane. Alternatively, EVs 

might be able to fuse with the plasma membrane of recipient cells. However, 

there is only little evidence suggesting this to be the case. One of the few papers 

that suggest this was published by Montecalvo and colleagues. While they also 

showed endocytosis to take place, as determined through the use of pHrodo-

exosomes in the presence or absence of Cytochalasin D or incubation at 4 °C, 

they argued that, additionally, plasma membrane fusion and subsequent 

exosomal content release takes place. Using spectrofluorimetry, immune-

electron microscopy, and fluorescent time-lapse microscopy with R18-stained 

exosomes, they showed exosomal fusion with the plasma membrane 

(Montecalvo et al, 2012). Plasma membrane fusion and as a result the 

dequenching of R18 was shown to be dependent on the temperature—fusion 

decreased drastically when recipient cells were incubated with exosomes at 4 °C 

(Montecalvo et al, 2012). 

However, the majority of other studies argues that endocytosis takes place and 

is then followed by plasma membrane fusion of vesicles with the endosomal 

membrane. Considering that most viruses are also taken up through this latter 

route, with only a few showing plasma membrane fusion (Pelkmans & Helenius, 

2003; Kalia & Jameel, 2011; Yamauchi & Helenius, 2013; Ripa et al, 2021), and 

taking into account the evidence that has demonstrated fusion to be favoured at 

low pH conditions (Martens & McMahon, 2008; Parolini et al, 2009; Espósito et 

al, 2015; Bonsergent & Lavieu, 2019; Joshi et al, 2020; Bonsergent et al, 2021), 

it seems more likely that inflammasome-elicited EVs are first taken up in an 

endocytic process and only later fuse with internal cell membranes. 

 

In the end, EV uptake is probably mediated through several mechanisms at the 

same time. This has for example been demonstrated by Escrevente and 
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colleagues, who showed that exosomes derived from an ovarian carcinoma cell 

line are taken up by recipient cells through clathrin-mediated endocytosis, 

phagocytosis, and macropinocytosis (Escrevente et al, 2011). Verdera and 

colleagues have also shown that it is not only one uptake route, but that several 

routes can contribute to EV uptake: they demonstrated EV uptake through 

macropinocytosis and several subclasses of clathrin-independent endocytosis 

pathways (caveolae-, flotillin-1-, and Rho-A-dependent; Costa Verdera et al, 

2017). 

4.2.3 EV Binding Versus Internalisation 

Furthermore, not only internalisation of EVs but also plasma membrane binding 

may affect recipient cells. In experiments with the epithelial cell lines A549 and 

BEAS-2B compared to THP-1 MΦs, we observed that, while THP-1 MΦs take up 

large numbers of EVs, A549 cells bound EVs to the plasma membrane. Both 

A549 and BEAS-2B cells only took up small numbers of EVs. This is in line with 

a study by (Feng et al, 2010) that reported that exosomes from leukaemia cell 

lines (K562 or MT4) are taken up by phagocytic cells, but only slightly by non-

phagocytic cells. In case of non-phagocytic cells, attachment of EVs to the 

plasma membrane was observed. (Feng et al, 2010). 

However, other studies show the opposite: some cancer cell lines have a 

mutation of the KRAS gene, leading to the upregulation of macropinocytosis 

(Commisso et al, 2013, 201; Ha et al, 2016). A549 is such a cancer cell line (Yoon 

et al, 2010). Thus, we expected the A549 cells to take up EVs. This was 

supported by studies showing that EVs were rapidly taken up by A549 cells 

(Ismail et al, 2013). 

 

There are also many studies that looked at the interaction of A549 cells with EVs 

without analysing EV uptake at all. While this is a major drawback of these 

studies, it is of note that they all showed an effect of EVs on A549 cells (Neri et 

al, 2011; Cordazzo et al, 2014; Zhu et al, 2017). Thus, while A549 cells might not 

necessarily take up many EVs, they do seem to respond to EVs. 
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To determine if the effects mediated by inflammasome-elicited EVs on the various 

chosen recipient cells are mediated through uptake or surface protein interaction, 

it would be of interest to block EV uptake and compare this condition to unblocked 

uptake conditions. If the same effect is still mediated, uptake is not essential for 

the observed effect. 

Something similar has been shown by Atay and colleagues, who blocked uptake 

of trophoblast-derived exosomes using Cytochalasin D and investigated the 

effect of EVs on IL-1β release. Even when blocking uptake, IL-1β was still 

induced, pointing towards the role of surface protein interaction instead of uptake 

to be important for this particular effect (Atay et al, 2011). Of course, it has to be 

kept in mind here that Cytochalasin D not only changes the uptake behaviour of 

cells, but all other mechanisms involving actin as well. 

4.2.4 EV Uptake by Different Cell Types 

While all of the above insights were gained using THP‑1 MΦs, and occasionally 

human airway epithelial cells A549 and BEAS-2B, we wanted to gain a broader 

understanding of inflammasome-elicited EV interaction with different cells of the 

body. Thus, we looked at EV interaction and uptake in epithelial and endothelial 

cells, fibroblasts, and naïve and activated T cells. Doing so, it became clear that 

uptake levels depend on the different bystander cells. 

 

When comparing THP-1 cells to A549 and BEAS-2B cells, we observed that 

THP-1 MΦs showed the strongest uptake. This might be due to them being 

professional phagocytes, but additionally, the fact that we are investigating THP-1 

MΦ-derived EVs might have further contributed to this: it has been shown in 

several studies that EVs favour their donor cells when it comes to their uptake: 

for example, MSC-derived EVs have been shown to be taken up by MSCs, 

instead of by monocytes (Sancho-Albero et al, 2019). Similarly, Jurgielewicz and 

colleagues have shown that HEK293T cell-derived EVs are preferentially taken 

up by HEK293T cells compared to other recipient cell types (Jurgielewicz et al, 

2020). However, EVs have also been shown to be taken up by different cell types 
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regardless of the cell type they originated from (Alvarez-Erviti et al, 2011; Zech 

et al, 2012; Svensson et al, 2013). 

 

In our experiments, THP‑1 MΦ-derived inflammasome-elicited EVs were taken 

up by THP‑1 MΦs themselves, NHLFs, HUVECs, and some T cells, thus 

confirming that they are not specific to the cell type they originated from. These 

results are in agreement with previous studies, which have shown these cells to 

be able to take up EVs (Nolte-‘t Hoen et al, 2009; Wang et al, 2011; Ismail et al, 

2013; Dörsam et al, 2018; Kadota et al, 2021). 

 

Interestingly, in the case of HUVECs, we observed differences in EV uptake for 

different culture conditions: HUVECs took up more EVs when grown to 

confluency, when grown on a transwell rather than when grown on a standard 

culture plate, and when grown on fibronectin-coated culture surfaces as opposed 

to uncoated surfaces, thus indicating that the state of cells might further play a 

role in EV uptake. Furthermore, naïve T cells did not take up 10K EVs and only 

some took up SEC EVs. Activated T cells took up 10K EVs and showed strong 

SEC uptake. This would imply that the differentiation status of cells might 

influence their EV uptake behaviour, which has been shown in studies before 

(Morelli et al, 2004; Pegtel et al, 2010; Czernek et al, 2015; Jurgielewicz et al, 

2020). One study has for example shown that the differentiation status of neurons 

influences EV uptake as human neuronal stem cells took up higher numbers of 

HEK293T cell-derived EVs than mature neurons. The authors hypothesised that 

the neuronal stem cells, due to them being highly proliferative under culture 

conditions, may internalise nutrients as well as EVs in a rather non-specific way, 

thus explaining the higher EV uptake levels in these cells (Jurgielewicz et al, 

2020). Along these lines, another study has found that MΦs and mature DCs take 

up more EVs than monocytes and immature DCs (Czernek et al, 2015). This 

could be due to the phagocytotic activity of MΦs and mature DCs. With regards 

to T cells, it has been shown that DC-derived exosomes were not targeted to 

naïve T cells, but only to activated T cells. And while DC-derived exosomes 

interacted with activated T cells, most of them stayed bound to the plasma 
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membrane and were neither taken up by recipient cells nor showed fusion with 

the plasma membrane (Nolte-‘t Hoen et al, 2009). This interaction between DC 

exosomes and activated T cells is thought to be due to LFA-1 on T cells. The 

authors argue that LFA-1 interacts with ICAM-1 found on DC exosomes. As 

LFA-1 is only upregulated during T cell activation, no interaction was seen with 

naïve T cells (Nolte-‘t Hoen et al, 2009). A similar study by Segura and colleagues 

showed that indeed DCs display ICAM-1 and that this ICAM-1 is required for the 

binding of those EVs by recipient DCs (Segura et al, 2005). 

Considering that only some naïve T cells took up SEC EVs the T cell type might 

also play a role when it comes to EV uptake. Along these lines, studies have 

previously shown that different T cell subsets are differentially affected by EVs 

(Muller et al, 2016; Ye et al, 2016) and that while CD8+ T cells don’t take up small 

EVs, CD4+ and especially Treg cells show small EV uptake (although lower 

uptake than B cells, monocytes, and NK cells; Muller et al, 2017). Employing 

negative selection, we have isolated the total T cell pool from donor blood, 

including both CD4+ and CD8+ T cells. It would thus be of interest to analyse 

whether for example just CD4+ T cells interacted with SEC EVs. 

4.2.5 The Possible Influence of Serum on EV Uptake 

All the above-described experiments to investigate inflammasome-elicited EV 

uptake were performed using either serum-free medium or, in case serum (in the 

form of FBS) was normally added to the respective cell culture medium, EV-

depleted medium. This EV depletion was performed through ultracentrifugation 

of medium at 100,000 x g for 18 h. 

Most studies performed on EVs agree with this approach and, as such, most 

studies have been performed using EV-depleted medium or serum-free medium 

(Delenclos et al, 2017; Emam et al, 2018; Tang et al, 2018; Casella et al, 2018; 

Gonda et al, 2018; Xu et al, 2019; Toribio et al, 2019, 2019; Joshi et al, 2020; 

Jurgielewicz et al, 2020). The idea behind it is that FBS contains bovine-derived 

EVs (Driedonks et al, 2019) as well as lipoproteins (Théry et al, 2018), which 

might interfere with the uptake and effect of EVs of interest. It is indeed such a 
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standard in the field, that even the MISEV guidelines suggest to use EV-depleted 

FBS when performing experiments with EVs (Théry et al, 2018). 

However, in a recent commentary Busatto and colleagues state that this might 

not always be a good approach (Busatto et al, 2022): The authors mention that 

EVs in serum-free medium are devoid of what is called a biomolecular corona. 

Biomolecular coronas form in vivo upon contact of proteins with other blood 

components (Tóth et al, 2021) and include proteins such as ApoA1, ApoB, 

ApoC3, ApoE, complement factors 3 and 4B, fibrinogen α-chain, and 

immunoglobulin heavy constant γ2 and γ4 chains. The corona has been shown 

to play a substantial role in the function and uptake of synthetic nanoparticles 

(Tóth et al, 2021) and may play a similar role when it comes to EVs (Busatto et 

al, 2022). 

In the case of EV-depleted serum (as opposed to serum-free medium), there 

might be a similar problem, as ultracentrifugation (used in our case) or polymer-

based precipitation (another EV-depletion method) have been shown to lead to 

the removal of lipoproteins, which might also have an influence on EV function 

(Busatto et al, 2022). 

When performing experiments in the future to confirm results obtained in 

experiments shown here, or in general, it would thus be good practice to include 

a serum-containing condition and compare the outcomes. 

 

To summarise, we could show that recipient MΦs mainly take up inflammasome-

elicited EVs through a specific, energy-requiring process involving cytoskeletal 

remodelling. Considering the above-described literature and taking all our 

observations together, we believe that inflammasome-elicited EVs are mainly 

taken up through various endocytic processes. Once in the endosomal 

compartment, some EVs might fuse with the endosomal membrane and as a 

result, release their content into the recipient cell’s cytoplasm. However, 

inflammasome-elicited EVs might also influence recipient cells through surface 

protein interaction at the plasma membrane or inside the endosomal 

compartment. 
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While recipient MΦs rapidly take up inflammasome-elicited EVs, uptake of these 

EVs seems to vary depending on different cell types and cell states. While MΦs, 

fibroblasts, and endothelial cells took up many inflammasome-elicited EVs, EV 

uptake by T cells varied. Generally, not only the cell type, but also culture 

conditions and differentiation states of cells seem to play an important role, with 

naïve T cells barely taking up EVs while activated T cells took up more, and 

endothelial cells being more likely to take up EVs when grown at confluency and 

on a suitable substrate. 

4.3 Effect of Inflammasome-Elicited EVs on Recipient Cells 

The main question we asked ourselves after having investigated EV interaction 

with various recipient cells was if EVs are able to spread NLRP3-elicited 

inflammation and thus contribute to local and systemic inflammation. 

To a great extent, our initial hypothesis was based on findings by Brydges and 

colleagues who showed that in the absence of IL-1β and IL-18 signalling, lethal 

inflammation still develops (Brydges et al, 2013, 2009). We hypothesised that this 

could be explained by the release of EVs upon inflammasome activation. 

In initial experiments, Dr. Christina Budden demonstrated that inflammasome-

activation lead to a strong increase in EV secretion. She showed that this 

increase in EV release was dependent on NLRP3, caspase-1, and GSDMD. This 

further supported our initial hypothesis, as while IL-1β and IL-18 were shown to 

be only partially responsible for the lethal inflammation caused by inflammasome 

activation, caspase-1 and GSDMD were fully required for the systemic, lethal 

inflammation observed in this mouse model (Xiao et al, 2018). 

Indeed, our lab has shown that inflammasome-elicited MΦ 10K EVs carry IFN-β 

and can induce an interferon signature in recipient cells (Budden et al, 2021). 

 

We then went on to further characterise the effect of inflammasome-elicited EVs 

by expanding our analysis from THP-1 MΦ recipient cells to epithelial cells, 

endothelial cells, T cells, and fibroblasts. Doing so, we were able to show that 

10K EVs also have a significant impact on these cells. Additionally, in some of 
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those recipient cells, as previously seen for MΦ recipient cells, 10KLN EVs led to 

the induction of an interferon signature. 10KLN EVs further seemed to induce the 

proliferation of naïve T cells (possibly of a certain T cell type), the upregulation of 

endothelial activation markers, and generally of inflammatory signalling pathways 

in endothelial cells and fibroblasts. 

 

We chose to investigate the effects of THP-1 MΦ-derived EVs on various primary 

human cell types. Primary human cells were chosen to stay as close to the in vivo 

phenotype as possible. THP-1 MΦs were chosen as EV donor cells, as large 

amounts of vesicles were needed. Such large amounts would not have been 

possible with primary MΦs. As mentioned before, we decided to focus on CVDs 

and lung diseases. As such, an alternative to THP-1 MΦ donor cells would have 

been PBMC-derived MΦs or lung MΦs. In the future, we will thus try to confirm 

results at a smaller scale using lung or PBMC-derived MΦs. 

 

As briefly mentioned (section 3.1), our lab has previously demonstrated that, 

using our isolation method, the EVs isolated after LPS and nigericin stimulation 

are free of LPS (Budden et al, 2021). We thus know that the observed effects are 

due to the transfer of EVs and not induced by LPS. LPS-free EV preparations 

were achieved by washing donor cells three times with PBS after initial priming 

with LPS. Only after these washing steps did we apply nigericin to induce 

inflammasome activation (section 2.4). After nigericin treatment, a washing step 

is no longer possible, as EVs are directly secreted into the supernatant. However, 

each EV fraction was later washed once with PBS before being transferred to the 

different recipient cells. In the case of SEC samples, size exclusion 

chromatography further separates EVs from contaminants (section 2.6.1). 

Through including these washing steps, we aimed to purify EVs as much as 

possible in order to study the effects of EVs only and not nigericin on recipient 

cells. Although we never quantified the remaining nigericin in EV preparations, 

we did include a nigericin-only control. The only shortcoming of this control is that 

this stimulus was only applied for 90 min, while EVs were applied for 15 h. The 
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90 min timepoint was chosen as nigericin is routinely applied for 90 min when 

activating the NLRP3 inflammasome. 

Taken together, we can therefore assume that most of the effects on recipient 

cells are due to inflammasome-elicited EVs, but we cannot exclude completely 

that nigericin might contribute to some of the observed effects, for example by 

increasing autophagy in recipient cells (Zhang et al, 2007; Shi et al, 2012; Nabar 

et al, 2017, 201). One possible experimental setup to exclude the effect of 

nigericin completely would be to switch to a cleaner system, e.g., use ATP as a 

stimulus and treat samples subsequently with apyrase to degrade ATP prior to 

EV isolation. Additionally, one could employ different NLRP3 stimuli, transfer 

EVs, and investigate if the effects differ based on the activator. If the effects 

remain the same, we would be able to deduce that they are due to 

inflammasome-elicited EVs and not nigericin or any other stimulus that might still 

contaminate the isolated EV fraction. 

4.3.1 EV Biodistribution 

Another important question to consider when studying the systemic effects of 

inflammasome-elicited EVs, is how long the EVs would actually stay in the 

circulation and where they would end up once they have left the circulation. 

 

There have been quite a few studies looking at the biodistribution of EVs in mice. 

Most of these studies investigated the fate of small EVs after IV administration to 

the tail of mice. They showed that most small EVs leave the circulation within the 

first few minutes, with only about 30 % of EVs remaining in the circulation after 

2 min and ~1.8–3.3 % remaining after 5–30 min. After 1 h or even longer, only 0–

1.4 % of EVs were still detected in the blood. They were then found primarily in 

the liver and in the lung (Kang et al, 2021). For example, in one study, luciferase 

was coupled to lactadherin and this fusion protein was then expressed in murine 

melanoma cells. Released exosomes were isolated and injected intravenously 

into mice. The exosomes showed a half-life of 2 min in blood. After 4 h, only very 

limited luciferase activity could be detected in serum. In vivo imaging showed that 
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the exosomes were distributed first to the liver and subsequently to the lung 

(Takahashi et al, 2013). 

There have been fewer studies looking at the biodistribution of large EVs. Most 

of these studies show large EVs being distributed to the lung and to a lesser 

extent to the liver within the first hour. Later, large EV levels were found to be 

higher in the liver than the lung, although still high in the lung as well (Kang et al, 

2021). 

In a recent study by Perez and colleagues the biodistribution of small, medium, 

and large mammary carcinoma cell-derived EVs was investigated in mice. They 

injected EVs retro-orbitally or intraperitoneally into healthy mice. Using a reporter 

system, they showed that EVs were distributed throughout the body within a time 

frame of 5 min after retro-orbital injection. Taking plasma samples at time points 

between 5 min and 24 h, they showed that the highest signal in plasma was 

present at the earliest, 5 min timepoint. In the case of intraperitoneal 

administration of EVs, the highest signal was present only after 2 h. Regardless 

of the injection type, EVs localised to the lung. This was of particular importance 

as, thereafter, these mice developed metastatic foci in the lung (Perez et al, 

2022). 

 

While all of the above-mentioned biodistribution studies investigated EV uptake 

in murine models, a recent study analysed small EV (isolated through SEC) 

pharmacokinetics and biodistributions in a non-human primate model—the 

pig-tailed macaque (Driedonks et al, 2022). In an in vitro assay, they showed that 

the EVs were stable in macaque serum for up to 24 h (Driedonks et al, 2022). 

Next, the authors looked at the organ distribution of EVs after intravenous 

injection in macaque. They observed the strongest signal in liver and spleen with 

some uptake in lung (Driedonks et al, 2022), thus recapitulating the findings from 

murine studies (Kang et al, 2021). Additionally, they showed limited uptake of 

EVs by the kidney, heart, colon, and brain. Factors that possibly affect where EVs 

end up might depend on their surface proteins, their donor cell, or the disease 

status of different tissues: MSC-derived EV uptake in the kidney was increased 
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in acute kidney injury as opposed to healthy kidneys (Grange et al, 2014; Han et 

al, 2021). 

Taking a closer look at EV uptake by the spleen, Driedonks and colleagues 

narrowed down uptake of EVs by mainly B cells and additionally by monocytes 

and CD3+ lymphocytes (Driedonks et al, 2022). In plasma, EVs associated with 

PBMCs within 1 min after injection. In particular, they detected an EV signal in 

80.8 % of CD20+ B cells, 14.1 % of granulocytes, 13.8 % of monocytes, and 

6.7 % of CD3+ lymphocytes—both CD4+ and CD8+ equally (Driedonks et al, 

2022). While we have not looked at B cells and investigated MΦs as opposed to 

monocytes, we also observed a higher uptake of EVs by MΦs than T cells. The 

general high uptake of EVs by B cells in the Driedonks et al. study was rather 

unusual, with other studies showing uptake of most EVs by monocytes and MΦs 

(Imai et al, 2015; Watson et al, 2016; Eitan et al, 2017). This might for example 

be explained by different EV donor cells, different EV subtypes such as size, 

density, etc., or differences in the EV recipients such as species, immune status, 

or age. 

In addition to PBMCs, endothelial cells seem to play a prominent role in EV 

uptake from the circulation. For example, Verweij et al. have shown uptake of 

EVs from zebrafish embryo circulation by both MΦs and endothelial cells. 

(Verweij et al, 2019). In agreement, Imai et al. have shown that clearance of 

injected exosomes from the circulation took place through MΦ uptake in the liver 

and spleen and endothelial cell uptake in the lung (Imai et al, 2015). 

 

Considering all these results, the circulatory system as well as the lung seemed 

indeed of particular interest, in that we expect inflammasome-elicited EVs to 

travel there. However, EV homing to organs like the lung and uptake in the 

vascular system or lung through e.g., MΦs or endothelial cells, does not mean 

that the EVs actually exert an effect on these recipient cells. It could just mean 

that the recipient cells take up the EVs, degrade them in the lysosome, and 

benefit from EV-derived nutrients. 

As shown previously in our lab, this is not the sole fate of EVs in MΦs. While EVs 

might still end up in MΦ lysosomes, maybe even the majority (Van Niel et al, 
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2018), they nevertheless have been shown to influence MΦ phenotype (Budden 

et al, 2021). This showed that inflammasome-elicited EVs generally have the 

capability of inducing effects in recipient cells and pushed us to investigate their 

effects in additional cells. 

4.3.2 Effect of Inflammasome-Elicited EVs on Endothelial Cells 

We have shown TNF-α signalling via NF-ĸB, IL-6-JAK- signal transducer and 

activator of transcription (STAT)3 signalling and IFN-α and IFN-γ response 

pathways to be enriched in HUVECs treated with 10KLN EVs performing gene 

set testing (Figure 62). Some of the top DE genes after 10KLN treatment of 

HUVECs were known markers of activated endothelium such as SELE, IL6, 

CCL2, ICAM1, and MMP1 (Figure 62). 

 

In 10KLN-treated THP-1 MΦs, our lab has previously shown a similar response. 

Here also, the IFN-α and IFN-γ pathways as well as TNF-α signalling showed 

enrichment when performing gene set testing. In these MΦs, ISG induction was 

caused by IFN-β shown to be present in 10KLN EVs. IFN-β signalled through the 

IFN-α/β receptor (IFNAR; Budden et al, 2021). IFN-β binding to IFNAR has so far 

only been described to occur at the plasma membrane. After receptor 

engagement, IFNAR is endocytosed through clathrin-mediated endocytosis and 

localises to the endosome (Zanin et al, 2023). While this was originally thought 

to be a mechanism to control IFN signalling through subunit availability at the 

plasma membrane (Ivashkiv & Donlin, 2014), it has now been shown to be 

essential in the regulation of signalling output (Altman et al, 2020; Zanin et al, 

2023, 2021). Considering that most studies have shown endocytosis to be the 

main mechanism of EV uptake (Escrevente et al, 2011; Fitzner et al, 2011; 

Svensson et al, 2013; Heusermann et al, 2016), EV-derived IFN-β might engage 

IFNAR in the endosome. It remains to be investigated though, if IFNAR 

translocation to the endosome can take place in the absence of IFN binding at 

the plasma membrane. 

This engagement of the IFNAR receptor through IFN-β contained in 10KLN EVs 

could of course also be mediating the effects observed here in HUVEC cells. 
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However, there are further mechanisms than can lead to ISG induction. Besides 

vesicular IFN-β inducing ISGs in recipient cells, IL-1β can also induce ISGs 

(Orzalli et al, 2018; Aarreberg et al, 2019), which could be another way for 

inflammasome-elicited EVs to possibly induce ISG expression in recipient cells.  

Another route of ISG induction has been shown by Puhm et al. in HUVECs. EVs 

(isolated through centrifugation at 18,000 x g) from THP-1 monocytes stimulated 

with LPS for 16 h, could induce ISGs in THP-1 and HUVEC recipient cells through 

ROS-elicited modifications in mitochondrial RNA (Puhm et al., 2019). 

 

Inflammatory signalling, especially through TNF-α and IL-6, can lead to the 

activation of endothelial cells. Endothelial cell activation can be divided into type I 

and type II activation. Type I activation takes place almost immediately in 

response to endothelial cell stimulation. It does not require gene transcription nor 

de novo protein synthesis. Instead, it involves the release of proteins such as von 

Willebrand factor (vWF), P-selectin, thrombin, and histamine. Type II activation, 

on the other hand, is delayed (over hours or even days). It requires gene 

transcription and protein synthesis, for example the generation of E-selectin, 

ICAM-1, Vascular Cell Adhesion Molecule 1 (VCAM-1), vWF, IL-1, MCP-1, and 

tissue factor (Zhang, 2022).  

 

Indeed, it has been shown that EVs from 16 h long LPS-stimulated THP-1 

monocytes induce inflammatory signalling and lead to endothelial cell activation: 

pathway enrichment analysis has shown that these EVs lead to type I IFN and 

TNF signalling pathway enrichment. Using qPCR, the authors confirmed the 

increase in expression of 2'-5'-Oligoadenylate Synthetase 2 (OAS2), MX 

Dynamin Like GTPase 1 (MX1), Interferon Induced Protein With Tetratricopeptide 

Repeats 1 (IFIT1), and Radical S-Adenosyl Methionine Domain Containing 2 

(RSAD2) (all induced through IFN type I signalling), the increase in expression of 

CCL2, CXCL8, VCAM1, and ICAM1 (all induced through TNF signalling), and the 

increase in expression of CXCL10 and CXCL11 (both induced by TNF and type I 

IFN signalling). Looking at the contributions of both IFN and TNF-α signalling 

pathways, they demonstrated that, in their model of the EV-mediated effect, 
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TNF-α plays the primary role in endothelial cell activation and, in line with this, 

showed the presence of TNF-α in these EVs (Puhm et al, 2019). The activation 

of the endothelial cells was further shown to have in vivo relevance: they 

performed a low-grade endotoxemia model in healthy human volunteers who 

were injected 2 ng/kg LPS intravenously, identifying an increase in the EVs of 

interest (which in their case were TOM22+ EVs), and mirroring the in vitro 

experimental results. They then took those EVs and used them to stimulate 

HUVEC cells. Indeed, they induced TNF-dependent genes and ISGs (Puhm et 

al, 2019). 

 

Endothelial activation through THP-1 derived EVs has further been shown by 

Wang et al. They treated THP-1 monocytes with LPS for 24 h and subsequently 

isolated EVs using a 1,500 x g spin to pellet debris followed by a 20,000 x g 

centrifugation for 15 min to pellet EVs, which were then washed twice (Wang et 

al, 2011). Thus, while the isolation is different to the one employed in our 

experiments to isolate 10K EVs, they are still similar enough for a comparison. 

Additionally, instead of using canonical inflammasome activation (LPS for 2 h 

followed by nigericin for 90 min) as employed in our experiment, they used non-

canonical inflammasome activation (24 h LPS stimulation). As discussed 

previously (section 3.1.3), the outcome of canonical and non-canonical 

inflammasome activation is still pretty much the same, so this would not make 

our data less comparable. As we did, they showed EV uptake by HUVECs after 

4 h. They further showed engagement of the ERK1/2 and NF-ĸB signalling 

pathways in recipient HUVEC cells through an increased mRNA expression of 

ICAM1, VCAM1, and SELE—all being NF-ĸB dependent. Furthermore, as we 

have shown previously (Budden et al, 2021), they demonstrated that this is not 

due to LPS contamination still present on the EVs. They then went on to show 

that LPS-treated THP-1-derived EVs contained IL-1β and further contained 

ICAM-1 and VCAM-1. Finally, they showed that IL-1β secretion through EVs after 

LPS stimulation was NLRP3 dependent and that inhibiting IL-1 receptor signalling 

reversed the observed induction of VCAM-1 and E-selectin in recipient HUVEC 

cells (Wang et al, 2011). This is in line with studies reporting that IL-1β and other 
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inflammatory stimuli such as TNF-α or oxLDL induce the upregulation of adhesion 

molecules in endothelial cells (Szmitko et al, 2003). 

 

Interestingly, all of the above studies have shown these effects with EVs isolated 

at around 20,000 x g, thus probably mainly microvesicles. This is in line with our 

finding, that 10KLN EVs and not SEC EVs lead to the inflammatory signalling in 

HUVECs. 

 

So what are the effects of an activated endothelium? The induction of selectins 

such as E-selectin induces rolling of cells along the endothelium. Sialyl-Lewisx on 

monocytes or neutrophils, for example, interacts with P-selectin and E-selectin 

(Murphy et al, 2017). CXCL8 (IL-8) and other chemokines bound to proteoglycan 

on endothelial cells further induce conformational changes in leukocyte integrins 

LFA-1 and complement receptor 3, increasing their adhesion to molecules such 

as ICAM-1. This interaction stops the rolling motion and instead cells firmly attach 

(Murphy et al, 2017). Subsequently, cells cross the endothelial layer and migrate 

to the inflamed tissue (Murphy et al, 2017). This migration is mediated through, 

for example, the interaction of the CCR2 receptor on migrating cells and a 

gradient of MCP-1 (Boring et al, 1998) or down a CXCL8 gradient (Murphy et al, 

2017). 

 

When endothelial cell activation becomes chronic, it can lead to endothelial 

dysfunction (Zhang, 2022). Endothelial dysfunction is described as a decrease in 

the endothelium’s ability or the failure to perform its basal functions and is 

characterised by reduced availability of NO or the imbalance between other 

endothelium-derived relaxing and contracting factors (Szmitko et al, 2003). It also 

includes the inability to control coagulation, permeability, or quiesce leukocytes 

(Pober & Sessa, 2007). 

For example, endothelial cell dysfunction is observed in atherosclerosis 

(Gimbrone & García-Cardeña, 2016), which has also been linked to the NLRP3 

inflammasome (Duewell et al, 2010). Amongst the many genes of interest in the 

context of atherosclerosis, the IL-18 receptor was significantly upregulated in 
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HUVEC cells upon 10KLN EV treatment (Table 2), which can be explained by the 

fact that especially the combination of IL-1β, IFN-γ, and TNF-α, all of which have 

been implicated in our model, has been shown to lead to the upregulation of the 

IL-18 receptor (Szmitko et al, 2003). IL-18 drives atherosclerosis in several ways, 

for example by inducing IFN-γ production from several lymphocytes such as 

endothelial cells, smooth muscle cells, and MΦs—all prominent cells in 

atherosclerotic plaques. IFN-γ then promotes TH1 immune response 

development, which further drive atherosclerosis (Szmitko et al, 2003). 

 

Endothelial dysfunction has further been linked to type 2 diabetes (Zhang, 2022). 

This is especially of interest, as it is further known that NLRP3 plays a role in 

insulin resistance: proinflammatory cytokines such as IL-1β can disrupt insulin 

signalling, thus driving disease pathology. In addition to IL-1β, IL-18 and IFN-γ 

play a role and blocking of NLRP3 not only led to a reduction in IL-1β, but further 

in IL-18 and IFN-γ (Vandanmagsar et al, 2011). Considering that we see an 

increase in IFN signalling after 10KLN EV transfer (Figure 62) in addition to the 

known presence of IL-1β in EVs, one should definitely consider inflammasome-

elicited EVs when looking at the involvement of NLRP3 in type 2 diabetes. 

4.3.3 Effect of Inflammasome-Elicited EVs on Fibroblasts 

Considering the increase in tissue accessibility caused by the activation of the 

endothelium, it can be deduced that, as a result, cells outside the circulatory 

system encounter an increase in proinflammatory cells such as MΦs and thus 

inflammasome-elicited EVs. Furthermore, NLRP3 in tissue-resident MΦs 

themselves might get activated, leading to local inflammasome-elicited EV 

release. 

One of our initial questions was whether inflammasome-elicited MΦ-derived EVs 

play a role in the development of fibrosis, for example in tissues like the lung. As 

pro-fibrotic MΦs have been shown to coordinate scar formation through various 

interactions with fibroblasts (Adler et al, 2020), with fibroblasts being the major 

source of cellular, pathological ECM in fibrosis (Pakshir & Hinz, 2018; Shook et 
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al, 2018; Ramachandran et al, 2019), we set out to investigate the effect of 

NLRP3-elicited EVs on fibroblasts. 

 

While we could demonstrate an increase in inflammatory signalling in fibroblasts 

(Figure 64), we did not find a general upregulation of fibrosis marker genes with 

VIM and TGFB1 showing no upregulation and MMP7 showing only an increase 

in qPCR, but not sequencing experiments (Figure 65). However, the low 

sequencing depth might not have allowed us to pick up changes in MMP7. 

Furthermore, in terms of fibrosis, a 15 h timepoint is very short. In those types of 

fibrosis that showed involvement of inflammation, such as in pulmonary fibrosis 

or silicosis, fibrosis developed over longer timeframes (Porter et al, 2002; White 

et al, 2022). Thus, the fact that EVs cause inflammation could mean that, if EV 

release occurs constantly over long time periods, 10KLN EVs could possibly 

contribute to the progression of pulmonary fibrosis or other types of fibrosis linked 

to inflammation. 

4.3.4 Effect of Inflammasome-Elicited EVs on Naïve T cells 

In T cells we observed the enrichment of MSigDB hallmark gene sets for MYC 

targets, oxidative phosphorylation, and MTORC1 signalling, along with 

enrichment of the inflammatory signalling gene sets for TNF-α and IFN-α/γ 

signalling (Figure 67B). 

Resting T cells mainly rely on oxidative phosphorylation of glucose and fatty acids 

to generate their energy (Bishop et al, 2021): they employ glycolysis to convert 

glucose into pyruvate, which is then further shuttled from the cytoplasm into the 

mitochondrion, where it is then converted to acetyl-coenzyme A(CoA) for 

oxidative phosphorylation. During oxidative phosphorylation, acetyl-CoA is 

sequentially oxidised, yielding carbon dioxide, GTP, and water. Additionally, the 

two electron carriers NADH and FADH2 are reduced, which then drive the 

electron transport chain to produce ATP and ROS. Besides glucose, fatty acids 

and glutamine are also oxidised in the tricarboxylic acid (TCA) cycle to produce 

energy (Bishop et al, 2021). 



 

 

243 

Upon recognition of their respective antigen, T cells increase their rate of glucose 

and amino acid uptake and the conversion of glucose to pyruvate during 

glycolysis. This leads to high levels of pyruvate, the majority of which is not 

shuttled as usual to the mitochondria for oxidative phosphorylation, but instead 

the majority of pyruvate is reduced to lactate and subsequently secreted. 

Additionally, while T cell activation leads to a substantial increase of glucose 

uptake and the reduction of pyruvate to lactate, an increase in oxidative 

phosphorylation is still observed (Sena et al, 2013; Blagih et al, 2015). 

Some of the key signalling pathways that drive these metabolic changes in T cells 

upon antigen recognition include the Phosphoinositide 3-kinase 

(PI3K)/Akt/mTOR axis as well as c-Myc signalling. mTOR is involved in the 

translation of key metabolic transcription factors and in regulating their stability. 

It plays such an important role that T cells deficient in mTOR can no longer 

engage in metabolic reprogramming once they have recognised their cognate 

antigen. They do not proliferate and cannot gain their effector functions (Delgoffe 

et al, 2009). 

c-Myc is one of the transcription factors that is upregulated through Akt and 

mTOR signalling. It is involved in the increase of glucose and amino acid 

(involving glutamine) uptake and their metabolism (Bishop et al, 2021). 

Thus, the fact that we observed an enrichment in the oxidative phosphorylation, 

the mTORC1, and the MYC pathways, points to a role of 10KLN EVs in metabolic 

reprogramming in T cells. 

This metabolic reprogramming in T cells depends on several cytokines, such as 

IFN-γ, TNF-α, and even IL-1β (Bishop et al, 2021), that have so far been 

implicated in our experiments and whose pathways are also enriched in T cells 

themselves: we have seen an enrichment in IFN-α/γ and TNF-α signalling not 

only in T cells, but also in fibroblasts and endothelial cells. Furthermore, recipient 

MΦs have been shown to increase their IFN signalling and inflammasome-

elicited EVs have been shown to contain IL-1β (Budden et al, 2021). 

Of course, so far, this has not been confirmed in other experiments. A next step 

would for example be to perform a Seahorse assay to properly investigate if a 

change in naïve T cell metabolism is induced upon 10KLN stimulation. 
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Furthermore, quantifying naïve T cell proliferation and checking with flow 

cytometry for certain subpopulation of T cell types would be possible next steps. 

4.3.5 The Role of IL-1β in the Mediation of These Effects 

We know that IL-1β binding to its receptor leads to the induction of MyD88 and, 

as a result, to the activation of NF-ĸB, AP-1, JNK, several MAPKs such as p38, 

ERKs, and different IRFs (Murphy et al, 2017). Locally, this leads to the activation 

of the vascular endothelium, the activation of lymphocytes, local tissue 

destruction, and increased access for effector cells. Systemically, IL-1β induces 

fever and the production of IL-6 (Murphy et al, 2017). NF-ĸB leads for example to 

the induction of innate and inflammatory genes such as iNOS, TNF-α, IL-1, and 

IL-6 (Owen et al, 2019). 

 

Considering the above-described effects of 10KLN EVs on the various recipient 

cells, it seems likely that at least part of these effects was mediated through IL-1β 

being present in 10KLN EVs. 

As touched upon before, IL-1β and IL-18 have mainly been discussed to be 

released through GSDMD pores during pyroptosis (Monteleone et al, 2015). 

However, some scientists have reported IL-1β release in cells not undergoing 

pyroptosis: for example, murine neutrophils were shown to release IL-1β without 

dying of pyroptosis (Karmakar et al, 2015), as were murine DCs upon oxPAPC 

stimulation (Zanoni et al, 2016). In the case of human cells, monocytes have been 

shown to release IL-1 in the absence of pyroptosis in response to S. Typhimurium 

infection (Diamond et al, 2017) and when stimulated with LPS (alternative 

inflammasome activation) (Gaidt et al, 2016; Gaidt & Hornung, 2017). 

While still in the presence of pyroptosis and GSDMD pore formation, EVs have 

been shown to be an alternative pathway for IL-1β release: for the first time in 

2001, MacKenzie and colleagues showed the release of IL-1β in microvesicles 

after ATP stimulation of cells (MacKenzie et al, 2001): They reported that, upon 

stimulation of THP-1 monocytes with LPS and ATP, plasma membrane vesicles 

(<0.5 µm diameter) form. These EVs were shown to contain both unprocessed 

(32 kDa) and processed (17 kDa) IL-1β (MacKenzie et al, 2001). When 
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transferred to recipient HeLa cells transfected with an EGFP-reporter for IL-1 

receptor activity, fluorescence was reported, indicating that IL-1β released from 

microvesicles engages the IL-1 receptor on recipient cells. This happened when 

applying EVs released within 2–10 min after stimulation. EVs collected later after 

inflammasome activation still led to EGFP expression in recipient cells; however, 

at later time points, treatment of recipient cells with supernatant was a stronger 

inducer of EGFP than treatment with vesicles (MacKenzie et al, 2001).  

The presence of IL-1β in inflammasome-elicited EVs was later confirmed, for 

example by Pizzirani and colleagues (Pizzirani et al, 2007) but also in our lab: 

Dr. Christina Budden stimulated THP-1 MΦs with LPS + nigericin and isolated 

2K, 10K, and SEC EVs. IL-1β levels were either measured directly (thus 

determining how much IL-1β was stuck to the outside of EVs), or after lysis of the 

EVs with 0.1 % Triton X-100. 2K and 10K EVs dose dependently showed the 

presence of IL-1β at low levels in samples without Triton addition and higher 

levels in EVs lysed with Triton. Levels of IL-1β in Triton lysed EVs were higher for 

10K EVs than for 2K EVs (normalisation of EVs was performed based on donor 

cell number, not EV number) (Budden et al, 2021). 

 

When it comes to the mechanism of how IL-1β ends up in microvesicles, much 

has been discovered in recent years: in 2018, Monteleone and colleagues 

showed that upon maturation, IL-1β relocates from the cytosol to the plasma 

membrane (Monteleone et al, 2018). At neutral pH, pre-IL-1β is negatively 

charged. Cleavage of pre-IL-1β to its active form reveals a polybasic motif within 

the cytokine. This allows mature IL-1β to interact with highly negatively charged 

PIP2. PIP2 is enriched at plasma membrane ruffles and a result of PIP2-IL-1β 

interactions, mature IL-1β is targeted to plasma membrane ruffles (Monteleone 

et al, 2018). What Monteleone and colleagues have shown for IL-1β is likely to 

be relevant for IL-18: they compared IL-1β and IL-18 and found conservation of 

the polybasic region (Monteleone et al, 2018). Being targeted to plasma 

membrane ruffles of course increases the likelihood of IL-1β ending up in EVs. 

As microvesicles form from plasma membranes (Cocucci et al, 2009), the IL-1β 
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is probably found in microvesicles. 10K EVs isolated in our experiments are 

probably mainly microvesicles. Thus, we would expect to find IL-1β in 10K EVs. 

 

Combining this with the observation that GSDMD pores formed upon 

inflammasome activation lead to the influx of Ca2+, which triggers microvesicle 

release at plasma membrane sites of GSDMD pores (Rühl et al, 2018), the model 

can further be expanded: we have both an increased relocation of mature IL-1β 

to plasma membrane ruffles and additional an induction of microvesicle release 

at plasma membrane sites. 

Furthermore, knowing that microvesicles form at sites of GSDMD pores and 

actually have been shown to contain GSDMD pores (which was also indicated by 

the observation that we found N-terminal GSDMD in our inflammasome-elicited 

EVs), we can hypothesise that inflammasome-elicited EVs are leaky for certain 

molecules (mature IL-1β, due to its size and charge being amongst them), leading 

to the release of IL-1β from microvesicles. This would also explain the results 

observed in our lab when measuring IL-1β with or without previous EV lysis: if 

IL-1β can leak from vesicles, lysis is not necessary to be able to detect IL-1β. 

However, still some IL-1β remained within the EV lumen (or not all EVs contain 

GSDMD pores), and thus IL-1β levels were even higher in samples treated with 

Triton X-100. A way to further investigate this would be to isolate inflammasome-

elicited EVs, keep them in media over a period of time, and then separate both 

media and EVs: the amount of IL-1β in the media itself should increase while the 

amount of EV associated IL-1β should decrease. 

 

In conclusion, it can be said from previous experiments performed in our lab and 

from literature that we know that IL-1β is found in 10K EVs and microvesicles and 

that this might account for some of the effects mediated by 10KLN EVs. 

For example, it might account for the induction of TNF and IL-6 signalling: our lab 

has previously shown that treatment of cells with the soluble IL-1 receptor 

antagonist anakinra lead to the abolishment of TNF and IL-6 expression (Budden 

et al, 2021). 
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An alternative source of IL-1β might be extracellular ASC specks. It has 

previously been shown that ASC specks are released during pyroptosis and are 

able to process IL-1β in the extracellular space (Franklin et al, 2014, 2018). ASC 

specks could theoretically be co-purified with EVs, depending on the 

centrifugation speed and isolation method chosen. However, taking into account 

the particle sizes measured using NTA, the particles isolated in our experiments 

are of smaller size (750 nm and smaller) than the average extracellular ASC 

speck, which is around 1 µm in size (Franklin et al, 2014; Fernandes-Alnemri et 

al, 2007), and thus, we do not expect significant ASC speck contaminations in 

our EV preparations. Nevertheless, considering that some smaller ASC specks 

could also be formed (Franklin et al, 2018), it cannot be excluded that 

extracellular ASC specks might, to a certain extent, contribute to some of the 

effects observed. 

 

While it might account for those effects, it does not seem to mediate ISG 

induction. Instead, ISG induction was found to depend on IFN-β signalling 

through the type I IFN receptor. IFN-β was present within EVs and barely on the 

outside of EVs, as determined through EV lysis with Triton X-100 before IFN-β 

measurements (Budden et al, 2021). Being within EVs, this raises the question 

how IFN-β can engage in IFNAR binding. IFN-β-IFNAR binding is described to 

take place at the plasma membrane (Lazear et al, 2019). Upon receptor 

engagement, IFNAR re-localises to the endosome. This relocation is crucial for 

IFNAR signalling and signalling termination (Marchetti et al, 2006; Chmiest et al, 

2016). Considering that, from the experiments described in this thesis, EV uptake 

seems to take place through endocytic mechanisms, it can be hypothesised that 

IFN-β binding to IFNAR takes place in the endosome. However, it is so far unclear 

if IFNAR signalling from the endosome can take place without previous ligand 

binding at the plasma membrane. Intriguingly, IFN-β binding to IFNAR and 

induction of signalling in the endosome might explain why we observed IFN 

signalling in cells that endocytosed EVs (MΦs, endothelial, and fibroblasts) but 

not in cells that did not take up 10K EVs (naïve T cells). 
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4.3.6 The Role of HMGB1 in the Mediation of These Effects 

As discussed in the introduction (section 1.7.1), IL-1β and IL-18 release are not 

the only outcomes of inflammasome activation. Instead, other molecules, 

including the DAMP HMGB1, are also released. Fiuza and colleagues examined 

the effects of HMGB1 on endothelial cells and found that it induced the 

expression of VCAM-1, ICAM-1, and RAGE and led to the secretion of TNF-α, 

IL-8, MCP-1, and others, thus leading to the activation of the endothelium (Fiuza 

et al, 2003). These findings are similar to our results, which also point towards 

EC activation. Combining this knowledge with results published in 2021 by Wang 

and colleagues, who showed that macrophages release HMGB1-loaded EVs 

upon LPS stimulation (Wang et al, 2021), this suggests that some of the effects 

observed might be due to HMGB1 carried within inflammasome-elicited EVs. As 

HMGB1 release was shown to be downstream of GSDMD pore formation, 

mediated by NINJ1 (Kayagaki et al, 2021), these potential HMGB1-loaded EVs 

might also be released in other cases of lytic cell death and would not be specific 

to inflammasome activation. 

4.4 Concluding Remarks 

EVs were originally thought to be a way for cells to get rid of waste. Considering 

cells already have lysosomes to do so, researchers started to challenge this 

assumption and have since demonstrated that EVs contribute significantly to cell-

to-cell communication throughout the body. 

In this thesis, I have shown that this also holds true for inflammasome-elicited 

EVs. Indeed, inflammasome activation leads to a strong increase in EV release. 

These EVs carry a distinct RNA signature and can be identified by the presence 

of N-terminal GSDMD; they are thus specific to inflammasome-activated cells. 

This has implications for their use as potential biomarkers, as well as for their 

effect on different surrounding cells: 

NCDs are as common as ever and a big burden on today’s economy. NCD-

related deaths are further expected to rise, thus making it a pressing issue to 

diagnose these diseases early to intervene before they become irreversible and 
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the cause of death for the affected individual. EVs have the potential to serve as 

biomarkers for inflammasome involvement—either through their distinct RNA 

signature or through the presence of N-terminal GSDMD. 

While the prevention of diseases in the first place is in my opinion the most 

important way to approach the problem of rising numbers in deaths caused by 

NCDs, treatment must also be improved. To find suitable, specific treatment 

options, pathogenesis must be understood. I have analysed the content of 

inflammasome-elicited EVs and studied their effect on various cell types relevant 

to NLRP3-related diseases, such as atherosclerosis and type II diabetes, in order 

to understand the specific role these EVs could play. Not only are inflammasome-

elicited EVs taken up by diverse recipient cells, including MΦs, endothelial cells, 

epithelial cells, fibroblasts, and T cells (primarily activated T cells), but they also 

affect various cells. They induce inflammatory signalling in endothelial cells and 

lead to the upregulation of marker genes of activated epithelial cells. An activated 

endothelium allows cells to leave the circulation and enter tissues where they can 

further affect cells such as fibroblasts. I have shown that inflammasome-elicited 

EVs have the potential to induce inflammatory signalling pathways in fibroblasts. 

Under prolonged exposure to inflammatory stimuli, including EVs released by 

inflammasome-elicited MΦs but also cytokines released by surrounding cells 

(possibly induced by inflammasome-elicited EVs), fibroblasts, together with 

further cells, may lead to the development of fibrosis, for example causing COPD. 

Taken together, these findings may not only help in the prevention of a broad 

spectrum of diseases, but also help to elucidate how systemic inflammation can 

spread and thus provide insights into possible treatment options. 
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