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Abstract 

Recent advances in super-resolution microscopy revealed that the function of 

receptor molecules is influenced by their nanoscale organisation within the membrane. 

This especially applies to macrophages who are one of the most plastic cell types known 

with a large repertoire of surface receptors tightly regulating their many different 

functions. In addition, macrophage phenotype is highly influenced by the tissue of 

residence. However, very little studies have imaged tissue-derived macrophages due to 

their high autofluorescence. To address this, a novel background correction technique 

was developed to correct for autofluorescence in stochastic optical reconstruction 

microscopy (STORM) data sets. Here, a moving median filter was applied prior to image 

reconstruction to subtract unwanted backgrounds. Importantly, this enabled the 

investigation of the membrane of human lung macrophages on a nanometer-scale for 

the first time. Macrophages were activated through their Fc receptors by IgG-coated 

surfaces, representing a 2D model of the phagocytic synapse. Interestingly, upon 

activation, lung macrophages formed MHC class I–tipped protrusions. This is consistent 

with a role of macrophage protrusions in antigen presentation. In addition, 

macrophages secreted extracellular vesicles (EV) upon activation with IgG. Here, lung- 

and monocyte-derived macrophages (MDM) were stained for the tetraspanin and EV 

marker CD81. Crucially, EV were captured directly upon secretion, on a nanometer-

scale, enabling the accurate detection of EV diameters and the analysis on a cell-by-cell 

basis which is not possible, when studying EV as often done in bulk after isolation. The 

comparison of M0-like, M1-like, M2-like and lung macrophages revealed distinct vesicle 

characteristics, suggesting distinct functions and mechanisms of biogenesis. Crucially, 

the number of vesicles secreted differed greatly between single cells, highlighting the 

heterogeneity of cellular secretions. Proteomics analysis of MDM-derived EV confirmed 

discrete contents of EV with MHC class I and leukocyte immunoglobulin-like receptor 

B1 (LILRB1) being enriched in vesicles derived from M2-like and M0-like macrophages, 

while MHC class I was enriched in M1-like macrophage vesicles. Interestingly, two 

colour STORM of the LILRB1 and MHC class I showed their co-localisation on M0-like 

macrophage vesicles.  
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Chapter 1 – Introduction 

Macrophages are a type of innate immune cell that can be found all through the 

body. They form the very first line of defence of the immune system and play a key role 

in initiating and coordinating an immune response as well as homeostasis. Interestingly, 

macrophages are well known to act pro- as well as anti-inflammatory and their function 

and phenotype is highly influenced by their environment1,2. In fact, macrophages 

comprise a large repertoire of cell-surface receptors, allowing them to navigate many 

different tasks. In recent years, it has become clear that receptor-ligand interactions 

depend not only on ligand specificity and binding affinities but also on the nanometer-

scale organisation of the molecules involved3–6. Advances in super-resolution imaging 

present a great tool to learn more about these processes. However, despite their 

importance, very little studies imaged tissue-derived macrophages applying super-

resolution microscopy. This is likely to be due to sample availability as well as intrinsic 

autofluorescence, which interferes with light microscopy. To advance this knowledge, 

the focus of this study was the nanometer-scale organisation of the membrane of lung- 

and monocyte-derived macrophages. In addition, super-resolution microscopy was 

applied to study extracellular vesicles, directly upon secretion on a cell-by-cell basis.  

  

This first chapter will give an overview of macrophage origin and function, with a 

focus on monocyte- and lung-derived macrophages. It will then discuss the importance 

of the nanometer-scale organisation of surface receptor molecules and how super-

resolution microscopy presents a unique tool to study extracellular vesicle secretion. 

Finally, this chapter will highlight the function and use of different microscopy 

techniques to study immune cells.  

 

1.1 Macrophages 

Macrophages are mononuclear phagocytes that arise from myeloid precursor 

cells. They can be found in tissues throughout the body and their main function is to 

engulf and digest foreign material, infected or dead cells, and cell debris. They play a 
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key role in initiating and coordinating an immune response. As macrophages 

phagocytose foreign particles and infected cells as well as cell debris or dead cells it is 

not surprising that they play an important role in host protection as well as in tissue 

development and wound healing7. With diameters ranging from approximately 20 to 

30 µm macrophages are relatively large cells. Due to their adherent properties, they are 

ideal candidates for microscopy studies and can be activated, for example by coated 

surfaces. Table 1-1 summarises typical physical properties of macrophages relevant for 

microscopy.  

 

Table 1-1: Overview of physical properties of macrophages relevant for microscopy.  

Physical property Values 

Approximate diameter in non-activated conditions 20 µm 
Approximate diameter in activated conditions 30 µm 
Granularity high 
Adhesion  strong 
Intrinsic fluorescent properties high 

 

Depending on the tissue of residence, macrophages show great diversity 

regarding phenotype and function, demonstrating their ability to adapt to their 

microenvironment8,9. This makes it very difficult to introduce a classification scheme for 

macrophages. Over 20 years ago, Mills and co-workers classified macrophages into two 

distinct subsets, namely M1 and M2 macrophages, also referred to as classically 

activated macrophages with mainly pro-inflammatory features and alternatively 

activated macrophages with mainly immuno-modulating features10. Since then, other 

classifications have been proposed including a classification based on homeostatic 

functions7 but the reassessment of current models is still ongoing11.  

 

1.1.1 Macrophage Origins 

As well as their diversity, the origins of macrophages display an ongoing challenge 

for scientists. Classically, macrophages were thought to originate from circulating 

monocytes that migrate into tissues where they mature and become macrophages12. 

However, there is increasing evidence that the majority of tissue-resident macrophages 
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have prenatal origin and maintain their populations via self-renewal and longevity13. 

For example, monocytopenic mice displayed relatively normal levels of tissue 

macrophages14,15. In addition, many fate mapping studies in mice have determined that 

macrophages colonise developing organs in three distinct but overlapping waves during 

embryogenesis16,17. Here, the first wave occurs at embryonic day 7 (E7) in the 

extraembryonic yolk sac where primitive erythroid, megakaryocyte and macrophage 

progenitors arise18–20. This process is called primitive haematopoiesis. Then, also 

occurring in the yolk sac, around E8.25 a second wave gives rise to multipotent erythro-

myeloid progenitors (EMP), which will differentiate into tissue-resident 

macrophages21,22. The functions of these tissue-resident macrophages then strongly 

depend on the specific tissue niche that they populate. The final wave of macrophages 

originates from hematopoietic stem cells (HSCs) that emerge at E10.5 in the aorta-

gonad-mesonephros and populate the fetal liver23,24. Rapid expansion of the stem cells 

makes the liver the predominant embryonic site of haematopoiesis at this moment. 

Finally, fetal-liver derived HSCs travel through the circulatory system to colonise the 

bone marrow (BM) and spleen, which then becomes the primary site of 

haematopoiesis23,24. Many of these tissue-specific macrophages that arise during 

embryogenesis remain into adulthood due to their ability to self-renew in situ16,25,26. 

 

Even though these studies enabled the re-definition of macrophage development, 

which is necessary to fully understand macrophage biology, they were all conducted in 

mice. Information on human tissue macrophages is sparse, yet urgently needed. Thus, 

an effort should be made to study human macrophages from different tissues.  

 

1.1.2 The Contribution of Monocyte-derived Macrophages  

Despite the fact that most tissue-specific macrophages in the steady state are 

derived prenatally, monocyte-derived macrophages also play a vital role for the 

immune system. They can complement tissue populations and some tissue populations 

even rely on monocytes to maintain their numbers27. In fact, it has been shown that 

macrophages from the heart, liver, pancreas, dermis and intestine are all maintained 
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by blood monocytes28–32. In the heart and the liver, embryonic macrophages are 

replaced by circulating monocytes that differentiate into tissue macrophages after birth 

and are then constantly replenished by monocytes28,33. The same happens in the 

intestine and dermis, where Ly6Chi monocyte recruitment depends on the chemokine 

receptor type 2 (CCR2)34. Thus, it is not surprising that there were substantially less 

macrophages in the intestine and skin of CCR2-/- compared to WT mice28,30. This shows 

the importance of monocytes in the generation of tissue-specific macrophages before 

as well as after birth.  

 

Other macrophage populations including alveolar macrophages (AM), microglia 

and Langerhans cells on the other hand are thought to mainly self-maintain with only 

very little input of blood monocytes at the steady state21,25,35,36. However, during 

inflammation, circulating monocytes are recruited into the tissue where they 

differentiate into inflammatory macrophages37. For example, influenza A- or 

lipopolysaccharides (LPS)-challenged mice displayed high numbers of inflammatory 

airway macrophages a few days after challenge while macrophage numbers returned 

to pre-injury levels as the inflammation resolved38. Crucially, the increase of 

macrophages during inflammation was solely caused by monocyte-derived 

macrophages. As the inflammation resolved, monocyte-derived macrophages 

underwent apoptosis while numbers of tissue-resident macrophages were stable 

throughout the whole inflammation. In contrast here to, arterial macrophages, initially 

derived from embryonic precursors are replaced immediately after birth by circulating 

monocytes that are then sustained by proliferation rather than further monocyte 

recruitment39. Together, this highlights not only the important role of monocytes within 

tissues during inflammation but also that some tissue-specific macrophage populations 

are not replenished or replaced by monocytes while others are.  

 

Taken together, tissue macrophages have distinct origins, with most tissues 

homing macrophages of two or more origins. In addition, maintaining of macrophage 
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populations in different tissues underlies distinct mechanisms. Some populations have 

the ability to self-renew their numbers while others rely on circulating monocytes.  

 

1.1.3 Macrophage Ontogeny vs. Tissue Niche Influences 

With tissues homing macrophages from different origins underlying distinct 

mechanisms to maintain their populations the questions arises what dictates 

macrophage phenotype and function – ontogeny or the tissue niche? Many studies exist 

that highlight distinct transcriptional and epigenetic features for different tissue-

specific macrophages40–45. However it is unclear, to what degree these features are 

imprinted during development compared to how strong the influence of the tissue 

environment is. 

 

Lavin et al. performed several genome-wide assays including RNA- and chromatin 

immunoprecipitation sequencing for seven different tissue macrophage populations to 

determine their transcriptional and epigenomic landscapes40. Interestingly, 

macrophages with similar environmental stimuli, for example macrophages from the 

small and large intestine, showed very similar transcriptional and epigenomic 

landscapes. Along these lines, the transfer of bone marrow into bone marrow-depleted 

mice showed that monocyte-derived macrophages in the lung and peritoneal cavity 

gained about 90% of the transcriptional profile of embryonic macrophages40. However, 

macrophages in the liver were only able to gain 47% of their embryonic counterpart. 

Similarly, analysis of monocyte-derived vs. embryonic microglia revealed 2000 

differentially expressed genes46. Interestingly, this indicates that the phenotype of 

some tissue macrophages, for example lung and peritoneal macrophages, is mostly 

dictated by the tissue environment while the embryonic origin is crucial for microglia 

and Kupffer cells. However, it is also possible that the irradiation of the animals 

significantly altered the tissue which led to only partial differentiation of monocytes 

into macrophages. This is supported by work from Scott et al. who showed that 

circulating monocytes are able to fully differentiate into Kupffer cells32. In fact, only 12 

genes were ≥ 1.5-fold differentially expressed between monocyte- and embryonically 
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derived macrophages. Crucially, these monocyte-derived Kupffer cells also gained the 

ability to self-renew, a property long believed to be an exclusive trait of embryonic 

macrophages. Taken together, this data highlights the enormous influence the tissue 

environment has on macrophage differentiation and challenges the concept that 

ontogeny dictates macrophage phenotype and function.  

 

This led to the development of the niche model, where embryonic progenitors 

colonise tissues before birth, however when a macrophage niche becomes available 

BM-derived monocytes compete with resident macrophages to fill the spot32,47. More 

precisely, the model can be broken down into three questions. The first question is, if 

the tissue is accessible. Due to the blood-brain barrier for example monocytes cannot 

enter the adult brain. It is thus not surprising that microglia are exclusively derived from 

yolk-sac macrophages17,48. Similarly, during embryonic development several tissue 

niches are not yet formed when the yolk sac is the primary site of haematopoiesis and 

are thus not available. This is the case for the alveolar space and therefore most alveolar 

macrophages arise from foetal liver monocytes17,21.  

 

If the tissue is accessible, the second question is if macrophage niches within the 

tissue are available. Niches might get available due to growth of the tissue, for example 

during the neonatal window, or death of resident macrophages, for example due to 

inflammation. This fits with the fact that during embryogenesis macrophage population 

occurs in distinct waves. Once the tissue niches are fully formed and available, they are 

populated by macrophage precursors that differentiate into tissue macrophages. It also 

explains why BM-derived monocytes give rise to fully differentiated Kupffer cells. That 

is because the liver of a mouse does grow until four weeks after birth, thereby creating 

new tissue niches that are then filled by circulating monocytes32,48,49. In tissues that are 

constantly replenished by circulating monocytes, for example the intestine, heart and 

dermis, niches might be constantly available due to the lack of self-renewal of 

macrophages. The mechanisms by which macrophages fail to self-maintain their 

population is thought to be connected to environmental clues within these tissues, for 
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example the microbiota in the intestine, however detailed processes are not 

understood28,30,47.  

 

 

Figure 1-1: Schematic illustration of the niche model. If a precursor will differentiate into a resident 

macrophage depends on the accessibility and availability of tissue-specific niches. The first question is if 

the precursor is able to reach the tissue niches. In adulthood, circulating monocyte are for example not 

able to pass through the blood-brain barrier and are thus not able to populate the brain, even if niches 

would be available. This leads to the second question, that if they can reach the tissue, are there 

unoccupied niches available? This question relies on the hypothesis that there is a finite number of tissue 

niches available per tissue. Once all niches are occupied, progenitors will pass through the tissue, sensing 

the present population and exit the tissue without engraftment. If there are unoccupied niches available, 

for example due to the loss of resident macrophages during inflammation, progenitors will populate the 

tissue and differentiate into resident macrophages. However, there might be more than one progenitor 

available, which leads to the last line of questioning. Which progenitor is the most potent one? Niches 

could be filled for example with circulating monocytes or by enhanced proliferation of the resident tissue 

population. In this case, the most competitive progenitor will populate the niche and differentiate into a 

tissue-resident macrophage. This Figure is adapted from Guilliams and Scott, 201750.  
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If the tissue is accessible and niches are available, macrophage precursors inhabit 

these niches and differentiate into tissue-specific macrophages. This leads to the final 

question of the model: is there a competition for the niche? As already discussed, 

macrophages can arise from different precursors. Even though it is possible that specific 

precursors are more suitable for different tissues, it has been shown for some tissues 

that different precursors are able to give rise to fully functional tissue-resident 

macrophages. Van de Laar and co-workers transferred three macrophage precursors, 

namely yolk sac macrophages, fetal liver and BM monocytes individually into the lung 

of neonatal Csf2rb−/− mice where they differentiated into almost identical macrophage 

populations51. However, when transferring all three precursors at a 1:1:1 ratio, fetal 

liver monocytes outgrew the other precursors. This was likely due to the increased 

potential of fetal liver monocytes to respond to granulocyte-macrophage colony-

stimulating factor (GM-CSF), one of the main driving forces behind alveolar macrophage 

development. Importantly, this competition was only observed within the first two 

weeks after transfer. Once inhabiting a niche and differentiated into alveolar 

macrophages, all three precursors displayed similar rates of self-renewal. This shows 

that intrinsic differences could indeed prefer a certain precursor to populate a specific 

tissue. However, it also highlights the fact that all macrophage precursors are highly 

plastic and capable to differentiate into tissue macrophages with nearly no differences 

detectable in the resulting tissue populations. A schematic illustration of the niche 

model can be found in Figure 1-1. 

 

Even though the niche model fits experimental data very well and explains 

otherwise inexplicable findings it has to be kept in mind that this model assumes that 

there is a limited amount of niches available per tissue, which can be sensed by the 

cells. Once the tissue is ‘full’, precursors will migrate through and exit the tissue without 

differentiating into macrophages. The mechanisms underlying this quorum sensing are 

not well studied. It is clear though, that not only passing precursors but also resident 

tissue macrophages do sense it. For example, partial depletion of Kupffer cells led to 

increased proliferation of the tissue resident population that then went on to populate 

empty niches32. The same was shown for microglia in the absence of irradiation46. In 
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addition, partial depletion of macrophage populations in the lung, spleen and 

peritoneum also resulted in increased proliferation and re-population of the tissues52. 

These studies highlight that tissue macrophages are able to sense the availability of 

niches around them, which leads to the proliferation and population of empty spaces.  

 

Taken together, macrophages display an outstanding plasticity depending on the 

tissue of residence. In addition, different macrophage precursors are able to 

differentiate into the same tissue-resident macrophages, with almost no transcriptional 

or functional differences. Here, tissue niche accessibility and availability dictate the 

phenotype of macrophages.  

 

1.1.4 Macrophage Phenotypes 

Macrophage plasticity is also evident in their different phenotypes. In fact, 

macrophages display a whole spectrum of different phenotypes. Here, classically (M1) 

and alternatively (M2) activated macrophages are the opposite ends of the spectrum, 

with M1 macrophages having pro-inflammatory properties while M2 macrophages play 

a major role in wound healing and homeostasis. This classification was first introduced 

by Mills et al. in 2000 and based on the observation that macrophages from a typical 

Th1 mouse strain (C57BL/6J) more easily produced nitric oxide (NO) compared to 

macrophages from a typical Th2 strain (Balb/c), when activated with interferon (IFN)-γ 

or LPS10. On the contrary, LPS increased arginine metabolism to ornithine in M2 but not 

M1 macrophages, followed by a Th2 response. This was taken further by establishing 

that M2 macrophages can be derived from exposure to interleukin (IL)-4 or IL-13, 

cytokines typically produced during a Th2 response53. These alternatively activated 

macrophages were different to IL-10-drived macrophages. Since then, further 

macrophage stimuli apart from LPS/IFN-γ and IL-4/IL-13 have been identified. Amongst 

other things, GM-CSF was found to generate M1-like macrophages which produced 

increased amounts of tumour necrosis factor (TNF)-α, while M-CSF generated IL-10 and 

CCL2 secreting M2-like macrophages54. Importantly, these early studies laid the 

fundament for understanding macrophage activation and phenotype. However, most 
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studies on macrophage phenotype were conducted in mice, especially evaluating 

phenotypes in vivo. Studying human macrophages of different tissues and phenotypes 

is thus urgently needed.  

 

Functionally, M1 macrophages fight pathogens and parasites, present antigens 

and secrete an array of pro-inflammatory cytokines including IL-6, IL-12, IL-1β, IL-23 and 

TNF-α55,56. These cytokines are responsible for recruiting other immune cells and 

polarising them towards Th1 type responses. In rodent models, M1 polarisation is 

accompanied by the expression of inducible nitric oxide synthase (iNOS) which leads to 

the synthesis of NO57. However, this does not occur in human macrophages.  

 

Alternatively activated M2 macrophages on the other hand are involved in wound 

healing and tissue remodelling; they promote angiogenesis and parasite clearance and 

secrete high levels of IL-10. Depending on the exposed stimuli, four different M2 

macrophages were characterised in vitro: macrophages stimulated with IL-4 and/or IL-

13 are termed M2a macrophages, M2b macrophages are exposed to immune 

complexes, M2c macrophages to TGF-β or glucocorticoid and finally, M2d macrophages 

are generated by exposure to IL-6 and adenosine58. However, it has become clear, that 

macrophage phenotype and function is displayed as a continuum rather than discrete 

macrophage subset. This continuum is closely linked to environmental (or exposed) 

stimuli. In fact, cell polarisation depends on the maturation status of the cell (which is 

greatly influenced by the tissue of residence) and stimulus provided (for example 

cytokines, PAMPs and DAMPs)55,59. Thus, a new nomenclature was suggested in which 

the exact stimulus is named – M(stimulus)60. For example, M(IFN-γ) and M(LPS/IFN-γ) 

are two different M1 macrophages and M(IL-4) and M(M-CSF) M2 macrophages.  

 

It is important to note that most studies use the terms ‘differentiate’, ‘activate’ 

and ‘polarise’ interchangeable when it comes to macrophages. However, this led to 

much confusion and these terms should be used accurately. The differentiation 

describes the maturation of the macrophage precursor, introduced by the presence of 
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cytokines, growth factors or other stimuli. For example, when a blood monocyte treated 

with M-CSF acquires a more macrophage-like phenotype. The activation takes this step 

further and relates to the phenotype change that occurs when a mature macrophage 

encounters for example a pathogen or pathogen-related cytokines, for example LPS or 

IFNγ. The term polarisation can be used interchangeably to activation.  

 

Taken together, macrophages are highly plastic in their phenotype which strongly 

depends on environmental stimuli. It is thus important to always evaluate phenotype 

and functions of macrophages with respect to their generation or origin. Many different 

in vitro models have been proposed to generate specific macrophages.  

 

1.1.5 Generation of Different Macrophages in vitro 

Due to their easy accessibility, most macrophage in vitro models in humans rely 

on differentiating blood monocytes. Here M1-like and M2-like macrophages are 

generated by culturing monocytes with GM-CSF or M-CSF respectively61. Both 

molecules are cytokines that can be found in the body. In fact, M-CSF is readily detected 

in the steady state while GM-CSF is linked to inflammation62. Both cytokines are 

produced by multiple cell types and promote cell survival and proliferation as well as 

the differentiation into macrophages. As M-CSF is produced in homeostatic conditions, 

its sources are for example endothelial cells, fibroblasts and macrophages while GM-

CSF is mainly produces by activated leukocytes in response to injury or inflammation63. 

Thus, it is not surprising that their levels depend on the state of inflammation. In the 

steady state, M-CSF levels are higher compared to GM-CSF while the opposite is the 

case during inflammation61,64. For example, in patients suffering from multiple sclerosis 

(MS) levels of GM-CSF are increased with its main source thought to be CD4+ T cells65,66. 

This generates pro-inflammatory macrophages that secrete IL-6, IL-1β, and TNFα, 

leading to damage of the central nervous system67,68.  

 

Other molecules have been suggested to induce M1-like or M2-like phenotypes. 

IL-34 binds to the same receptor as M-CSF, CSF-1R, and therefore introduces the same 
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pathway of differentiation leading to a similar phenotype. In fact, there was no 

detectable difference in the phenotype of these macrophages, however, IL-34-

differentated macrophages secreted higher levels of IL-10 when activated with LPS and 

IFNγ and higher levels of CCL-17 when activated with IL-469. This might indicate a similar 

potential to differentiate monocytes but not to polarise the macrophages. M(M-

CSF/IL-4) on the other hand showed a greater phagocytic capacity compared to M(IL-

34/IL-4). Platelet factor 4, also called CXCL4, introduces a more pro-inflammatory 

macrophage type, secreting IL-6 and TNF, with reduced phagocytic capacity70–72.  On 

the other hand, the presence of CCL2, the cytokine that is responsible for monocyte 

recruitment into the tissue, generates a less inflammatory phenotype with reduced 

levels of IL-673. Similarly, IL-6 was reported to induce higher levels of CD206, CD163 in 

macrophages accompanied with the secretion of IL-10 and TGFβ, indicating an anti-

inflammatory phenotype74. Both, IL-6- and CCL2-induces phenotypes could be used for 

tumour models.  

 

Other than cytokines and growth factors, metabolites are also able to influence 

macrophage phenotype. Calcium oxalate (CaOx) for example generates pro-

inflammatory macrophages, similar to that induced by GM-CSF. It upregulates the 

expression of CD68 and CD86 but not CD163 and CD206 and leads to increased 

secretion of TNF-α, IL-1β and IL-12 while IL-10 secretion was lower compared to M-CSF 

macrophages75. Finally, as already discussed, activation of macrophages has an impact 

on their phenotype with LPS/IFNγ inducing pro-inflammatory properties while IL-4/IL-

13 generate anti-inflammatory macrophages. However, more differentiation protocols 

are reported continuously, mimicking specific diseases and phenotypes. Table 1-2 gives 

an overview over the discussed and most commonly used molecules to differentiate 

blood monocytes into macrophages.  
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Table 1-2: Differentiation of blood monocytes into macrophages. Summary of molecules used to 

differentiate blood monocytes into macrophages with their reported phenotype and 

reference. This list was adapted from Luque-Marin et al.61.  

Molecule Phenotype relative to M-CSF macrophages Reference 

GM-CSF 

- More pro-inflammatory phenotype 
- Higher levels of IL-6, IL-12, IL-1β, IL-23, TNF-α after 

activation with LPS/IFNγ 
- Lower levels of IL-10, CD163, CD14 

55,56,76–81 

M-CSF + IL-4 
and/or IL-13 

- More anti-inflammatory phenotype 
- Increased levels of IL-10, CD206, CCL22 
- Expression of CD200R 

53,77 

IL-34 

- Anti-inflammatory; very similar to M-CSF 
- Lower phagocytic capacity and higher levels of 

CCL-17 when activated with IL-4 
- Higher levels of IL-10 after activation with LPS/IFNγ 

69 

CXCL4 
- More pro-inflammatory 
- Higher levels of IL-6 and TNF 
- Lower phagocytic capacity 

70–72 

IL-6 or CCL2 
- Less inflammatory 
- Reduced levels of IL-6 in the case of CCL2 
- Higher levels of IL-10, TGFβ, CD206, CD163 for IL-6 

73,74 

CaOx 
- Pro-inflammatory; similar to GM-CSF macrophages 
- Expression of CD68, CD86 but not CD163, CD206 
- Higher levels of TNF-α, IL-1β, IL-12 and lower IL-10 

75 

 

Taken together, many different in vitro models for macrophages set out to match 

the great phenotypic plasticity of these cells. Each model is a compromise and 

simplification of some sort, yet these models are valid and necessary to shed new light 

on macrophage biology. The cytokines GM-CSF and M-CSF are still the most common 

way to differentiate monocytes into M1-like and M2-like macrophages respectively. 

Differentiated macrophages are then classically activated with LPS/IFNγ for M1 or IL-

4/IL-13 for M2 macrophages. However, studies with differently activated macrophages 

are lacking.  
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1.2 Lung Macrophages 

The lung is one of few organs that are in constant contact with the ambient 

environment. Billions of foreign particles and organisms enter the lungs every day, 

carrying a potential challenge for our immune system. The lungs consist of a network 

of thousands of airways starting from one big airway which branches into smaller 

bronchiole and terminates finally in millions of small air sacs called alveoli (Figure 1-2). 

 

For the wellbeing of an individual it is essential that the lung tolerates innocuous 

stimuli while responding immediately to microorganisms that are potentially 

pathogenic. Here, AM play a key role. They are strategically positioned in the alveolar 

space of healthy airways and are first to encounter pathogens and other foreign 

particles. But the lung is populated by other types of macrophages as well. Beside AM, 

interstitial macrophages (IM) and intravascular macrophages populate lungs; all three 

subpopulations differ in location and function. AM are believed to remove particles and 

microorganisms from the alveolar space while IM coordinate inflammation, fibrosis and 

antigen presentation82. Intravascular macrophages seem to have similar functions for 

the circulation as AM for the alveolar space82,83. Nevertheless, a deeper understanding 

of lung macrophage populations is needed, especially in the human context. Cai et. al. 

characterized AM and IM in Indian rhesus macaques, claiming that the monkey model 

is more accurate to describe human biology than rodent models84. According to this 

study, 70% of all immune response cells in a healthy lung are comprised of AM and IM 

while approximately 80% of these macrophages are AM. This clearly underlines the 

importance of macrophages in lung immunity and why further investigation is 

important.  
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Figure 1-2: Anatomy of the respiratory tract. The main airway termed trachea branches into two big 

bronchi which further divide into smaller bronchiole and finally terminate in small air sacs called alveoli 

where gas exchange takes place. This figure was adapted from National Cancer Institute © (2006) Terese 

Winslow LLC, U.S. Govt. has certain rights and a copyright agreement is in place.  

 

It is important to note that macrophages also populate the larger airways though 

most publications do not distinguish between alveolar and airway macrophages. Due 

to the isolation process applied in this project (see 2.1.3) macrophages are likely to be 

alveolar/airway macrophages. However, a minor contamination with interstitial 

macrophages is possible. In this project, no distinction was made for alveolar, interstitial 

and larger airway macrophages; isolated macrophages were termed lung macrophages.  
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1.2.1 Alveolar Macrophages 

AM arise relatively late during embryonic development when fetal liver 

monocytes populate the forming alveolar tissue niches21. Here, GM-CSF is driving the 

colonisation as knockout mice failed to establish an AM population.  However, culturing 

fetal liver monocytes in the presence of GM-CSF in vitro was insufficient to induce AM 

phenotype21,85. This highlights the important role of the tissue niche in macrophage 

development and differentiation. Once established, AM maintain their numbers with 

low-level proliferation and longevity52. Importantly, in the steady state circulating 

monocytes do not contribute to the AM pool21,52. This is thought to be due to the 

epithelium presenting a barrier for monocytes to access the airways.  

 

In an healthy individual, the alveolar space is mainly populated by macrophages 

in addition to a small number of lymphocytes including effector and memory T cells86,87. 

Here, macrophages are sessile and constitute over 95% of all cells with a single AM per 

three alveoli88,89. Mouse AM have been well characterised with a CD11chi Siglec-F+ 

CD11b- expression pattern21,90,91. In addition, MerTK and FcγRI expression is 

characteristic for all lung macrophages29.  However, robust markers for human AM are 

lacking.  

 

Due to the fact that immune cells in the lung are continuously stimulated by 

inhaled irritants, many suppressing mechanisms, including soluble mediators as well as 

cell-cell interactions, are in place to avoid unwanted inflammatory responses. Thus, it 

is not surprising that the clearance of surfactant is thought to be one of AM’s major 

functions92. Impaired clearance due to dysfunctional AM, for example caused by the 

disruption of GM-CSF signalling, leads to pulmonary alveolar proteinosis (PAP) 

syndrome93. Further, the cell type that plays a major role in restricting AM is alveolar 

epithelial cells90. For example, the human BEAS-2B bronchial epithelial cell line was 

shown to restrict the pro-inflammatory response of AM in vitro94. In addition, AM are 

able to coordinate their responses by signalling through connexion 43-containing gap 

junctions formed with the epithelium88. This has been shown to prevent neutrophil 
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recruitment and the secretion of pro-inflammatory cytokines in LPS-challenged mice. 

When a more dangerous invader is present on the other hand, AM are required to 

quickly initiate an effective immune response. Therefore, macrophages have to balance 

perfectly between inhibitory and pro-inflammatory responses making functional 

communication with their environment essential. Any dysregulation of macrophages or 

the signals they receive could cause disease95. Thus, new knowledge about their site-

specific regulation in health and disease will help to develop strategies for fighting 

infections and autoimmune diseases. 

 

1.2.2 Interstitial Macrophages 

Interstitial, compared to alveolar macrophages are much less studied and 

therefore, many aspects of IM biology are poorly understood, especially in humans. This 

is likely due to the accessibility of tissue samples. Alveolar macrophages can be obtained 

by bronchoalveolar lavage (BAL), where the lower airways are washed with a saline 

solution to collect the cells. To isolate IM on the other hand, lung tissue is cut up and 

digested96. In addition, IM were long thought to present an intermediate state during 

the differentiation of circulating monocytes into alveolar macrophages97. Nowadays it 

is widely accepted that IM are a distinct and heterogeneous macrophage population 

residing within the lung tissue, but not the airways. Even though IM development has 

not been studied extensively, IM are thought to arise from multiple origins, namely 

from yolk sac macrophages and BM monocytes98. In mice, they are characterised as 

CD11cint Siglec-F- CD11b+ 97,99–101. However, recent studies have shown that IM are 

heterogeneous with at least two distinct monocyte-derived IM subpopulations102,103.  

 

Functionally, IM (like AM) phagocyte apoptotic cells, pathogens and other 

particles and microorganisms and can thus be seen as defence mechanism100,104. 

However, studies have shown a more regulatory function for IM. For example, 

increased MHC class II expression may suggest a prominent role in antigen 

presentation97,101,105,106. In addition, mice as well as human IM secrete IL-10 in the 

steady state and increased levels during challenge with bacterial products97,107,108. 
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Further, IM inhibited the migration and maturation of dendritic cells (DC) during LPS 

challenge, thereby preventing the initiation of a Th2-type response100. Thus, overall IM 

are thought to have immunosuppressive and regulatory rather than inflammatory 

properties.  

 

Taken together, different macrophage populations inhabit the lung with AM 

being responsible for clearing the alveolar space and a heterogeneous population of IM 

performing homeostatic functions. All macrophage populations were shown to derive 

from multiple progenitors during embryonic development until adulthood. Even though 

a big amount of work went into understanding the biology of these macrophages, there 

is a great paucity of human studies. This is certainly linked to the availability of human 

lung samples. However, in addition human lung macrophages are known to be highly 

autofluorescent, which makes their investigation with fluorescent based methods 

challenging109.  

 

1.3 Autofluorescence 

When a molecule is subjected to light of the right energy or wavelength, it absorbs 

a photon and transitions from the ground state into an excited state. In reverse, a 

molecule emits a photon (light) when it transitions from the excited state to the ground 

state. This emission is termed fluorescence. Fluorescence is typically of lower energy 

than the absorbed light because of energy losses within the process. Molecules that 

emit fluorescence are termed fluorophores. Many chemical compounds with optimised 

fluorescent properties are commercially available and widely used as fluorescent labels.  

For a more detailed description of fluorescence and fluorescence microscopy see page 

53.  

 

Autofluorescence is naturally occurring fluorescence without the addition of 

exogenous markers. The German physiologist Hans Stübel was one of the first to report 

intrinsic fluorescence of various biological materials and acknowledged already in 1911 
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the potential of autofluorescence analysis110. Indeed, in the following years, 

autofluorescence has been used for example to study plant morphology and physiology 

or discriminate bacterial pathogens111–114. Until now, specific molecules have been 

identified as source of cellular autofluorescence including aromatic amino acids, 

nicotinamide-adenine dinucleotide (NAD), flavins and lipopigments114,115. An overview 

of the most important sources of autofluorescence within mammalian cells can be 

found in Figure 1-3. NAD and flavins are thought to be responsible for most of the 

cytoplasmic autofluorescence. Interestingly, the autofluorescence of these molecules 

changes with their oxidative state, presenting a unique tool to study changes in cell or 

tissue metabolism116,117. This can be exploited for diagnostic purposes as metabolic and 

structural changes in cells and tissues are likely to occur in early stages of diseases. 

Autofluorescence is for example used to detect tumours in vivo114,118,119. It has also been 

used to monitor the infection of human HeLa cells with enterohemorrhagic Escherichia 

coli as well as to detect and identify bacteria in food120–124.  

 

 

Figure 1-3: Sources of autofluorescence within the cell. The most important autofluorescent 

components with their according excitation laser (top) and approximate emission spectrums (bottom) 

are shown. This Figure was adapted from Shilova et al. and a copyright agreement with John Wiley and 

Sons is in place125.  
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Despite the advantages of utilising autofluorescence analysis, including its non-

invasive, non-toxic nature, it is still comes with challenges. In the case of tissue 

autofluorescence, the signal arises from intra- and extracellular structures which make 

it difficult to reveal and process the signal arising from a specific compound. In addition, 

the overlap of the spectra of individual compounds within tissues or cells result in a 

broad autofluorescence spectrum which usually displays low quantum yields. This leads 

to partly overlapping spectra for different fluorophores within one sample, making it 

difficult to interpret the recorded signal126. Moreover, autofluorescence may overlap 

with the spectrum of exogenous markers, making their usage difficult. It interferes with 

evoked signal, potentially leading to false conclusions. In fact, Foxp3 was falsely 

attributed to mouse macrophages due to autofluorescence and later retracted127. In 

addition, autofluorescence impeded accurate detection of bacterial biofilms in clinical 

tissue samples128.  

 

1.3.1 Autofluorescent Lung Macrophages in STORM 

Lung macrophages are one focus of this project and this cell type is well-known 

to be especially autofluorescent. Already in 1985 Edelson and co-workers reported of 

the difficulties of investigating lung macrophages with immunofluorescence 

technologies109. Since then, several studies have characterised their autofluorescence 

and its sources. In general, the spectrum of autofluorescence was found to cover the 

whole spectral range with being highest in the green and yellow channel109,129. More 

precisely, Edelson et al. detected the maximum emission at a wavelength of 541 nm 

with a shoulder at 580 nm109. The most common observation is a strong relation 

between smoking history and the level of autofluorescence129–131. Therefore, tobacco 

tar has been discussed as a possible source of autofluorescence129,132,133. Another 

common observation is the presence of cytoplasmic inclusion bodies in highly 

autofluorescent cells129,132,134,135. These inclusion bodies and their levels of 

autofluorescence were retained in long term culture (>6 weeks)132. Together with the 

great phagocytic nature of macrophages this might suggest that airway macrophages 

take up autofluorescent particles, for example tar from cigarette smoke, and store them 

long term in inclusion bodies inside the cell, thereby inheriting the particles’ fluorescent 
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properties. This would also explain why airway macrophages are much more 

autofluorescent than macrophages from other tissues; that is due to billions of particles 

enter the lung every day.  

 

Several super-resolution microscopy techniques are available nowadays, 

including electron microscopy (EM), photo-activated localization microscopy (PALM), 

stochastic optical reconstruction microscopy (STORM), and stimulated emission 

depletion (STED). For details on functional principals of these techniques please see 

1.7.2. Due to the aim of studying the nanoscale organisation of the membrane STED 

microscopy was disregarded as this technique does not yield the necessary resolution. 

Electron microscopy does yield a very high resolution, but sample preparation is 

laborious, and it is difficult to stain for multiple proteins. PALM and STORM both take 

advantage of the blinking characteristics of fluorophores and are operated in TIRF 

mode. Thus, these techniques proved to be especially useful for studying the 

nanometer-scale organisation of immune synapses3,136–140. However, in PALM, the 

proteins of interest are tagged genetically with fluorescent proteins which is very 

challenging for macrophages. In STORM on the other hand, proteins are labelled by 

antibodies conjugated to fluorophores. Therefore, STORM was chosen as best method 

to study the nanoscale organisation of macrophage membranes.  

 

One has to keep in mind thought that STORM utilises high laser powers to 

stochastically switch fluorescent labels from a dark to a fluorescent state (more detail 

on STORM see 1.7.2). These high laser powers potentially exacerbate the obstructive 

effects of autofluorescence, thereby making the application of STORM challenging for 

autofluorescent samples. Thus, it is not surprising that there is a great paucity in 

studying human tissue macrophages with STORM. In fact, to my knowledge human lung 

macrophages have never been investigated with this technique. Bierwagen et al. 

utilised the high autofluorescence of chlorophyll in spinach chloroplasts to obtain 

super-resolution images of thylakoid membranes141. High-intensity irradiation at 

488 nm switched off the fluorescence of approximately 70% of all autofluorescent 
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molecules which could be recovered after an average of 1.2s. This was exploited to 

record super-resolution images based on the principles of STORM. However, this was 

only possible in a simplified system, precisely 75 − 100 nm thick cryosections of purified 

chloroplasts where background autofluorescence is minimal. This work was supervised 

by Stefan W. Hell, who won the 2014 Nobel Prize in Chemistry “for the development of 

super-resolved fluorescence microscopy” alongside Eric Betzig and William E. 

Moerner142.  

 

More recently, Dong and co-workers exploited the intrinsic fluorescent properties 

of DNA to investigate the spatial organisation of nucleosomes from HeLa cells143. 

Interestingly, they report stochastic blinking of unlabelled nucleic acids. However, 

similar to Bierwagen et al., DNA strands, cell nuclei and X chromosomes were extracted 

from the cells which drastically simplified the imaging system. Within a cell or human 

tissue, many more sources of autofluorescence are present, preventing resolving 

specific cellular features. In fact, Dong et al. report that even for isolated nuclei the 

illumination at shorter wavelength (precisely with 488 nm, 445 nm, or 405 nm laser), 

where autofluorescence is thought to be highest, led to higher backgrounds and poor 

image quality compared to a 532-nm illumination. This highlights the hampering effect 

of autofluorescence in light microscopy and the need for labelling with exogenous 

markers to bring forth selective cell features or molecules. Thus, a correction of 

autofluorescence is urgently needed to enable the investigation of autofluorescent 

samples by STORM.  

 

Taken together, human airway macrophages are well known to be highly 

autofluorescent which presents an obstacle for immunofluorescent techniques 

including flow cytometry and light microscopy. There is only very little known about the 

effects of autofluorescence in STORM. Few highly autofluorescent cellular features 

were isolated and imaged unlabelled. However, in more complex systems like cells and 

tissues, autofluorescence is undesirable and has to be corrected for.  
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1.3.2 Accounting for Autofluorescence 

Several solutions have been proposed to correct for unwanted autofluorescence 

and achieve a better signal to noise ratio. The simplest is to avoid the spectral range of 

autofluorescence109. However, taken into account the broad emission spectrum of 

autofluorescence and the fact that most immunofluorescent techniques relying on 

commercially available fluorophores operating in a certain range, this might not be 

feasible. There has been success in photobleaching human tissue samples prior to 

fluorescent staining on the other hand. The autofluorescence of formalin fixed paraffin 

embedded human lung tissues could be reduced by almost 80% when irradiated with a 

mercury arc lamp at 20 cm distance in combination with fluotar objective 40X (NA 0.70) 

for 15 min144. Irradiation of slide-mounted human brain tissue sections with white light 

emitting diode (LED) array for up to 48h yielded similar results145. However, both studies 

investigated tissue samples, taking large-scale pictures with simple fluorescence or 

confocal microscopes. In addition, photobleaching of single cells was less successful129.  

 

Another common solution to the problem of autofluorescence is chemical 

quenching. This was successfully applied to human lung macrophages which enabled 

their analysis by flow cytometry146–149. Here, fixed and permeabilised cells were treated 

with dyes (for example crystal violet or trypan blue) prior to staining to quench 

intracellular autofluorescence. However, this was mainly applied for flow cytometry. 

Arsić et al. recently utilised a commercial mounting media for microscopy (Vectashield) 

to quench the signal of AF647 in STORM150. Thus, quenching in STORM is possible, 

however precise targeting of autofluorescence without affecting the specific staining is 

challenging.  

 

The correction of autofluorescence post acquisition has been proposed for 

microscopy. Simple methods like the subtraction of the autofluorescent signal, 

recorded at an alternative wavelength to the extrinsic marker(s) were suggested nearly 

three decades ago151. Since then, complicated algorithms and filters were developed to 

correct for background fluorescence. Due to STORM’s computational heavy nature this 
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is especially true for the processing of STOM datasets. In ThunderSTORM, a commonly 

used ImageJ plugin for re-constructing and analysing STORM data sets, different 

algorithm including rolling ball algorithms, wavelet filters and difference of Gaussians 

algorithms can be applied to remove backgrounds152. Additional processing steps like a 

running median filter implemented in Python was shown to correct for complex 

backgrounds in single-molecule localization microscopy (SMLM) data sets153. However, 

advanced computational capacity and programming skills are necessary to correctly 

implement many of these techniques, highlighting the need for robust yet simple 

background correction techniques.  

 

1.4  Nanoscale Organisation of Receptor Molecules 

Immune cell function is regulated by cell surface receptors which recognise 

specific target molecules. Simplified, binding of the receptor to its specific ligand 

introduces signalling events that result in a change of cell function. Therefore, binding 

affinities and ligand specificity are two very important factors when it comes to immune 

cell regulation via surface receptors. However, many receptors recognise molecules on 

the surface of other cells. Therefore, direct contact between immune cell and target 

cell has to occur in order to enable interaction. This contact site between an immune 

cell and its target cell, termed an immunological synapse (IS), is a highly organised area 

which functions as a dynamic platform for intercellular communication154. This was first 

described in T cells155,156 and soon afterwards in natural killer (NK) cells157 where 

receptor and adhesion molecules are rapidly re-arranged upon contact with the target 

cell. Importantly, these discoveries revealed that not only binding affinity and ligand 

specificity define receptor interactions but that surface organisation is also important.  

 

Together with advancing imaging techniques our understanding of the 

relationship between receptor organisation and regulation of cell function has 

progressed. For example, receptors at the IS have been reported to form micro-clusters 

in T cells, B cells, and NK cells158–163. Here, cluster formation was found to play a role in 

signal transduction. This is best described in T cells. For instance, T cells interacting with 
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activating lipid bilayers recruit downstream signalling molecules including Lck and ZAP-

70 kinases and LAT adaptor in the process of T cell receptor (TCR) cluster formation159. 

With duration of the contact, signalling molecules disappear from the centre of the 

cluster but co-localise with adventitious TCRs in the periphery of the cluster. These 

peripheral TCRs then move in an actin-dependent manner towards the centre where 

signalling molecules disappear again. The authors suggested that TCR micro-cluster 

formation serves as actin-dependent scaffold to amplify signalling events159.  

 

Development of super-resolution microscopy techniques further advanced our 

understanding of how receptor organisation impacts cell regulation. In T cells and 

B cells crucial signalling proteins and receptors were found to form nanoclusters at the 

cell surface of resting cells and change upon activation3,136–140.  This pre-clustering was 

interpreted as a potential regulatory mechanism for immune cells164,165. In contrast, 

Rossboth and co-workers reported very recently that such pre-clustering of the TCR 

does not exist and wrong assumptions emerged from incorrect analysis of super-

resolution data166.  

 

Nevertheless, the nanoscale organisation of various cell surface receptors was 

shown to change upon activation of the immune cell. For instance, Bálint et al. showed 

that the NK cell activating receptor natural killer group 2D (NKG2D) is organised in 

nanoclusters on the surface of NK cells which co-localise with the receptor for IL-15 

upon ligation with ULBP2 but not MICA6.  IL-15, ULBP2 as well as MICA can be found on 

cancer cells. So far, very little is known about the nanoscale dynamics of cell surface 

receptors on macrophages. By investigating inhibitory receptor SIRPα and activating 

FcγRI on MDM with the tool of super-resolution microscopy Lopes et al. linked the 

spatial organization of these receptors to the activation status of the macrophages. 

First, they showed that FcγRI, FcγRII and SIRPα are organised in discrete nanoclusters 

on the surface of macrophages. FcγRI but not FcγRII nanoclusters were found to be 

constitutively associated with nanoclusters of SIRPα. Interestingly, proximity of 

inhibitory and activatory receptor brought tyrosine phosphatase SHP-1 (which binds to 
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SIRPα’s ITIMs and is known to play an important role in FcγRI inhibition) close to 

activatory receptor FcγRI. Upon ligation of FcγRI, SIRPα and FcγRI nanoclusters 

segregated which also separated SHP-1 and FcγRI. The authors suggest that the relative 

position of inhibitory and activating receptor is important for the inhibitory mechanism 

of SIRPα but a clear proof is missing. The detailed mechanisms that control the re-

arrangements of these receptor-nanoclusters are also unknown. By disrupting the 

filamentous acting organisation, Lopes et al. showed that nanocluster association was 

at least to some extent regulated via the actin cytoskeleton.  

 

Taken together, synapses formed at the contact sites between immune and target 

cells function as dynamic platforms for intercellular communication. Rearrangements 

of receptor, adhesion and signalling molecules on a nanometer-scale take place within 

the synapse and influence signal transduction and functional outcome. Thus, studying 

the molecular dynamics of synapses on a nanometer-scale is crucial for our 

understanding of cellular activation and function. Here, the IS, formed between 

lymphocytes and APCs is the best-studied of all synapses, yet other cell types including 

macrophages have been shown to form them.  

 

1.5 Studying the Phagocytic Synapse 

In the tissue, macrophages fulfil an array of different tasks including phagocytosis. 

The process of phagocytosis is initiated when a damaged or foreign particle is 

recognized by one of the many macrophage surface receptors including pattern 

recognition receptors (PRRs), scavenger receptors and high-affinity receptors for 

specific opsins like antibodies or complement proteins167. Receptor engagement 

induces signalling cascades which led to actin rearrangement that drives the 

engulfment of the particle. The membrane-wrapped particle is then released into the 

cytoplasm as an independent organelle called a phagosome which fuses with lysosomes 

forming a phagolysosome. Lysosomes are acidic vesicles that contain proteolytic 

enzymes that will break down the foreign particle. In addition, macrophages can 

produce reactive nitrogen and oxygen species that are highly toxic and thus help to kill 
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engulfed microorganisms (Figure 1-4).  Finally, the leftover fragments of biological 

inactive material are transported out of the cell and peptides originating from engulfed 

and digested proteins are loaded onto a family of surface proteins called major 

histocompatibility complex (MHC)168. MHC molecules play an important role in antigen 

presentation between different cells. By displaying peptides on its surface macrophages 

can activate other cell types like T cells which are part of the adaptive immune system.  

 

 

Figure 1-4: The process of phagocytosis. Microbes, dead cells or other particles are recognised by 

different surface receptors which led to the particle’s internalization into a phagosome. The phagosome 

then fuses with a lysosome to form a phagolysosome where the particles are killed and digested by the 

interplay of reactive nitrogen and oxygen species as well as proteolytic enzymes. Therefore, the cytosolic 

enzyme called inducible nitric oxide synthase (iNOS) produces nitric oxide (NO) while another enzyme 

called phagocytic oxidase produces reactive oxygen species (ROS). NO may combine with ROS to form 

highly reactive peroxynitrite radicals that can kill microbes. Please note that the final step of disposal of 

biological inactive material is not shown in this figure. This figure was adapted from Abbas et al. 169.  

 

Importantly, at the initial contact site between the macrophage and the particle 

or microorganism, a phagocytic synapse is formed170. This was proposed by Underhill 

and colleagues who showed that the stimulation of macrophages with particulate but 

not soluble β-glucan polymers was able to induce signalling of the pattern-recognition 

receptor Dectin-1 and phagocytosis171. Crucially, the formation of a synapse between 
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the macrophage and the β-glucan particle was observed. Within 1 minute, Dectin-1 

clustered at the synapse which was accompanied by the recruitment of active Src and 

Syk kinases. CD45 on the other hand was excluded from the contact site. This shows 

similarities with the well-studied and already mentioned immunological synapse 

formed between T cells and an antigen presenting cell (APC) where TCR clusters are 

forming at the contact site and CD45 being separated to enable TCR signalling172. These 

similarities inspired the term phagocytic synapse.  

 

Since then, more studies investigated the dynamics of the phagocytic synapse. 

Murine bone marrow derived macrophages incubated on IgG-containing lipid bilayers 

were shown to form FcγR-IgG microclusters at the contact site which led to the 

recruitment of signalling protein Syk and the remodelling of the cytoskeleton driving 

phagocytosis173. In addition, the exclusion of CD45 from the phagocytic synapse was 

also confirmed for IgG-stimulated macrophages174. As already mentioned, Lopes et al. 

conducted one of the only nanometer-scale investigation of the phagocytic synapse5. 

Human macrophages were incubated on IgG-coated glass surfaces, which led to the 

segregation of nanocluster of activating receptor FcγRI and inhibitory receptor SIRPα, 

possibly hinting a relation between the proximity of activating and inhibitory receptors 

and cellular activation. This highlights that synapses are highly dynamic communication 

platforms and that their investigation is crucial for understanding cell signalling and 

activation. However, compared to the immunological synapse, very little is known 

about the dynamics and the impact of the phagocytic synapse, especially on a 

nanometer-scale. Interestingly, in addition to their function as communication 

platforms, synapses are also sites of molecular exchange. Soluble as well as vesicular 

particles have been reported to be secreted at the IS, yet very little is known about this 

in the phagocytic synapse175,176.  
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1.6 Extracellular Vesicles (EV) 

EV are spherical membranous structures that are secreted by all cell types as well 

as bacteria177. For a long time they were thought to be a mechanism to depose cellular 

waste178. Nowadays it is widely appreciated that EV have a variety of functions including 

cell-to-cell communication179. Classically, EV are divided into three subgroups 

depending on their biogenesis and size (Figure 1-5)180–183. The smallest of all EV are 

termed exosomes are thought to be under 150 nm of size. Exosomes are generated 

through inward budding of endosomal membrane which results in the formation of 

intraluminal vesicles (ILVs) in so called multivesicular bodies (MVB). Fusion of MVB with 

the plasma membrane releases exosomes into the extracellular space. Microvesicles 

and apoptotic bodies are thought to be bigger (nm to µm range) and bud off directly 

from the membrane from living and dying cells respectively. All EV consist of a 

phospholipid bilayer with a spheroidal shape and contain a range of biological active 

material including nucleic acids, receptors and other proteins from their cell of origin179. 

Thus, due to their overlapping sizes and contents a robust and simple method to 

identify different EV subsets is still lacking. Consequently, the isolation of pure EV 

subsets remains a challenge.  

 

Several EV isolation techniques are available, however, they are usually based on 

physical properties like size or density, which overlap between different EV subsets. The 

most common used technique is differential ultracentrifugation. According to a 

research market analysis by the journal GenReports over 56% of all users in the field 

isolate EV via differential ultracentrifugation185. However, it has been shown that this 

leads to co-purification of non EV-associated proteins, including protein aggregates and 

lipoproteins186,187. In fact, currently available isolation procedures all result in a 

heterogeneous EV population, making it challenging to address specific scientific 

questions188,189.  
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Figure 1-5: Extracellular vesicle (EV) biogenesis and composition. EV are classically divided into three 

subgroups that differ, yet overlap in size, composition and function. Exosomes, the smallest of all EV have 

diameters between 30 – 150 nm and are generated by inward budding of endosomal membrane resulting 

in multivesicular bodies (MVB). Fusion of MVB with the cell membrane releases exosomes into the 

extracellular space. Alternatively, the fusion with lysosomes leads to the degradation of the MVB. Larger 

vesicles that bud directly off the plasma membrane are termed microvesicles (MV). Their diameters range 

from 50 nm – 1.5 µm. When a cell dies, apoptotic bodies are produced by blebbing. These are thought to 

be the largest of all EV ranging from 50 nm – 5 µm. EV carry biological active cargo including DNAs, RNAs, 

proteins, metabolites and lipids. Some molecules can be linked to the biogenesis of the EV, for example 

components of the endosomal sorting complexes required for transport (ESCRT) in the case of exosomes. 

This figure was adapted from Rufino-Ramos et al.184.  

 

Nevertheless, many EV characteristics and components were identified over the 

last two decades shedding new light on EV function and biology. As already mentioned, 

EV contain a variety of different biomolecules. While some are probably linked to 

inducing specific biological functions in the recipient cell (for example RNAs), others are 

responsible for accurate packing and delivery of EV. Tetraspanins, a protein superfamily 

associated with the organisation of membrane proteins is thought to do the latter. In 

the plasma membrane, they function as a molecular scaffold to facilitate the formation 

⌀ 30- 150 nm 

⌀ 50 nm – 1.5 µm 

⌀ 50 nm – 5 µm 
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of so-called tetraspanin enriched microdomains (TEM), which contain adhesion, 

signalling and receptor proteins190. The fact that tetraspanins are abundant in different 

types of endocytic membranes led to the believe of their involvement in cellular 

trafficking and EV secretion191. Indeed, tetraspanins, including CD9, CD63 and CD81 

have been found to be enriched in EV and are commonly used as EV marker192–194.  

 

All tetraspanins share a similar structure; they contain four transmembrane 

domains which create a small (EC1) and large (EC2) extracellular loop (Figure 1-6). The 

latter contains a conserved sequence of Cys-Cys-Gly (CCG) and Cys-Cys which form 

disulphide bridges. Tetraspanins often contain post-translational modifications 

including palmitoylation sites and most tetraspanins are also glycosylated190. This 

characteristic tetraspanin structure is the fundament for their involvement in a vast 

number of processes including EV-related mechanisms. For example, their C-terminal 

domain, which is highly preserved between species, dictates their intracellular location. 

In the case of CD63, the Gly-Tyr-Glu-Val-Met (GYEVM) sequence was found to target 

the late endosomal and lysosomal compartment while the Tyr-Xaa-Xaa-Ø (YXXØ) 

motive was associated with clathrin-coated vesicles195,196. The latter was also found in 

12 other tetraspanins191. CD63 was further shown to directly bind to syntenin-1, which 

plays a major role in exosome biogenesis197,198. Tetraspanins also interact with the 

cytoskeleton and signalling molecules. For example, CD9 and CD81 both interact with 

G proteins and the interaction of CD81 with the small GTPase Rac has been shown to 

regulate tumour and DC migration199,200. CD9 and CD81 have also been shown to 

interact with the ezrin–radixin–moesin (ERM) protein family which links tetraspanins to 

the actin cytoskeleton201,202. The latter plays a crucial role in the secretion of EV. For 

example, actin filaments guide vesicles to the site of exocytosis203–205. Further, the actin 

cortex controls the fusion of vesicles with the plasma membrane by acting as a barrier 

that needs to be remodelled before the fusion can take place206,207. Taken together, this 

highlights the broad involvement of tetraspanins in several aspects of EV biology. They 

present a robust EV marker, yet they cannot be used to distinguish EV subsets.  
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The biogenesis of EV can be summarised in three steps. First, the anticipated 

cargo has to relocate to either to endosomes (for exosomes) or the plasma membrane 

(for MV). Second, complex sorting and clustering mechanisms led to the enrichment of 

cargo molecules, including the binding of soluble factors. Finally, budding and vesicle 

scission has to take place in order to release the vesicles. Biogenesis of exosomes has 

been studied in much greater detail compared to MV. Here, the endosomal sorting 

complex required for transport (ESCRT) machinery, consisting of 4 complexes (ESCRT-0, 

-I, -II, and -III) and associated proteins (for example ALIX) is involved in sorting proteins 

into exosomes, thereby playing a major part in exosome biogenesis208. Interestingly, 

cells with all four ESCRT domains depleted were still able to form CD63+ EV209. In 

addition, CD63 and CD9 have been shown to regulate the incorporation of MHC class II 

into exosomes210,211. This highlights again a fundamental role of tetraspanins EV biology 

and in ESCRT-independent EV biogenesis. The generation of MV on the other hand has 

been much less studied and the mechanistic details are still being revealed. It is clear 

though, that mechanisms that were first thought to be unique to the biogenesis of 

endosomal EV also apply to plasma membrane EV. For example, the ESCRT machinery 

is also involved in the biogenesis of MV188. Regional calcium fluxes induces changes in 

the plasma membrane asymmetry which results in the exposure of 

phosphatidylserine188,212,213. This triggers cytoskeleton remodelling leading to the 

protuberance of the plasma membrane and vesicle scission.  
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Figure 1-6: Tetraspanins in extracellular vesicle (EV) biology. Members of the tetraspanin super family 

display a characteristic structure of four transmembrane domains (TM I-IV) which create a small (EC1) 

and large (EC2) extracellular loop. A conserved sequence of Cys-Cys-Gly (CCG) and Cys-Cys (CC) on EC2 

form disulphide bridges, giving the loop its characteristic fold. Tetraspanins are involved in many aspects 

of EV biology including EV biogenesis, loading and uptake as well as antigen presentation. ESCRT, 

endosomal sorting complex required for transport; TEM, tetraspanin enriched microdomains.  

 

Functionally, EV have been shown to induce different effects in their recipient cell 

which is surprising given the miniscule amounts of material they transport. In fact, 

quantitative analysis of exosomes showed that only one copy of a given abundant 

microRNA (miRNA) was found approximately per 100 exosomes214. Nevertheless, the 

treatment of human mast cells with mRNA-containing mouse-derived exosomes 

induced the expression of mouse proteins in the human cells, highlighting the functional 

potential of exosomes215. Thus, for a relatively small number of EV to accurately deliver 

their cargo to a specific cell type in vivo, a highly selective and efficient mechanism must 

be in place216. In addition, EV do not only influence other cells by cargo delivery but they 
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can also simply interact with cell surfaces. Here, the most prominent example is the 

activation of T cells by EV harbouring MHC molecules loaded with cognate 

peptides217,218. EV have also been shown to interact with molecules within the recipient 

cell, before being secreted again. This allowed the modification of fibroblast-derived EV 

with Wnt11 within breast cancer cells and rerelease of altered EV increased the motility 

of the cancer cells via Wnt-associated signalling219. EV were also found to play a vital 

role in tumour progression220. For example, EV derived from breast cancer cells 

delivered miRNA to endothelial cells which resulted in enhanced angiogenesis and 

metastasis221. In addition, metastatic melanomas were found to secrete PD-L1 

harbouring EV to suppress CD8 T cells resulting in increased tumour progression222.  

 

Taken together, this highlights the involvement of EV in a large variety of 

biological processes including the modulation of the immune system. Their role in 

cancer and other diseases makes them prime candidates for therapeutic targets and 

disease biomarkers as well as targeted drug delivery systems223,224. However, even 

though the field of EV advanced greatly in the last two decades, its biggest handicap is 

the ongoing inability to selectively isolate pure subpopulations of EV and the lack of 

single cell and single vesicle analysis. Development of new isolation and analysis 

methods is thus necessary and bears great potential to further advance the field. Here, 

studying EV with super-resolution microscopy presents an attractive option.  

 

1.6.1 Studying EV with Super-Resolution Microscopy 

The investigation of biological processes has gone hand in hand with the invention 

of microscopy techniques since van Leeuwenhoek studied living microorganisms and 

cells in the 17th century225. Nowadays, one of the most common techniques used to 

study living systems is fluorescence microscopy (for details on the principles of 

fluorescence and super-resolution microscopy see 1.7). However, conventional 

fluorescence microscopy is limited by the diffraction of light, resulting in a resolution of 

approximately 250 nm226. Because EV may be as small as 20 or 30 nm, a higher 

resolution is needed in order to completely resolve EV.  



51 

 

Nevertheless, due to its ease use and wide availability, diffraction limited 

fluorescence microscopy techniques, for example laser scanning confocal microscopy, 

has been readily applied to study EV biology. In general EV are isolated, stained and 

either imaged by themselves or added to recipient cells. This allows a clean staining of 

EV with very low background. For example, confocal microscopy was used to show the 

localisation of CD63-GFP EV isolated from B and T cells at the membrane of recipient 

cells but not inside, suggesting that EV were not internalised227. Similarly, microglial-

derived MV have been shown to bind to the surface of neurons without being 

internalised228. Exosomes derived from MDCK cells on the other hand were enriched in 

amphiregulin (AREG), an epidermal growth factor receptor (EGFR) ligand, and taken up 

by breast cancer cells resulting in increased invasiveness229. Not only EV uptake but also 

the secretion was studied by confocal microscopy. However, due to the diffraction-

limited resolution, small vesicles could not be resolved but budlike structures identified 

on GFP-expressing cells230. The visualisation of MV was more successful, yet 

quantitative analysis still relied on western blots and flow cytometry of isolated MV 

pellets231.  

 

The need for a better resolution moved the field towards super-resolution 

techniques. Indeed, EV are classically characterised by electron microscopy (EM) with 

most papers containing EM images of isolated EV to confirm their sizes and spherical 

structure. This can be taken further by utilising correlative light and electron microscopy 

(CLEM) which combines the nanometer-scale resolution of EM with the advantages 

fluorescence microscopy232. More precisely, the same sample is imaged sequentially by 

confocal- followed by EM and images are overlaid. Arasu et al. utilised CLEM to study 

the uptake of GFP-hyaluronan synthase 3 (HAS3) EV derived from melanoma cells, by 

breast cancer cells233. Similar to confocal studies they found that EV accumulate at the 

cell membrane of recipient cells with only very few vesicles being internalised. Crucially, 

due to the high resolution they were able to analyse their images on a single cell and 

single vesicle basis. For example, they were able to determine the number of vesicles 

bound per recipient cell, which increased over time, indicating a targeted mechanism 

rather than a random process.  
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A similar resolution can be achieved with SMLM techniques. Thus, it is not 

surprising that these techniques gained more and more interested in the field of EV in 

the last decade. In 2016, Chen and co-workers conducted one of the first studies 

utilising SMLM to investigate EV234. Here, isolated EV were imaged by themselves as 

well as the interaction with recipient cells. A membrane dye, namely 1,1′-dioctadecyl-

3,3,3′,3′-tetramethylindocarbocyanine perchlorate (CM-Dil) was used to locate 

exosomes in diffraction limited images followed by STORM imaging of CD63-AF647-

labelled EV. Interestingly, when tracking EV uptake in recipient cells, they accumulated 

in lysosomes, confirming endocytosis of EV and their consequent degradation for the 

used cell system. Similarly, two years later Nizamudeen et al. applied STORM to 

characterise stem cell-derived EV235. Importantly, nanoparticle tracking analysis (NTA) 

and tuneable resistive pulse sensing (TRPS), two techniques classically used to measure 

vesicles size, revealed a mean diameter of 120 – 150 nm of the EV while STORM 

measured a mean diameter of 50 nm for the same samples. This highlights the high 

precision of SMLM compared to conventional techniques.  

 

In general, imaging single EV by SMLM presents an extremely powerful tool to 

study EV as it combines a 20 nm resolution with the possibility to determine molecular 

contents of EV. This was as well exploited by Chen et al. who successfully applied two 

colour STORM to detect single EV positive for CD63 as well as epidermal growth factor 

receptor-2 (HER2), an important biomarker in breast cancer diagnostics234,236,237. In a 

later study from the same group they applied three colour STORM to visualise the 

exosomal membrane as well as two miRNAs contained within the exosomes, namely 

mir-21 and mir-31238. Lennon et al. took the characterisation of isolated EV by SMLM 

one step further and detected the size as well as the number of EGFR molecules for 

single EV239. In addition, by analysing patient-derived EV they revealed a pancreatic 

cancer-enriched EV population expressing EGFR and CA19–9, two receptors typically 

found on pancreatic cancer cells.  
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Further, SMLM is also applicable to live cell imaging. This was exploited in an 

already mentioned study from Chen and co-workers who utilised two colour live cell 

SMLM imaging to capture the transfer of miRNAs from EV to the cytoplasm of recipient 

cells238. Here, purified EV were visualised by the membrane stain CM-Dil and the miRNA 

mir-21 was labelled with a fluorescent molecular beacon. With a temporal resolution of 

approximately 6.4 s they were able to monitor the transfer in real time. Crucially, the 

SMLM technique enabled the capture of this process with an extremely high resolution. 

Endocytosis of EV was observed which was followed by the direction into lysosomes 

and subsequent degradation. However, shortly after internalisation, leaking of the EV 

cargo into the cytosol was observed, suggesting the delivery of EV soluble cargo by 

endosomal escape.  

 

Taken together, studies utilising microscopy to study EV showed that EV are either 

interacting with the cell surface of cells without being internalised, or EV are 

internalised which is followed by the direction into lysosomes and degradation. The 

delivery of EV cargo into the cytosol of the recipient cell likely occurs via endosomal 

escape mechanisms. In any case, the application of super-resolution microscopy to 

study EV is an extremely powerful approach, especially SMLM techniques that enable 

the accurate detection of vesicle size and their molecular contents.  

 

1.7 Microscopy 

1.7.1 Fluorescence Microscopy and the Diffraction Limit 

Our understanding of biological processes that occur in cells is widely built up on 

direct visualization of these processes using different microscopy techniques. 

Fluorescence microscopy is one of these techniques and comes with several 

advantages. By labelling specific molecules in cells, it is possible to observe specific 

cellular compartments and processes can be observed for example in live cells in real 

time240. It is therefore not surprising that fluorescence microscopy is one of the most 

widely used techniques to study processes at the cellular and subcellular level.  
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The principle of fluorescence microscopy exploits a property called Stokes shift. 

When a fluorescent molecule absorbs light energy (a photon) it transitions from the 

ground to an excited state. Transitioning back into the ground state, the molecule emits 

light, however of lower energy than the absorbed light. This difference is termed Stokes 

shift (Figure 1-7A). These processes are classically visualised in a Jablonski diagram 

(Figure 1-7B). Nowadays, many chemical compounds with optimised fluorescent 

properties are commercially available and widely used as fluorescent labels. These are 

visualised in fluorescent microscopy where the sample, stained with fluorescent 

markers, is illuminated and the emission light is separated and captured using dichroic 

mirrors and filters (Figure 1-8A). Thus, the resulting image only contains the emission 

light. However, this requires good separation (or a large enough Stokes shift) of 

excitation and emission spectrum of the fluorophore as the overlap of both spectra 

would cause problems (Figure 1-7A, Spectral overlap).  

 

 

Figure 1-7: The principle of fluorescence radiation. A) Excitation and emission spectrum of a fluorescent 

molecule. At λex, the molecule absorbs the maximum amount of energy, which will be released at lower 

energy or higher wavelengths in form of fluorescence according to the emission spectrum. Thus, at λem, 

fluorescence will be highest. The energy difference is termed Stokes shift. The smaller the Stokes shift, 

the bigger the spectral overlap and the more difficult it is to separate the emitted light, which is used in 

fluorescence microscopy. B) Jablonski diagram visualising the transition of an electron from the ground 

state (S0) to an excited state (S1). Some of the absorbed energy is lost in non-radiative vibrational 

transitions. Therefore, the emitted fluorescence will be of lower energy (or higher wavelength) than the 

absorbed light.  



55 

 

 

Figure 1-8: Composition of fluorescence widefield and confocal microscopes. In widefield microscopy 

(left), the sample is illuminated with a simple light source, for example a UV-lamp. This leads to the 

illumination of a relatively wide field, hence the name. Thus, collected fluorescence originates from a 

relatively large area. A dichroic mirror ensures the collection of the emission light only, filtering out the 

excitation light. A confocal microscope (right) on the other hand uses a laser to illuminate the sample, 

thereby reducing the illumination field to a focal point. The emission from these focal points is collected, 

however, a pin hole in front of the detector filters out light from out of focus plane (dashed lines). 

Together this minimises the collection of unwanted fluorescence and results in a higher resolved image. 

This figure was adapted from Ishikawa-Ankerhold et al.241.  

 

Simple fluorescent microscopes illuminate a relatively large area of the sample, 

exciting not only fluorophores within the desired focal plane but also above and beyond 

(Figure 1-8, Widefield). This leads to the collection of unwanted emission light, blurring 

the resulting image. Laser scanning confocal microscopy addresses this by scanning the 
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sample point-by-point with a focused laser beam instead of illuminating the whole 

sample at once (Figure 1-8, Confocal). In addition, a pin hole, positioned in front of the 

detector filters out light from outside the focal plane. Taken together, this will yield a 

much crisper image.  

 

Another approach to improve the resolution is total internal reflection 

fluorescence (TIRF) microscopy. Similar to confocal microscopy, TIRF aims to minimise 

the excitation of fluorophores outside the focal plane. It does that, by shining the laser 

at the sample (mounted on a glass slide) from below at an angel smaller than the critical 

angle. This leads to the light being reflected at the interphase between glass and 

sample, creating an evanescent field on the other side. A wave of light will pass through 

the sample, decaying exponentially from the glass slide towards the inside of the sample 

(Figure 1-9). This leads to a typical penetration depth d of approximately 100 - 200 nm 

that can be expressed as an equation of the wavelength λ, the angle of the laser Ɵ and 

the refractive indices of the media at the interface 𝑛1 and 𝑛2:  

 

𝑑 =  
𝜆

4𝜋 ∙(𝑛1² sin ²𝜃1−𝑛2²)−1
2⁄
                    (1) 

 

This leads to the illumination of only the fluorophores close to the glass which 

results in the elimination of background fluorescence coming from out of focus 

planes242. This form of microscopy presents an excellent model to study the 

immunological synapse. It has for example been used to show that clustering of MHC 

class I on B cell surfaces enhances T cell responses243. TIRF imaging was also applied to 

study the spreading behaviour and actin dynamics of NK cells after ligation of activating 

receptor NKG2D in contrast to the integrin LFA-1244. However, due to the small 

penetration depth of TIRF microscopy it cannot be applied to thicker samples, limiting 

its application greatly. Therefore, TIRF microscopy is typically applied to study cells 

interacting with coated glass slides which presents an artificial system and its biological 

relevance is difficult to assess. This was improved by the introduction of glass-supported 
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planar lipid bilayers245. Here, protein are able to move freely, mimicking more closely 

the surface of a cell. 

 

 

Figure 1-9: The principle of total internal reflection fluorescence (TIRF) microscopy. A stained sample 

on a glass slide is illuminated from below at an angle θ, which is greater than the critical angle θc and 

results in the reflection of the excitation beam. At point of reflection, an evanescent field that decays in 

an exponential manner away from the glass slide is created. Consequently, only fluorophores at close 

proximity to the glass are excited (indicated by the green colour).   

 

Despite the many improvements, fluorescence microscopy is limited by the 

diffraction of light. Ernst Abbe defined the diffraction limit in 1873 using the following 

equation:  

 

𝑑 =  
𝜆

2∙𝑛∙sin (𝜃)
=  

1

2
∙

𝜆

𝑁𝐴
           (2) 

 

Here, d is the lateral diffraction or resolution limit, λ is the wavelength and θ is 

the aperture angle which gives rise to the numerical apertures NA when multiplied by 

n, the refractive index of the medium between objective lens and sample. According to 

this equation, the resolution limit of visible light (λ ≈ 500 nm) is about 250 nm, when 

we assume a numerical aperture of 1.0. But many subcellular structures are smaller 

than this and therefore cannot be resolved using commercial fluorescence microscopy.  
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1.7.2 Breaking the diffraction limit 

In recent years, several new fluorescence-based microscopy techniques have 

been developed to overcome Abbe’s diffraction limit. These include stimulated 

emission depletion (STED) and stochastic optical reconstruction microscopy (STORM). 

In STED microscopy a special STED-laser is applied for imaging. It consists of a ‘normal’ 

excitation laser that is combined with a doughnut-shaped depletion laser (Figure 

1-10B). The latter reduces the volume of the focussed excitation beam resulting in a 

very small excitation area. Like this, unwanted emission from the surrounding is avoided 

resulting in increased resolution.  

 

STORM on the other hand takes advantage of specific blinking properties of 

fluorophores in combination with computational post-processing. During acquisition, 

all fluorophores are forced into a ‘dark’ state by applying a depletion wavelength and 

then stochastic blinks of the fluorophores are recorded. Because it is a stochastic 

process, the probability that fluorophores that are far apart from each other (further 

than the diffraction limit) blink at the same time is high and thus blinks of individual 

fluorophores can be recorded. During post-processing, a Gaussian is fitted to the 

observed fluorophore blinking events to identify their centres which give rise to the 

super-resolution picture (Figure 1-10C). Thus, the resulting image is built up from 

calculated coordinates that arise from a series of thousands of blinking events.  By 

operating STORM in TIRF mode, it is especially applicable to study plasma membrane 

components, as described earlier.  
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Figure 1-10: Principles of super-resolution microscopy. A) Two objects are optically resolvable when 

they are further apart from each other than the resolution limit (top). When they are closer together they 

are seen as a single object (bottom). In the latter case, the diffraction patterns of the two objects overlap. 

B) In STED microscopy, the excitation laser is narrowed by a doughnut-shaped depletion laser resulting 

in a very small area of emission. This allows the excitation of a very small region, reducing unwanted 

emission in the close surrounding. C) In STORM, blinks of individual fluorophores are recorded due to 

stochastic activation. Post-processing analysis then reconstructs a super-resolution image by fitting 

Gaussians for the acquired localisations. This figure was adapted from Sezgin et al.246. 

 

1.8 Aims 

Advances in microscopy revealed a new paradigm in cell biology – that the 

nanometer-scale dynamics of biological processes play an important role in the 

regulation of these processes. For example, not only the binding of a ligand to its 

receptor determines downstream signalling events and functional outcomes but the 

immediate environment of the receptor does so as well. Here, activating and inhibitory 

signals are delicately balanced on the cell surfaces. This is especially true for 

macrophages, who exhibit a broad spectrum of phenotypes ranging from pro- to anti-

inflammatory. They display a large repertoire of receptor molecules on their surface to 

tightly regulate their immune functions. Thus, the main aim of this study was to 

investigate the nanometer-scale organisation of the membrane of human 

macrophages. Importantly, due to sparse availability of human tissue samples, there is 
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a great paucity in human tissue-derived macrophage studies, including lung 

macrophages. Thus, the aim was to overcome the well-known problem of 

autofluorescence and enable STORM for the investigation of human lung macrophages. 

This could then also be applied to study EV secretion with STORM. The field of EV 

biology is a rapidly advancing field, however, EV are classically studied in bulk, after 

isolation which comes with many caveats. Here the aim was to visualise the secretion 

of EV by human macrophages with a nanometer-scale resolution and characterise this 

process on a single-cell basis. Overall, the hypothesis of this project was that there are 

differences in the nanoscale organisation of the membrane of different macrophages. 

More precisely, macrophages with different phenotypes and from different origins 

(lung vs. blood-derived macrophages) could potentially display a different membrane 

organisation reflecting different thresholds of activation. In summary, the three main 

aims of my thesis are as follows:  

 

1. Establish an experimental approach for studying the nanometer-scale 

organisation of the membrane of human macrophages (Chapter 3) 

 

2. Enable STORM for autofluorescent lung macrophages (Chapter 4) 

 

3. Utilise STORM to directly visualise and characterise the secretion of EV by 

different macrophages on a single-cell level. (Chapter 5) 
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Chapter 2 Experimental Procedures  

If not stated otherwise, all incubations were carried out at 37°C and 5% CO2 and 

all chemicals were purchased from Sigma Aldrich.  

 

2.1  Cells 

2.1.1 Generation of Macrophages from Blood Monocytes 

All macrophages were cultured from primary human monocytes isolated from 

healthy donors (National Blood Service) acquired under ethics license 2017-2551-3945 

(University of Manchester). First, peripheral blood mononuclear cells (PBMCs) were 

isolated by density gradient centrifugation (Ficoll-Paque; GE Healthcare) for 40 min with 

soft acceleration and no brake. Collected PBMCs were washed once with RPMI and re-

suspended in 10 mL of Red Blood Cell Lysing Buffer (Sigma). After 5 min incubation, cells 

were washed again. CD14+ cells were isolated by positive selection using magnetic 

beads (Miltenyi Biotec) and seeded onto 6-well culture plates at a ratio of 5x105 

cells/mL. To generate M0-like macrophages, cells were cultured for 3 days in X-Vivo 10 

media (Lonza) supplemented with 1% human serum (Sigma-Aldrich) followed by 5-8 

days in DMEM media (Sigma-Aldrich) supplemented with 10 % FCS (Invitrogen), 1% L-

glutamine (Gibco), 1% Penicillin/Streptomycin (Gibco) and 10 mM HEPES buffered 

saline (Sigma-Aldrich). M1-like and M2-like macrophages are generated in RPMI-1640 

media (Sigma-Aldrich) supplemented with 10 % FCS (Invitrogen), 1% L-glutamine 

(Gibco), 1% Penicillin/Streptomycin (Gibco) and 10 mM HEPES buffered saline (Sigma-

Aldrich). Here, cells are cultured for 8 days in the presence of 5 ng/mL GM-CSF 

(Biolegend) or 50 ng/mL M-CSF (Prepotech) for M1-like or M2-like macrophages 

respectively. Cells were washed with phosphate buffered saline (PBS; Sigma-Aldrich) to 

remove non-adherent cells and media was renewed every two to three days. Monocyte 

derived macrophages (MDM) were used between day 8 and day 11. For experiments 

cells were detached using non-enzymatic cell dissociation solution in PBS without 

calcium and magnesium (Sigma Aldrich). Therefore, cell media was aspirated from 6-

well culture plates, 700 µL of cell dissociation solution was added for 5 min and cells 
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collected with a cell scraper (Sarstedt Inc). If not stated otherwise at least 3 different 

donors were used per experiment. 

 

2.1.2 HEK293T/17 Cell Line 

The HEK293T/17 cell line was obtained from the American Tissue Culture 

Collection (Manassas, VA) and cultured in T75 cell culture flask phenol-red free, high-

glucose Dulbecco’s Modified Eagles Medium (Sigma-Aldrich) supplemented with 10% 

FBS (Invitrogen) and 1% Penicillin/Streptomycin (Gibco). For detachment, 5 mL trypsin-

EDTA solution were added for 2 min and cells were washed off with media.  

 

2.1.3 Human Lung Macrophages 

Human lung tissue used in this project was obtained from the ManARTS 

(Manchester Allergy, Respiratory and Thoriacic Surgery) biobank and was collected 

under National Health Service (NHS) Research Ethics Committee approval 

(15/NW/0409). The tissue biobank was established in 2009 and recruits cancer patients 

undergoing lung resection surgery. Non-cancerous tissue from the proximal area of the 

tumour (at least 10 cm from lung tumour) was selected for research by a pathologist 

and perfused (see below) within 24h.  

 

To isolate human lung macrophages, lung tissue samples were perfused with PBS. 

Depending on tissue size (ranging from 5 – 20 g) airways were washed with 100 mL – 

150 mL PBS using a 10 mL syringe with a needle of 0.8 mm external diameter (BD 

Microlance 3). Collected cells were layered over Ficoll-Paque (GE Healthcare) and spun 

at 400 × g for 30 min with soft acceleration and no brake. Cells were then collected from 

the layer directly above the Ficoll, washed twice and counted. The mixture of isolated 

cells, termed perfusate, contained all lung airway immune cells, including alveolar and 

airway macrophages. For experiments, macrophages were selected via adhesion. At 

least 3 different donors were used per experiment if not stated otherwise. 
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2.2 Antibodies 

Throughout this work, different antibodies (Abs) were used in flow cytometry and 

microscopy experiments. These are shown in the tables below.  

 

Table 2-1: Monoclonal antibodies (Abs) used for flow cytometry. Mouse monoclonal and matched 

isotype control antibodies were used to examine the expression of several cell surface markers on human 

macropahges. Ab specificity, clone, isotype, conjugated fluorophore, the final concentration used for 

staining and the supplier are listed.  

Antibody 
specificity 

Clone Isotype Label 
Concentration 

(μg/mL) 
Supplier 

CD16 3G8 IgG1 κ BV421 2 BioLegend 

CD86  IT2.2 IgG2b κ PE 2 BioLegend 

CD163 GHI/61 IgG1 κ ApC-Cy7 2 BioLegend 
CD206 19.2 IgG1 κ FITC 2 BD Pharmagen 
HLA-DR L243 IgG2a κ AF647 5 BioLegend 
Isotype ctrl. MOPC-21 IgG1 κ BV421 2 BioLegend 
Isotype ctrl. MPC-11 IgG2b PE 2 BioLegend 
Isotype ctrl. G18-145 IgG1 κ FITC 2 BD Pharmagen 
Isotype ctrl. MOPC-21 IgG1 κ ApC-Cy7 2 BioLegend 
Isotype ctrl. MOPC-173 IgG2a κ AF647 2 BioLegend 

 

Table 2-2: Monoclonal antibodies (Ab) used for microscopy. Mouse monoclonal antibodies were used 

to stain cells for microscopy.  The Ab specificity, clone, isotype, conjugated fluorophore, final 

concentration used for staining and the supplier are shown.  

Antibody 
specificity 

Clone Isotype Label Concentration Supplier 

CD81 5A6 IgG1 κ - 10 μg/mL BioLegend 

LIRLB1 HP-F1 IgG1 κ - 10 μg/mL eBioscience™ 

HLA-A,B,C W6/32 IgG2a κ AF647 10 μg/mL BioLegend 
Phalloidin - - AF647 3 U/mL Invitrogen 

WGA - - AF488 2 µg/mL 
Thermo Fisher 
Scientific 

Streptavidin - - AF488 2 µg/mL BioLegend 

 

 

 

 



64 

 

2.2.1 Antibody Labelling 

Monoclonal Abs were labelled with Alexa Fluor 647 (AF647) or AF488 by forming 

stable amino bonds between primary amine residues on Abs and succinimidyl esters 

attached to the fluorophore (Figure 2-1). Therefore, 50 µL of purified, unlabelled Ab at 

a concentration of 1 mg/mL, 6 μL of 1 M NaHCO3 and 3 μL of AF647 or AF488 (Molecular 

Probes, Life Technologies) were incubated for at least 1h at room temperature. Here, 

the Ab-dye combination was protected from light and rotated to ensure thorough 

mixing. After conjugation, access dye was removed by desalting columns (Zeba™ Spin 

Desalting Columns, Thermo Fisher Scientific). Therefore, Ab-dye mix was added to 

empty Zeba columns and spun at 350 × g for 2 min.  

 

 

Figure 2-1: N-Hydroxysuccinimide (NHS) esters attached to fluorophores and primary amines on 

antibodies form stable amino bonds. The free electrons on primary amines react with NHS esters to form 

an intermediate molecule followed by the elimination of NHS and the formation of a stable amino bond 

linking the antibody to the fluorophore.  

 

The degree of labelling (DOL) was determined using a NanoDrop 200 

spectrophotometer (ThermoFisher Scientific). The absorbance was read out at 280 nm 

and either 650 nm (for AF647) or 500 nm (for AF488) and the DOL was calculated using 

the following equation:  

 

𝑀𝑜𝑙𝑒𝑠 𝑜𝑓 𝑑𝑦𝑒 𝑝𝑒𝑟 𝑚𝑜𝑙𝑒 𝑜𝑓 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 =  
𝐴𝑚𝑎𝑥∙ 𝜀𝑝𝑟𝑜𝑡𝑒𝑖𝑛

𝜀𝑚𝑎𝑥(𝐴280−(𝐴𝑚𝑎𝑥∙𝐶280))
           (3) 

 

Here, Amax is the absorption of the fluorophore at its maximum absorption 

wavelength. It depends on the dye that was conjugated (for example 500 nm for 

AF488). Further, εprotein is the molar extinction coefficient at 280 nm of the protein that 
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the dye got conjugated to (mouse IgG antibody). εmax is the molar extinction coefficient 

of the dye at its maximum wavelength and A280 is the absorbance at 280 nm which is 

used to determine the concentration of the protein. However, the dye might also 

absorb at 280 nm. This is accounted for with the correction factor C280. 

 

2.3 Preparation of Coated Slides, Bilayers and Beads 

Lab-Tek II chambered coverglass slides (Nunc) were coated with 0.01% PLL 

(Sigma-Aldrich) in dH2O for 15 min at room temperature, dried at 60°C for at least 30 

min and washed with PBS. In activated conditions, cells were stimulated with 

immobilised ligands. Therefore, the slides were additionally coated with 10 – 

100 µg/mL human IgG (Sigma-Aldrich) in PBS overnight at 4°C. Glass slides were then 

ready for use.  

 

For the preparation of planar lipid bilayers lipids (Avanti Polar Lipids Inc.) were 

incorporated into liposomes by extrusion as previously described245. These liposomes 

contained either dioleoylphosphatidylcholine (DOPC) or biotinylCAP-PE. They were 

added to cleaned Lab-Tek II chambered coverglass slides (Nunc) at a ratio of 95% DOPC 

and 5% biotinylated liposomes. To clean glass slides, they were incubate with 1 M HCl 

in 70% ethanol for 20 min, washed 5 times with milliQ water (pH 8, 0.22 μm filter 

sterilised) followed by 10 M filtered NaOH  for 15 min and additional 5 washes. Glass 

slides were then dried under a stream of argon and 200 µL of liposome mix was added 

thereby creating a single planar lipid bilayer. From the formation of the bilayer it is 

important to never aspirate all liquid from the wells. Between each of the following 

steps, 5 washes with PBS were performed first adding 500 µL, then aspirating the same 

amount. This ensures that the bilayer is covered with liquid at all times. After blocking 

with 1% BSA (bovine serum albumin), 10 µg/mL unlabelled streptavidin (Life 

Technologies) was added for 20 min. Then, biotinylated IgG (Jackson Immuno Research 

Europe Ltd) in different concentrations (1 – 100 µg/mL) was incubated for 20 min. After 

final washing steps, slides were ready for use.  
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In this project, macrophages were also stimulated in solution with IgG-coated 

polystyrene beads. Therefore, 200 µL of 0.5% (w/v) streptavidin coated polystyrene 

beads (Spherotech) with a diameter of 6.7 µm were incubated with 2 mL of 10µg/mL 

biotinylated IgG (Jackson Immuno Research Europe Ltd) in PBS for 1h at RT and constant 

mixing. Beads are washed 3 times with 5 mL PBS at 3000 × g for 10 min and blocked 

with 5 mL PBS/3%BSA for 30 min at RT with constant mixing. Finally, beads are pelleted 

at 3000 × g for 10 min and re-suspended in 1 mL of PBS. Beads were used at 20% of 

total volume to stimulate cells.  

 

2.4  Flow Cytometry 

200x103 cells/well were plated into 96 well U-bottom plates (Greiner CELLSTAR® 

96 well plates, Sigma-Aldrich) and spun once (all spins where carried out at 500 × g for 

3 min). Cell pellets were re-suspended in 50 μL PBS containing 2 μL live/dead dye 

Zombie Aqua (Biolegend). After 30 min at 4°C, cells were washed three times and 

blocked with 50 μL PBS containing 2 μL human serum for 15 min. Then, cells were 

stained with mAbs (Table 2-1) in FACS buffer (0.5% FCS in PBS) for 30 min at 4°C. Finally, 

cells were washed three times and fixed with 4% PFA for 20 min. Cells were transferred 

into FACS tubes and analysed by flow cytometry (BD FACS CANTO). Analysis was 

performed using FlowJo V10 (LLC). 

 

2.5 Enzyme-linked immunosorbent assay (ELISA) 

Human TNFα and IL-10 DuoSet ELISA kit (R&D) was used according to the 

manufacturer’s instructions to measure TNFα and IL-10 in cell supernatants. In brief, 

ELISA plates (Maxisorb, NUNC) were coated overnight and at room temperature (RT) 

with capture antibodies in PBS (100 µL/well at 1µg/mL). After washing three times with 

PBS/0.05% Tween 20 plates were blocked for at least 1 h with blocking solution (PBS/1% 

BSA). After additional three washing steps samples diluted in blocking solution were 

incubated for 2 h at RT. For reference, recombinant protein was diluted sequentially 

and added like samples. After incubation, plates were washed three times with 

PBS/0.05% Tween 20 and incubated with detection antibody (100 µL/well at 1µg/mL) 
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followed by additional three washing steps. Next, 100 µL of Streptavidin-HRP B in 

blocking solution was added for 20 min at RT and in the dark. Plates are again washed 

three times and 100 µL of TMB ELISA substrate solution (Sigma-Aldrich) was added for 

20 min at RT and in the dark. Finally, 50 µL of 1 M H2SO4 (Sigma-Aldrich) were added to 

stop the reaction and absorbance was measured at 450 nm with a reference line of 570 

nm using an ELISA plate reader.  

  

For the collection of the supernatant, cells were plated onto Lab-Tek II chambered 

coverglass slides (Nunc) coated with 0.01% PLL (Sigma-Aldrich) and varying amounts of 

human IgG (Sigma-Aldrich) for approximately 20 h. Then, cell suspensions were 

aspirated, centrifuged at 350 × g for 10 min and the supernatant collected for ELISA. In 

the case of monocyte-derived macrophages 5x105 cells were seeded. For lung 

macrophages 10x105 cells were plated for 30 min, washed once with PBS and then 

incubated for approximately 20 h in fresh media.  

 

2.6  Microscopy 

If not stated otherwise, all images were taken at room temperature.  

 

2.6.1 Sample preparation  

MDM were seeded onto coated glass slides or supported lipid bilayer (see 2.3) at 

5x104 cells/well and allowed to settle for 15 or 20 min respectively at 37°C and 5% CO2. 

To image lung macrophages, perfusate was incubated on glass slides for 15 min at 

approximately 5x104 cells/well at 37°C and 5% CO2. Within this time, lung macrophages 

adhered while other cells remained in solution. By washing the slide once with PBS, lung 

macrophages were separated from other cell types. MDM and lung macrophages were 

then fixed with 4% PFA in PBS for 20 min at RT, washed three times with PBS and 

blocked with 3% BSA in PBS for 1 h at RT. For intracellular staining, cells were 

permeabilised for 5 min with 0.1% Triton X-100 (Sigma-Aldrich) in PBS before blocking. 

For actin cytoskeleton staining, 0.01% saponin (Sigma-Aldrich) was added to blocking 
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and staining solution. Cells were stained with fluorescently conjugated mAbs as 

indicated in 3% BSA/PBS at 10 µg/mL for 1 h at room temperature, away from light, and 

washed three times with PBS. Samples were imaged using widefield (Leica DM IL LED), 

confocal microscopy (Leica TCS SP8) or STORM (Leica SR GSD). A list of all antibodies 

used for staining can be found in Table 2-2.  

 

To image macrophage cell secretions, cells were plated for 30 min onto supported 

lipid bilayers as described above and incubated for 20 min at RT with 10 mM lidocaine 

hydrochloride (Sigma-Aldrich) and 0.5 mM EDTA (Sigma-Aldrich). Cells were detached 

by forceful pipetting with a total of 3 washes with PBS. Then, cell secretions were fixed 

with 4% PFA in PBS for 20 min at RT, washed five times with PBS and blocked with 3% 

BSA in PBS for 1 h at RT followed by the staining as described above. For shadow 

imaging, slides were in addition stained with 2 µg/mL streptavidin-AF488 (Invitrogen) 

for 1 min at RT prior to cell detachment.  

 

2.6.2 Widefield Microscopy 

The DM IL LED widefield microscope (Leica Microsystems) with a 20X/0.35 dry 

objective and the Leica DFC3000 G camera was used to capture the morphology of 

human macrophages. MDM were imaged on day 8 of culturing still in the tissue culture 

plates. Alternatively, lung immune cell suspensions were allowed to settle for 15 min 

onto PLL-coated Lab-Tek II 8-well chambered coverglass slides (Nunc; see 2.3) and once 

washed with PBS. Images were taken before and after the wash.  

 

2.6.3 Confocal Microscopy 

The TCS SP8 STED CW (Leica Microsystems) inverted microscope with a 100X/1.40 

oil-immersion objective and and HyD hybrid photon detectors was used to obtain 

fluorescence and bright field confocal images. Interference reflection microscopy (IRM) 

was used to determine the area of cell spreading on the glass slide.  
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Immobile lipid bilayers were utilised to capture vesicles secreted by macrophages. 

To test the immobility of the created bilayers on glass slides, fluorescence recovery after 

photobleaching (FRAP) experiments were carried out. Using the LAS AF FRAP wizard 

(Leica Microsystems), small regions of interest (ROI) were photobleached with three 

high-powered laser pulses and fluorescence images taken before and after bleaching. 

The mean fluorescence intensity of bleached vs. non-bleached regions provided 

information about the degree of fluorescence recovery.  

 

2.6.4 STED Microscopy 

Stimulated emission depletion (STED) microscopy is a second super-resolution 

imaging technique used in this project. Images were recorded using the TCS SP8 STED 

CW inverted microscope with a 100X/1.40 oil-immersion objective and HyD hybrid 

photon detector (Leica Microsystems). A 592 nm continuous-wave depletion laser was 

applied to samples stained with AF488 with 0.5 ms time-gating. 

 

2.6.5 TIRF and STORM Microscopy 

TIRF and STORM images were obtained using the SR GSD (Leica Microsystems) 

with a 160x 1.43NA oil objective and an Andor iXon Ultra 897 EMCCD camera. For TIRF 

microscopy, TIRF illumination with a penetration depth of approximately 150 nm was 

applied. Images were illuminated for 150 ms; the electron multiplying (EM) gain was 

120. For STORM imaging, a buffer containing 400 μg/mL glucose oxidase, 40 μg/mL 

catalase, 50 mM Tris-HCl, 10 mM NaCl, 10% glucose and 1% β-mercaptoethanol in 

milliQ water (pH 8, 0.22 μm filter sterilised) was added to each well shortly before 

acquisition. For each super-resolution image, 7000 – 10000 frames were acquired, using 

TIRF illumination and an EM gain of 120. Single colour experiment were carried out with 

the 642 nm continuous wave laser (2.1-kW/cm2) set to 35% and a frame exposure of 

11 ms. To reactivate AF647 fluorescence, a 405-nm (30-mW) laser was used at 1 – 15% 

(all lasers from MPB Communications). 
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2.7  Microscopy data analysis 

2.7.1 STORM Data Analysis and Filtering Strings 

The acquired fluorescence images (7000 – 15000 images per STORM image) were 

processed using the ImageJ plugin ThunderSTORM152. A list of x-y coordinates of events 

was obtained and used to reconstruct the final STORM image. Within ThunderSTORM, 

raw images were first filtered to remove noise and improve the quality of event 

identification. Therefore, a frequency wavelet transformation, using a convolution 

kernel with a third order B-spline basis function with a scaling factor of 2 was applied247. 

Then, approximate locations of detected events were obtained using the local 

maximum localisation method. Here, each pixel of the image is tested for an intensity 

threshold and relative values of its 8-connected neighbourhood. A maximum was 

detected when the intensity was greater than 2 times the standard deviation of the 

intensity values from the first wavelet level F1 and the intensity of its 8 neighbouring 

pixels. For sub-pixel localisation of individual events, the software fitted a PSF 

Integrated Gaussian with a 5 pixel-fitting radius through each approximate location. The 

real PSF recorded with a microscope is known to be well described by the Gaussian 

function248,249. Its integrated form presents an optimised version by taking into account 

the block shape of data recorded by a camera250,251. Finally, the precise (x,y) coordinates 

are obtained from the maximum of the fitted Gaussian curve, using a maximum-

likelihood estimation with initial sigma (σ; standard deviation of the Gaussian curve) set 

to 1.6 pixel resulting in the ‘unfiltered’ reconstructed STORM image.  

 

Further filtering based upon intensity, sigma and uncertainty values of individual 

detections removed noise from the reconstructed images. Here, sigma is the standard 

deviation of the fitted Gaussian distribution and uncertainty the uncertainty of 

localisation arising from photon counting and background noise. The latter depends on 

photon count and background noise. The lower the photon count and the higher the 

background noise is the less accurate is the localisation which results in a higher 

uncertainty value. Finally, images were drift corrected using cross-correlation and 

events were merged within a maximum distance and a certain amount of off frames to 
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combine all events originating from one fluorophore. These filtering strings were 

determined by imaging empty wells or sparse antibodies on glass and are summarised 

in Table 2-3.  

  

Table 2-3: Filtering parameters for STORM. Filtering boundaries that were applied to individual 

detections of re-constructed images using the SR GSD and an excitation laser of 647 nm. They were 

determined by imaging empty wells or sparse antibodies on glass.  

 SR GSD 

Intensity (#photons) > 500 
Sigma 50 < sigma > 200 
Uncertainty < 30 
Merging radius (nm) 
/off frames 

40/20 

Drift Correction 
#bins / magnification 

3/5 

 

2.7.2 Co-localisation analysis 

By calculating Manders and Pearsons correlation coefficients (Coloc2, an open-

source ImageJ/Fiji plugin) the degree of co-localisation between two images was 

determined. Another way of comparing two images was the calculation of coordinate-

based co-localisation using the ThunderSTORM software which compares single 

molecule localisations in two channels.   

 

2.8 Simulated Data 

Test data stacks, referred to as ground truth, were simulated using an open-

source plugin for MatLab (TestSTORM252). Simulated STORM data sets were generated 

using scalar point spread functions (PSF) with a sample depth of 5 nm and a focal plane 

diameter of 300 nm. Three different patterns were chosen (termed Star, Lines or Array; 

example in Figure 2-2 displays Star; see all patterns in Figure 4-2). By selecting 

AlexaFluor-647, the software automatically applies the known blinking characteristics 

of the fluorophore. Acquisition parameters are added to match the camera settings and 

image/pixel sizes generated of the Leica SR GSD microscope. Thus, like real GSD data, 
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all simulations measured 180 x 180 pixels with a pixel size of 100 x 100 nm. Finally, 

background noise of approximately 200 AU was added to images to mimic camera 

noise. All parameters are displayed in Figure 2-2A which shows the user interface of 

TestSTORM.  

 

 

Figure 2-2: Simulating STORM data sets. A) User interface of TestSTORM, an open-source MatLab plug-

in used to generate test data sets. Here, all parameters used to generate the STORM image Star, which 

is displayed in C, are sown. B) Example frame of the generated data set, which contains 10000 frames in 

total. Scale bar 5 µm. C) Final, reconstructed STORM image, obtained by processing the simulated data 

set with ThunderSTORM. Scale bar 5 µm.     
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To simulate backgrounds, a desired shape was created and saved as a picture. 

Then, intensity values and pixel size were adjusted in ImageJ to be similar to observed 

autofluorescence in lung macrophages. Finally, the number of frames was adapted to 

10000 frames, using bicubic interpolation. Simulated STORM and background data sets 

were combined using the image calculator in Fiji. Combined stacks were used to test 

the described background correction techniques.  

 

All simulated STORM data sets were processed with ThunderSTORM as described 

above (2.7.1; page 70). However, simulated data was not filtered, merged or drift 

corrected after reconstruction. 

 

2.9  Background Correction Technique 

Where stated, background was removed from STORM datasets using a custom 

script in FIJI253, as described in detail in Chapter 4 and a resulting publication254. Briefly, 

a grouped z-projection using mean or median intensities is performed on STORM data 

sets (consisting of 7000 – 15000 individual frames), either across the whole data set or 

a specified number of frames. Then, the z-projection is expanded to the same number 

of frames as the original stack applying a bicubic interpolation. This presents the 

calculated background of the data set. Finally, the background is subtracted from the 

original stack, yielding a corrected set of stacks that can be processed as usual using the 

ThunderSTORM software. 

 

2.9.1  Evaluation of Corrected Images 

In order to evaluate the performance of the background correction technique, 

corrected vs. not corrected images were assessed using different parameter, all relative 

to the specific ground truth image. Parameter measured consisted of the percentage of 

events detected, coordinate based co-localisation (CBC), nearest neighbour distance 

(NND), Manders’ overlap and Pearson’s correlation coefficient. Here, the percentage of 

events, compares the total number of events in the corrected (or not corrected) image 
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to the number of events detected in the respective ground truth. CBC was calculated 

using ThunderSTORM. Therefore, every localisation of the reconstructed ground truth 

image is compared to localisations within a 500-nm radius in the comparative image. 

This yields a correlation value between -1 (completely separated) and +1 (perfectly co-

localised). A random distribution would yield the value 0. NND is also included in the 

ThunderSTORM package and calculates the distance for every localisation of the 

reconstructed STORM images to its closest localisation in the comparative data set. 

Manders’ overlap and Pearson’s correlation coefficient were calculated using the open 

source plugin Coloc2 in FIJI. Values range from 0 (completely separated) to +1 (perfectly 

co-localised). 

 

2.10  Assessment of Lung Macrophage Protrusions   

Human lung macrophages were plated as described earlier (2.6.1 on page 67) on 

microscopy glass slides, coated either with PLL or PLL and 10 µg/mL IgG. Fixed cells were 

stained with wheat germ agglutinin (WGA)-AF488 to visualise the membrane topology, 

and anti-human MHC class I mAb conjugated to AF647, to study the distribution of MHC 

class I in the membrane. TIRF images were taken. Total cell area was measured 

manually, using ImageJ, according to the presence of fluorescence. The area covered by 

MHC class I was determined by thresholding TIRF images at 75% of max grey value. The 

percentage of coverage was calculated relative to the total cell area.  

 

2.11 Quantitative Analysis of Vesicles 

Background corrected STORM images of macrophages stained with anti-human 

CD81 labelled with AF647 were used to quantitatively assess vesicle secretion. 

Therefore, ring structures were manually counted and their diameter measured using 

ImageJ. The ring density defined as number of rings per µm² was calculated by dividing 

the total number of rings of one cell by its cell area. The latter was determined by 

fluorescent staining of the cell.  
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The analysis of cell secretions was done in an automated way. Here, STORM 

images of secretions (stained with anti-CD81-AF647) were thresholded by Otsu’s 

method, inverted and made binary by the command convert to mask. Next, the outlines 

of vesicles were selected and dilated 3 times. After filling holes of joint up pieces of 

single vesicles, selections were eroded 3 times to reset them to their original size. To 

separate vesicles that overlapped during dilating steps due to close proximity, 

watershed segmentation algorithm was applied. Finally, outliers within a radius of 4 

pixels and a threshold of 1 were removed and particles were analysed. No particle size 

was excluded but circularity was set to 0.60 – 1.00 to ensure correct selection of 

vesicles. The area of outlines was measured and results saved as csv-files. In addition, 

the tiff image created by the analyser containing all identified and measured vesicles 

was saved. All of this was carried out with a batch processor in ImageJ:  

 

macro "batch_vesicle_Measure"{ 

    setBatchMode(true); 

    file1 = getDirectory("TIFs"); 

    list1 = getFileList(file1); 

    n1 = lengthOf(list1); 

    file2 = getDirectory("VesicleAnalysis"); 

    list2 = getFileList(file2); 

    n2 = lengthOf(list2); 

 

    for(i = n2; i < small; i++) { 

       name = list1[i]; 

 open(file1 + list1[i]); 

 setAutoThreshold("Otsu dark"); 

  setOption("BlackBackground", false); 

 run("Convert to Mask"); 

 run("Outline"); 

 run("Dilate"); 

 run("Dilate"); 

 run("Dilate"); 

 run("Fill Holes"); 

 run("Erode"); 

 run("Erode"); 

 run("Erode"); 

 run("Watershed"); 

 run("Remove Outliers...", "radius=4 threshold=1 which=Dark"); 

 run("Analyze Particles...", "size=0.00-Infinity circularity=0.60-1.00 

show=Outlines display clear"); 

 saveAs("Results.csv", file2 + name + "-analysis.csv"); 
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 run("Close"); 

 saveAs("tiff", file2 + name + "-vesicles"); 

 close("*"); 

 } 

} 

 

To determine position of vesicle secretion across the synapse TIRF images of 

macrophages were manually scored for three possible positions: the centre, periphery 

or whole synapse.  

 

To determine the fluorescence intensity of LILRB1 relative to CD81, the mean 

fluorescence intensity of TIRF images of M0-like and M2-like macrophage secretions 

was measured using ImageJ and values of LILRB1 divided by values of CD81.  

 

2.12 Isolation of Extracellular Vesicles (EV) 

EV were isolated by differential ultracentrifugation as previously described255. In 

brief, monocyte-derived macrophages were incubated at 1 – 5x106 cells/mL with 20% 

(v/v) polystyrene beads coated with 10 µg/mL (for preparation of beads see 2.3 page 

65) in serum free media (DMEM for M0-like and RPMI for M1-like and M2-like 

macrophages) supplemented with 2 mM CaCl2 for 90 min at 37°C and constant shaking 

to secrete EV. Then, all spins were carried out at 4°C. Cells (1st pellet) were separated at 

350 × g for 15 min and supernatant was centrifuged at 2000 × g (2nd pellet; was 

discharged). Cleared supernatant was transferred to new Eppendorf tubes and 

centrifuged at 10,000 × g for 40 min (3rd pellet; large EV). Finally, supernatant was 

transferred to OptiSeal Polypropylene Tubes (3.3 mL, Beckman Coulter) and spun at 

100,000 × g (4th pellet; small EV) in a TLN100 (Beckman) rotor utilising a Optima Max-

XP (Beckman) centrifuge. All apart from the 2nd pellet were washed once in PBS and re-

pelleted at the same speed and time. For microscopy, cell pellets were re-suspended in 

serum free media, counted and plated onto PLL-coated microscopy slides (see 2.3, page 

65) at a concentration of 5x104 cells/well in 200 µL for 15 min. Pellets of large and small 

EV were not counted but re-suspended in 200 µL of serum free media before adding to 
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the slides for 15 min. After incubation, cells and EV were fixed for 20 min with 4% PFA, 

blocked for 1h with PBS/3%BSA and stained with CD81 (see Table 2-2) in PBS/3%BSA. 

These steps were all carried out at RT. Alternatively, pellets were shock frozen in liquid 

nitrogen and stored at -80°C for proteomics analysis.   

 

2.13 Proteomics analysis 

Samples were prepared according the standard S-Trap sample processing 

technology protocol (S-Trap™ Micro High Recovery Protocol). In brief, large and small 

EV pellets (see 2.12) were re-suspended in 25 µL of lysis buffer (5% SDS, 8 M urea, 100 

mM glycine, pH 7.55) and clarified by centrifuging for 8 min at 13000 × g. To reduce and 

alkylate proteins, samples were reduced with 100 mM dithiothreitol (DTT) at 37°C for 

10 min and 300 mM iodoacetamide (IAM) is added for 30 min in the dark to modify the 

free cysteines. Then, samples were centrifuged for 10 min at 14000 × g. Next, the 

samples were concentrated and purified in S-Trap micro columns (Protifi). Thus, the 

supernatant was transferred to a fresh tube and aqueous phosphoric acid was added 

to have a final concentration of 1.2%. Then, 300 µL S-Trap binding buffer (90% aqueous 

methanol containing a final concentration of 100 mM triethylammonium bicarbonate 

(TEAB, pH 7.1) per 50 µL acidified protein lysate are combined and loaded into S-Trap 

columns by centrifuging filled S-Trap columns placed on a fresh Eppendorf tube for 2 

min at 4000 × g until the whole sample is loaded. After washing captured protein 4 

times with 150 µL of S-Trap binding buffer at 4000 × g for 2 min samples were digested 

by adding 20 µL of digestion buffer (50 mM TEAB) and 1 µg trypsin for 1 h at 47°C 

without shaking and S-Trap sealed with the lid. Peptides were eluted by adding 65 µL of 

digestion buffer to the S-Trap column and centrifuging for 2 min at 4000 × g followed 

by one wash with 65 µL 0.1% aqueous formic acid (FA) and one wash with 30 μL of 30% 

aqueous acetonitrile containing 0.1% FA. Collected samples will thus have a total 

volume of approximately 200 µL.  

 

To desalt peptides, an R3 desalt protocol was used. Briefly, 10 µL of POROS R3 

beads (OligoTM) were added to wells of Corning FiltrEX desalt filter plates (Sigma Aldrich) 
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and washed once with 200 µL of 50% acetonitrile and twice with 0.1% FA in water with 

1 min spins at 200 × g at each step. Next, the sample (200 µL) is added and mixed for 5 

min on an Eppendorf Thermomixer at 800 revolutions per minute (RPM) at RT, followed 

by a centrifugation at 200 × g for 1 min. Then, the sample is washed twice with 200 µL 

of 0.1 FA by mixing for 2 min at 800 RPM and centrifuging for 1 min at 200 × g. Finally, 

samples are eluted by twice adding 50 µL of 0.1% FA in 30% acetonitrile, then mixing 

for 2 min at 800 RPM and centrifuging at 200 × g for 1 min. Here, flow through is 

collected with a fresh collection plate. The approximately 100 µL of sample volume was 

transferred to mass spec sample vials and dried with a Heto vacuum centrifuge (Thermo 

Fisher).  

 

LC-MS/MS was performed using an UltiMate® 3000 Rapid Separation LC (Dionex 

Corporation) coupled to a QE HF (Thermo Fisher Scientific) mass spectrometer. Here, 

the buffer A consisted of 0.1% FA in water, buffer B was 0.1% FA in acetonitrile and a 

75 mm x 250 μm i.d. 1.7 m CSH C18 analytical column (Waters) was used. A 5 µL loop 

was used to load 3 µL of the sample onto the column at a flow rate of 300 nL/min for 

13 min at 5% B. The loop was removed and over 0.5 min the flow was reduced to 200 

nL/min. The column gradient was set to change linearly from 5% to 18% B in 34.5 min 

followed by 18% to 27% B in 8 min and 27% to 60% B in 1 min. Washes occurred at 60% 

B for 3 min before re-equilibration to 5% B in 1 min. For the last 5 min of the run (at 55 

– 60 min) the speed was increased to 300 nL/min.   

 

Separated peptides were analysed following electrospray ionisation into the mass 

spectrometer. Here, data was acquired in a data directed manner for 60 min and in 

positive mode. For fragmentation, peptides were selected automatically by data 

dependant analysis based on the top 12 most intense peptides with m/z between 300 

to 1750 Th and a charge state of 2, 3 or 4 with a dynamic exclusion set at 15 sec. MS 

Resolution was selected at 120,000 with an AGC target of 3x106 and a maximum fill time 

set at 20 ms while MS2 Resolution was set to 30,000, with an AGC target of 2x105, a 

maximum fill time of 45 ms, isolation window of 1.3 Th and a collision energy of 28. 
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Raw data was analysed using Proteome Discoverer software (version 2.4; Thermo 

Scientific) where peptides were identified and quantified from mass spectra. First, raw 

data files were produced using Xcalibur software (Thermo Scientific), imported into 

Proteome Discoverer and searched using SEQUEST HT® database search engine 

(Thermo Fisher Scientific). Here, protein identification was based on the 

UniProtKB/Swiss-Prot human database (SwissProt TaxID=9606; v2017-10-25 containing 

556,006 sequences). Searches were carried out with a precursor mass tolerance of 

20 p.p.m., fragment mass tolerance of 0.5 Da and a maximum number of missed 

cleavage sites of 2. Modifications were restricted to carbamidomethylation of cysteine 

for static modifications and to the oxidation of methionine, deamidation of asparagine 

and glutamine residues and the N-terminal acetylation for dynamic modifications. 

Identified and quantified proteins were then filtered in Proteome Discoverer for high 

protein False Discovery Rate (FDR) confidence containing at least 1 unique peptide. This 

pool of filtered proteins was then used to perform Gene Ontology (GO) annotation and 

principal component analysis (PCA).  

 

2.13.1 Heatmaps 

Heatmaps were drawn in two different ways. Firstly, a heatmap of all samples was 

created in Proteome discoverer using normalised and grouped abundances. 

Hierarchical clustering was performed on columns and rows using the distance function 

Pearson and complete linkage method. Columns were scaled before clustering. 

Secondly, data of regulated proteins from small or large extracellular vesicles was 

exported from Protein Discoverer. Gene symbols and grouped abundances were 

imported into R for cluster analysis. Hierarchical clustering was performed on rows 

using standard settings of the heatmap function with no scaling applied.  

 

2.14 Statistics 

Statistical significance of results was tested using Graphpad Prism (version 8, 

Graphpad Prism Software). First, the Shapiro-Wilk normality test was used to determine 

normality of the results. Data sets with a normal Gaussian distribution were then 
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analysed using parametrical statistical tests. More precisely, a two-tailed t-test was 

used to compare two data sets while multiple data sets were analysed using one-way 

ANOVA. If at least one of the data sets did not have a normal distribution, non-

parametric tests were applied. Here, two data sets were compared with a Mann-

Whitney test, and a Kruskal-Wallis ANOVA test with Tukey’s multiple comparisons was 

applied to assess multiple data sets. Significances are displayed as follows: non-

significant (ns) p≥0.05., p<0.05 (*), p<0.01(**) and p<0.001 (***). Thus, differences 

were only considered statistically significant when the p values were below 0.5. Unless 

stated otherwise, values cited in the text refer to means ± standard deviation (SD). A 

Gaussian fit was used to determine the mode diameter of extracellular vesicles in 

histograms.  
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Chapter 3 – Establishing an Imaging System to Investigate the Nano-

scale Organisation of the Membrane of Human Macrophages  

 

3.1 Introduction 

Macrophages are phagocytic cells that are strategically positioned throughout the 

entire body. They function as immune sentinels with profound roles in initiating and 

coordinating an immune response as well as homeostasis and wound healing7. First, 

macrophages were thought to only be derived from blood monocytes, which are 

recruited into the tissue, where they differentiate into macrophages12. However, in the 

last two decades it has been shown that most tissue macrophages are established 

prenatally and are able to self-maintain within the tissue13. Crucially, the function and 

phenotype of these tissue macrophages is highly dependent on the tissue itself. It is 

thus vital to study macrophages originating from different tissues to fully understand 

macrophage biology. Nevertheless, monocyte-derived macrophages also play a vital 

role during an immune response as well as the steady state. Monocytes are recruited 

into the tissue for example during acute inflammation where they differentiate, 

fulfilling the functions of tissue-specific macrophages256.  In fact, monocytes have been 

shown to fully differentiate into tissue-specific macrophages, also gaining the ability of 

self-renewal32,256.  

 

The great phenotypic plasticity of monocyte-derived and tissue-resident 

macrophages presents a challenge for the clear definition of different macrophage 

populations. Classically, macrophages are divided into two subgroups, namely M1 and 

M2 macrophages. Here, M1 macrophages display a pro-inflammatory phenotype while 

M2 macrophages are thought to act immuno-suppressive10. Even though macrophage 

phenotypes are more complex and the division in two subgroups is a simplification, 

studying these cells has and will shed new light on macrophage function and plasticity. 

Monocytes can be differentiated into M1 or M2 macrophages in vitro by culturing 

monocytes in the presence of GM-CSF or M-CSF respectively61. Full polarisation and 
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activation is often achieved by further culturing the cells with LPS or IFNγ for M1 

macrophages or IL-4 for M2 macrophages. However, this leads to the activation of the 

generated macrophages and studies investigating differentiated but resting 

macrophages activated by different stimuli are lacking.  

 

A shared feature across all macrophage types is phagocytosis. Macrophages 

recognise for example bacteria and viruses that are opsonised by IgG, leading to their 

activation through FcγRI. Crucially, macrophages form a synapse at the contact site with 

the opsonised target170. Similar to the immunological synapse formed between 

lymphocytes and target cells, adhesion and signalling receptors are re-organised. Lin 

and co-workers showed that murine bone marrow derived macrophages incubated on 

IgG-containing lipid bilayers formed FcγR-IgG microclusters leading to the recruitment 

of signalling protein Syk and the remodelling of the cytoskeleton driving 

phagocytosis173. Further, Lopes et al. conducted one of the only studies applying super-

resolution imaging to the phagocytic synapse5. They showed that upon activation with 

IgG, nanocluster of activating receptor FcγRI and inhibitory receptor SIRPα segregate 

from another, highlighting the interplay of receptor molecules on a nanometer-scale. 

Thus, the investigation of the phagocytic synapse on a nanometer scale is vital for the 

understanding of the detailed molecular mechanisms of cellular activation mediated by 

cell surface receptors. Yet these studies are lacking, especially the investigation of 

tissue-specific macrophages.   

 

Nanometer-scale investigations are made possible by recent advances in 

microscopy. Several super-resolution imaging techniques, including Stochastic Optical 

Reconstruction Microscopy (STORM) were developed, enabling to resolve and study 

subcellular structures and processes. However, despite their importance, very little 

studies imaged tissue-derived human macrophages. This is likely due to their high 

natural autofluorescence which servery interferes with light microscopy techniques. It 

is long known that human airway macrophages are autofluorescent, especially those of 

smokers129,257. Edelson et al. described already in 1985 the interference of the 
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autofluorescence from alveolar macrophages with fluorescence-based techniques 

including microscopy and flow cytometry109.  Possible solutions have been proposed in 

the past, like photopbleaching and simply avoiding the region of the spectrum where 

autofluorescence occurs, but the problem persist until today and has rarely been 

investigated in the context of STORM109,143,258,259.  It is thus vital, to improve super-

resolution imaging techniques for autofluorescent samples, like human lung 

macrophages.  

 

The hypothesis was, that activated macrophages with different phenotypes and 

different origins would display a different nanoscale organisation within the membrane, 

reflecting different thresholds of activation. To test this, the nanoscale organisation of 

the membrane of different macrophages was recorded. Thus, this chapter aimed to 

establish an imaging system to study the nano-scale organisation of human monocyte- 

and lung-derived macrophages at the phagocytic synapse. Therefore, monocytes were 

differentiated into M0-like, M1-like and M2-like macrophages while lung macrophages 

were used fresh, directly after isolation from the lung tissue. Cells were activated on 

IgG-coated surfaces, presenting a 2D-model of a phagocytic synapse. However, the 

intrinsic autofluorescence of human lung macrophages interfered with light 

microscopy. It was further characterised and examined in the context of STORM. 

 

3.2 Summary of Chapter Aims 

a) The generation of M0-, M1- and M2-like macrophages from blood monocytes 

b) Purifying human lung macrophages from lung immune cell suspensions 

isolated from human lung resections 

c) Establishing an imaging system to study the nano-scale organisation of the 

phagocytic synapse of human macrophages 

d) Characterising the intrinsic fluorescence of human lung macrophages and its 

effect in STORM  
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3.3 Results 

3.3.1 Generation and Characterisation of Human Macrophages  

Due to the great phenotypic diversity of macrophages, it is crucial to study 

macrophages from different origins and phenotypes. Thus, in this project four different 

macrophage types were investigated. M0-like, M1-like, M2-like and lung macrophages 

(Figure 3-1). The latter was isolated from lung resections and used fresh. M0-like, M1-

like and M2-like macrophages were generated from blood-derived monocytes. Notably, 

monocytes are classically differentiated by the co-culture with the cytokines GM-CSF or 

M-CSF which is followed by the activation and full polarisation of the macrophages with 

LPS and IFNγ or IL-4 respectively. Here, monocytes were differentiated but not activated 

and therefore are termed “-like”. This allowed the investigation of differently 

differentiated macrophages in a resting state and activated by IgG rather than LPS and 

IFNγ or IL-4. 

 

For M0-like macrophages, monocytes were cultured for 3 days in X-Vivo media 

supplemented with 1% human serum (HS) followed by 5 days in DMEM media 

supplemented with 10% FBS. They were polarised neither towards M1 nor M2 

phenotype. For M1-like and M2-like macrophages, monocytes were cultured for 8 days 

in RPMI media supplemented with 10% FBS. Polarisation towards M1-like or M2-like 

macrophages was achieved by supplementing GM-CSF or M-CSF respectively.  
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Figure 3-1: Generation and isolation of human macrophages. Human blood-derived monocytes were 

cultured for 8 days to generate macrophages as indicated. All media was also supplemented with 1% L-

glutamine, 1% Penicillin/Streptomycin and 10 mM HEPES buffered saline (not indicated). Lung 

macrophages were used fresh, directly after isolation from the lung tissue.  

 

Many different morphologies have been reported for macrophages and 

macrophages cultured with GM-CSF are thought to be roundish while M-CSF treated 

macrophages are elongated260–262. In fact, Rostam et al. were able to distinguish M1, 

M2 and naïve macrophages as well as monocytes with an accuracy of 90% in an imaging 

assay that solely analysed their morphology263. Thus, to confirm their phenotype, the 

morphology of monocyte-derived macrophages was investigated using widefield 

microscopy (Figure 3-2). Therefore, macrophages were examined on day 8 of culture, 

still in the tissue culture plate. Indeed, M1-like macrophages displayed a roundish 

morphology while M2-like macrophages were mainly elongated. M0-like macrophages 

were morphologically similar to M1-like macrophages though they seemed to spread 

wider. Thus, all three monocyte-derived macrophages displayed distinct morphologies, 

even though they originated from the same pool of blood-monocytes. This indicates 

that the differentiation process was successful.  
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Figure 3-2: M0-like, M1-like and M2-like macrophages display distinct morphologies. Human blood 

monocytes were differentiated as indicated in Figure 3-1. Representative Widefield and Zoom images of 

M0-like (left), M1-like (middle) and M2-like (right) macrophages are shown. Scale bar 100 µm, Zoom 

30 µm. n = 36 – 45 images per condition from 4 individual donors and experiments.  

 

Human lung macrophages were used fresh directly after isolation. Therefore, lung 

immune cells were extracted from the airways of human lung resections. Even though 

macrophages are the most abundant immune cell type of the lung, yielding a purity of 

≥ 95% in bronchoalveolar lavage (BAL)264, immune cell suspensions might be 

contaminated with small levels of other cells like for example lymphocytes. However, 

lung macrophages can be purified by adhesion265. Therefore, to verify the accurate 

selection of macrophages, their adhesion to tissue culture plates and PLL-coated 

microscopy glass slides was investigated (Figure 3-3). Indeed, seeding of immune cell 

suspensions onto tissue culture or PLL-coated glass slides showed many macrophages, 

distinguished by their big size, but also a clear contamination with other, smaller cells 

(Figure 3-3, Before Wash). After 15 – 20 min incubation plates and glass slides were 

washed once with PBS. Crucially, this resulted in a clear purification of macrophages. 

Only big cells are left behind, while others were washed away (Figure 3-3, After Wash). 

Thus, lung macrophages in this project were selected by adhesion.   
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Figure 3-3: Human lung macrophages were selected from lung immune cell suspension by adhesion. To 

isolate lung macrophages, the airways of lung resections were washed with PBS and immune cells 

separated by centrifugation over Ficoll-Plaque. The re-suspended immune cell suspension was added to 

A) 6-well cell culture plates or B) PLL-coated glass slides and cells were allowed to settle for 15 – 30 min 

and wells were washed once with PBS. Lung macrophages adhered to the surfaces while other immune 

cells were washed away. Representative Widefield and Zoom images of a culture plate or PLL-coated 

glass slide before and after wash shown. Scale bar 100 µm; Zoom 20 µm. n = 20 – 28 images per condition 

from 3 individual donors and experiments.   
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To further characterise the phenotype of monocyte-derived macrophages, the 

expression of several surface markers was determined via flow cytometry. According to 

the literature, M1 macrophages are high in CD86, CD16 and MHC class II while M2 

macrophages are high in CD206 and CD16359,61,261,266. However, most studies rely on 

differentiated as well as activated macrophages while macrophages in this project were 

differentiated but not activated. Thus, discrepancies are expected. In agreement with 

the literature, M1-like macrophages displayed high levels of CD86 and MHC class II 

while being low for CD163 (Figure 3-4). However, they were highest in CD206 and low 

in CD16. M2-like macrophages expressed as expected high levels of CD206 and CD163, 

but were also found to be high in MHC class II and CD86. M0-like macrophages were 

high in CD86, MHC class II and low levels of CD206 and CD163, therefore being 

phenotypically more similar to M1-like than M2-like macrophages. Nevertheless, all 

three macrophage types showed distinct expression levels of surface markers, 

highlighting the successful differentiation of monocytes in three different macrophage 

subsets. Here, it is important to note that even though histograms follow the same 

pattern across all three donors, the variability in the mean fluorescence intensity (MFI) 

was big for some parameters. This was expected for different human donors that were 

also analysed on different days.  

 

To differentiate blood monocytes into M1-like macrophages, monocytes were 

cultured for 8 days in the presence of GM-CSF. In the literature, the amount of GM-CSF 

administered varies between studies. In addition, some toxicity was reported in trials 

using GM-CSF267,268. Thus, to ensure optimal growth and good health of M1-like 

macrophages, monocytes were cultured with different amounts of GM-CSF (5, 10 or 

20 ng/mL) and cell counts were assessed after 8 days. For all three donors, cell counts 

decreased with higher levels of GM-CSF, possibly indicating toxicity or diminished 

growths (Figure 3-5). Because 5 ng/mL shows best health of M1-like macrophages yet 

it proved to be efficient to induce a M1-like phenotype (Figure 3-2 and Figure 3-4) this 

concentration was used for differentiating monocytes into M1-like macrophages.  
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Figure 3-4: Characterisation of monocyte-derived macrophages by flow cytometry. Human monocyte-

derived macrophages were stained with different cell markers (see labels) and expression levels 

determined using flow cytometry. A) Live cells were selected by indicated gating strategy.                                                 

B) Representative histograms of 1 out of 3 donors.  
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Figure 3-5: Optimising the amount of GM-CSF to generate M1-like macrophages. Blood-derived 

monocytes were cultured for 8 days in RPMI supplemented with 10% FBS and GM-CSF. The amount of 

GM-CSF was varied (5, 10 or 20 ng/mL) and the number of cells per millilitre determined with 0.5 x 106 

monocytes per mL seeded at the beginning. n = 3 donors and experiments.  

 

Taken together, four human macrophage types were compared. Lung 

macrophages were used fresh, directly after isolation from lung resections and purified 

via adherence. M0-like, M1-like and M2-like macrophages were generated by culturing 

monocytes for 8 days. M0-like macrophages were spreading wide and expressed high 

levels of CD86 and MHC class II and low levels of CD163 and CD206. M1-like 

macrophages had a round morphology and also expressed high levels of CD86 and MHC 

class II and low levels of CD163. However, they did also express high levels of CD206. 

M2-like macrophages displayed an elongated morphology and expressed high levels of 

CD163 and CD206 as well as CD86 and MHC class II. Finally, 5 ng/mL GM-CSF was found 

to differentiate monocytes into M1-like macrophages while showing best growth.  
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3.3.2 Activating Macrophages on IgG Coated Surfaces 

During an immune response, pathogens may get opsonized to facilitate targeted 

phagocytosis for example by macrophages. In this project we set out to investigate the 

phagocytic synapse formed when a macrophage encounters an opsonized target. 

Therefore, macrophages were activated on IgG-coated glass slides or IgG-containing 

lipid bilayers, presenting a 2D model of the phagocytic synapse. Macrophages are 

investigated in non-activating and activating condition.  In the case of glass slides, this 

is achieved by coating microscopy slides with PLL only (non-activated) or PLL and IgG 

(activated). To confirm the ability of the PLL+IgG coating to activate macrophages, 

secretion of TNFα and IL-10 was assessed in cell supernatants of all four macrophages 

incubated for 20 h on glass slides coated with PLL and different concentrations of IgG. 

TNFα is a major pro-inflammatory cytokines produced by activated macrophages269. In 

addition, Lacey et al. showed that GM-CSF differentiated macrophages secrete high 

levels of TNFα while M-CSF treated macrophages secrete high levels of IL-1079. 

However, in both cases cells were activated with LPS, and not, like here, with IgG-coated 

surfaces.  

 

All four macrophage types secreted TNFα in in reponse to IgG in a dose dependent 

manner (Figure 3-6A-B). The higher the IgG concentration, the higher the amount of 

secreted TNFα. In the absence of IgG, cells did not secrete the cytokine, which shows 

that macrophages do not get activated in non-activating conditions. However, as little 

as 1 µg/mL IgG was already sufficient to induce cytokine secretion showing that small 

amounts of IgG are sufficient to activate macrophages. 10 and 100 µg/mL induced a 

more significant activation. Surprisingly, M2-like macrophages also secreted high levels 

of TNFα and even higher levels than M1-like macrophages. The cytokine IL-10 on the 

other hand was solely secreted by M2-like macrophages (Figure 3-6C-D). For further 

experiments, 10 µg/mL IgG was used to activate macrophages as it induced significant 

levels of activation.  
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Figure 3-6: Incubation of macrophages on IgG-coated glass slides induces cytokine secretion. M0-like, 

M1-like, M2-like and lung macrophages were incubated on glass slides coated with PLL and different 

concentrations of IgG (1, 10 or 100 µg/mL) for 20 h and TNFα (A for monocyte-derived macrophages; B 

for lung macrophages) or IL-10 (C for monocyte-derived macrophages; D for lung macrophages) was 

measured in cell supernatants using Human DuoSet ELISA kits. Each dot represents 1 donor for which 

they are colour coded. Bars show the geometric mean ± SD of n = 3 different donors. *, p ≤ 0.1; **, p ≤ 

0.01; ***, p ≤ 0.001; Mann-Whitney or unpaired t test where appropriate using GraphPad Prism. 

 

Another indication for cell activation is cell spreading. Thus, the cell spreading of 

all four macrophage types was determined in non-activating and activating conditions. 

Therefore, macrophages were incubated for 15 min on glass slides coated with PLL only 

or PLL and 10 µg/mL IgG, fixed and imaged with interference reflection microscopy 

(IRM). All four cell types displayed increased spreading in activated compared to non-

activated conditions (Figure 3-7). Interestingly, there are great differences between the 

cell types. Lung macrophages spread the least with a mean of 431 ± 473 µm² for 

activating conditions. The spreading of monocyte-derived macrophages slightly 

increased from M0-like macrophages with 670 ± 533 µm² and M1-like macrophages 
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with 843 ± 550 µm² to M2 like macrophages with 1473 ± 859 µm² in activated 

conditions. Despite the discrepancies between the cell types, all of them spread 

significantly lager upon incubation with IgG, indicating the activation of the cells.  

 

 

Figure 3-7: Activation of macrophages via IgG coated glass slides induces cell spreading. M0-like, M1-

like, M2-like and lung macrophages were incubated on microscopy slides coated with PLL only (non-

activated conditions) or PLL and IgG (10 µg/mL; activated conditions) for 15 min and fixed. A) 

Representative interference reflection microscopy (IRM) images of non-activated and activated 

conditions. Scale bar 10 µm. B) Violin plots of cell areas. n = 158 – 675 cells per condition from 3 individual 

donors and experiments. ****, p ≤ 0.0001; Kruskal-Wallis test using GraphPad Prism. 
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To study the phagocytic synapse in a more biological relevant system, cells were 

incubated on planar lipid bilayers. This represents more closely an opsonized target 

compared to glass slides. In addition, macrophages could be detached from bilayers 

after activation. When utilising immobile bilayers this allowed the investigation of 

cellular secretions without them diffusing away. The correct formation of the bilayer 

was tested with fluorescence recovery after photobleaching (FRAP) experiments. 

Therefore, bilayers were prepared as usual and stained with AF488. Small regions of 

interest (ROI) were photobleached and fluorescence images taken over time to 

monitored fluorescence recovery. In the case of an immobile bilayer, bleached areas 

should not recover their fluorescence intensity, which would result in a relatively 

constant value (or straight line). In case of a mobile bilayer, the fluorescence intensity 

of the bleached area would recover to values close to 1. Indeed, photobleaching of ROIs 

did not result in fluorescence recovery as the normalised intensity of the ROI stays at 

about 0.5, confirming the immobility of the bilayer (Figure 3-8). Thus, it will be able to 

capture secretions without them diffusing away.  

 

Next, to test the activation of macrophages on immobile bilayers, macrophages 

were incubated on bilayers containing different amounts of IgG and their cytokine 

secretion was investigated. Similar to macrophages activated on glass slides, 

macrophages activated on bilayers secreted TNFα in a dose-dependent manner (Figure 

3-9). However, in the case of monocyte-derived macrophages, M0-like macrophages 

secreted only very low levels of TNFα while M1-like and M2-like macrophages secreted 

relatively high levels. In addition, M1- and M2-like macrophages secreted relatively high 

levels of TNFα in non-activated conditions, possibly indicating the activation of 

macrophages. Nevertheless, overall all macrophages were activated on IgG-containing 

lipid bilayers in a dose-dependent manner.  
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Figure 3-8: Planar lipid bilayer are immobile. Biotin-containing lipid bilayers were stained with 

streptavidin-AF488 for 5 min, washed and fluorescence recovery after photobleaching (FRAP) 

experiments conducted using the LAS AF FRAP wizard (Leica Microsystems). Small regions of interest 

(ROI) were photobleached and fluorescence images taken before and after bleaching. A) Representative 

images at 0 and 30 seconds after photobleaching. Scale bar 20 µm. B) Normalised mean fluorescence 

intensities of bleached vs. non-bleached regions over time. Each line represents one ROI. Data 

representative for n = 3 experiments. s, seconds.  
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Figure 3-9: Incubation of macrophages on IgG-containing lipid bilayers introduces cytokine secretion of 

macrophages. A) M0-like, M1-like, M2-like or B) lung macrophages were incubated on lipid bilayers 

containing different concentrations of IgG (0, 1, 10 or 100 µg/mL) for 20 h and TNFα was measured in cell 

supernatants using Human TNFα DuoSet ELISA kits. Each dot represents 1 donor with dots being colour 

coded according to the donors. Bars show the geometric mean ± SD of n = 4 - 5 different donors. *, p ≤ 

0.1; **, p ≤ 0.01; ***, p ≤ 0.001; Mann-Whitney or unpaired t test where appropriate using GraphPad 

Prism. 

 

Taken together, all four macrophage types were activated on IgG-coated glass 

slides, leading to the secretion of TNFα in a dose dependent manner and increased 

spreading compared to non-activated conditions. M2-like macrophages also secreted 

high levels of IL-10 in a dose dependent manner. The incubation of monocyte-derived 

macrophages on IgG-containing immobile bilayers also led to the dose-dependent 

secretion of TNFα though M1-like and M2-like macrophages also secreted the cytokine 
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in non-activating conditions. Overall, 10 µg/mL was sufficient to activate human 

macrophages and is thus used for further experiments.  

 

3.3.3  Imaging Autofluorescent Human Lung Macrophages 

The lung tissue used in this study originates from lung cancer resections. 

Therefore, the donors are very often (ex-)smokers. In fact, only one out of 18 donors 

has never smoked, 3 stopped smoking at least 1 year ago and 14 were current smokers 

(Table 3-1). Tissue macrophages in general, but especially lung macrophages are known 

to emit high levels of intrinsic fluorescence, which is exacerbated for smoking 

individuals129. They are often termed ‘smoker cells’. Thus, lung macrophages obtained 

from these tissues were likely to be highly autofluorescent, potentially interfering with 

fluorescent labels used in light microscopy.  Therefore, the spectral range of unstained 

lung macrophages was recorded, to investigate the nature of autofluorescence of lung 

macrophages obtained from these tissue samples and to determine the ideal spectral 

range for fluorescent microscopy. For this, cells isolated from lung tissue were plated 

onto PLL-coated microscopy slides at 5x104 macrophages/well. Cells were incubated for 

15 min at 37°C and 5% CO2. Unattached cells were washed off with PBS, adherent cells 

fixed, blocked and imaged with a scanning confocal microscope (Leica TCS SP8). To 

cover most of the spectrum of visible light, the excitation laser was set at 470 nm (the 

lowest possible wavelength for this microscope) and emission was detected in windows 

of 35 nm with a total of 7 steps and a λ-detection step size of 45 nm starting at 480 nm 

(Figure 3-10A). Figure 3-10B shows representative 3D-images of unstained lung 

macrophages and their mean intensity was quantified in Figure 3-10C.  Both 

demonstrate clearly that the autofluorescence peaks in the green and yellow channel 

and gets weaker in the far red range. In the very last detection window, basically no 

signal was detected. This means, fluorophores emitting in the far red spectrum are best 

for imaging lung macrophages.  
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Table 3-1: Patient data of all lung tissues used in this chapter. Patient ID, gender, age on the day of 

surgery and smoking history is displayed. In order for a patient to be classed as an ex-smoker they must 

have stopped smoking more than 1 year ago.  

Patient ID Gender Age Smoking history 

W004962 Male 71 Current smoker 

W005070 Female  66 Current smoker 

W005159 Female  38 Current smoker 

W005197 Male 69 Current smoker 

W005600 Male 44 Current smoker 

W005628 Female  78 Ex-smoker 

W005645 Female  72 Ex-smoker 

W005652 Female  80 Never smoked 

W005653 Female  78 Ex-smoker 

W005972  Female  75 Current smoker 

W006031 Male 54 Current smoker 

W006115 Male 63 Current smoker 

W006128 Male 63 Current smoker 

W006221 Male 63 Current smoker 

W006253 Female  63 Current smoker 

W006281 Male 62 Current smoker  

W006286 Female  63 
Current smoker           
(electronic cigarettes) 

W006321 Female  67 Current smoker 
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Figure 3-10: Spectral range of unstained lung macrophages. Z-stacks of unstained human lung 

macrophages (donor W006128; current smoker) were recorded at different wavelengths by confocal 

microscopy (Leica TCS SP8). A) The excitation laser was set at 470 nm and emission was detected in 

windows of 35 nm with a total of 7 steps and a λ-detection step size of 45 nm starting at 480 nm. B) 

Representative 3D-images of lung macrophages incubated for 15 min on slides coated with PLL at 

different wavelengths. Coordinate box indicates μm. C) Mean intensity of unstained lung macrophages 

at different wavelengths. Mean intensities were calculated from the sums of the z-stacks. Each line 

represents one cell. n = 35 cells from 4 individual donors and experiments. 

 

3D-images further indicate that puncta inside the cell are the origin of the 

autofluorescence. This is in agreement with a clinical study which suggests that human 

lung macrophage autofluorescence derives from tobacco tar129. Macrophages that 

patrol the airways remove particles and microorganisms from the air spaces which 

include tar, in the case of smokers. These particles are then stored in vacuoles or so-

called inclusion bodies inside the cell149. 

 

Even though autofluorescence from lung macrophages was found to be low in the 

red spectrum using confocal microscopy (Figure 3-10), STORM requires different image 

settings, including very high laser powers. Thus, the effect of autofluorescence could 

differ significantly in STORM settings. However, before imaging lung macrophages with 

STORM, merging parameters for used antibodies had to be determined to ensure 

robust imaging. More precisely, STORM takes advantage of stochastic switching of 

fluorophores in combination with computational post-processing to localize single 

molecules within the cell. The final STORM image is built up from calculated coordinates 

that arise from a series of thousands of blinking events. The blinking characteristics of 
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the used fluorophore strongly influence the re-construction of the final image and need 

to be determined in order to ensure robust imaging. Dyes can for example re-blink 

which leads to repeated detections. This is corrected by merging repeated detections 

within a certain distance and time (or frame). For all single colour STORM the dye AF647 

was used. Thus, the blinking characteristics of AF647 dyes was determined. Therefore, 

LILRB1 mAbs conjugated in house to AF647 were seeded onto PLL coated microscopy 

slides and imaged in the same way as cells. This means 300 – 400 μL of oxygen 

scavenging buffer was added to each well shortly before acquisition and the 8000 

acquired frames were processed using ThunderSTORM152. Antibodies were seeded 

highly diluted so that individual antibodies could be determined. Figure 3-11 shows a 

single localisation visualised in MatLab (MathWorks) before (left) and after (right) 

merging. Here, x-axis shows the x-coordinate of the selected region and the y-axis the 

acquisition frame in which events were detected; the y-coordinate is colour coded. It 

can be seen clearly that repeated detections occur (Figure 3-11, No merging). By 

merging all events that occur within 40 nm and 20 off-frames, these bursts of re-

detections could be eliminated. Here, the high dilution ensured the imaging of 

individual antibodies. However, it has to be kept in mind that one antibody can be 

labelled with several fluorescent molecules. More precisely an average of 

approximately 3 fluorophores per antibody was found. The aim of the merging is to 

combine all events originating from one fluorophore. Thus, in an ideal situation an 

average of 3 detections should be found. The example in Figure 3-11 shows 5 detections 

after merging which can be explained by the variability of the degree of labelling 

between individual antibodies. Nevertheless, the merging all events within 40 nm and 

20 off-frames successfully eliminated bursts of detections occurring within close 

distance and short time, indicating that these burst originated from individual 

fluorophores (Figure 3-11, With merging). Therefore, these merging parameters were 

applied to all STORM images taken.  
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Figure 3-11: Imaging sparse antibodies on glass. A highly diluted solution of LILRB1 mAbs conjugated in 

house to AF647 were seeded onto glass slides and individual Abs were imaged via STORM. Data was 

processed using ThunderSTORM with and without merging repeated detections. Individual Abs were 

visualised using MatLab and recorded frames are plotted against x-coordinate of the detections. The y-

coordinates are colour coded. Representative plots of an Ab with and without merging of all events that 

occur within 40 nm and 20 off-frames are displayed. n = 4 individual experiments.   

 

Next, to investigate the effect of autofluorescence in STORM, single-colour 

STORM imaging was performed. Therefore, cells were prepared as before and stained 

for 1 h at RT with anti-human HLA-A,B,C mAb (W6/32) labelled with AF647. The 

fluorophore AF647 was chosen as autofluorescence is weakest in the red spectrum and 

HLA-A,B,C was chosen due to its importance for antigen presentation and wide 

expression on macrophages. Cells were imaged in TIRF mode by acquiring 10000 frames 

and analysed to generate reconstructed images (using ThunderSTORM152). 

 

In STORM, individual blinks of fluorophores are recorded (for more detail see 

1.7.2). However, looking at the data sets of stained lung macrophages, bright, 

autofluorescence spots can be observed which don’t blink but stay on over time (Figure 

3-12A, blue arrows). Signals originating from the staining don’t stay on but disappear in 

adjacent frames (Figure 3-12A, yellow and orange circles). In addition, autofluorescent 

areas are generally much bigger and not as well defined as blinks originating from an 

extrinsic fluorophore. The autofluorescence signal is very bright and saturates the blinks 

of the fluorophores (Figure 3-12B-C). In the post-acquisition analysis, the software then 
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fails to detect these blinks and the information is lost. Figure 3-12B shows the 

reconstructed STORM images of the data set shown in Figure 3-12A. It can be seen 

clearly that reconstructed images comprise artefacts where there has been 

autofluorescence in the data set.  Even though cells were stained with AF647 (where 

autofluorescence was found to be relatively weak), they display autofluorescence 

which results in big white spots on the surface membrane (unfiltered). These spots are 

so bright that they saturate the signal (Figure 3-12C, unfiltered) while only a low signal 

was found in the red channel when recording the spectral range of unstained lung 

macrophages (Figure 3-10). It has to be kept in mind though, that a lower laser power 

was used to record the spectral range. Whereas for STORM, high laser powers are 

required. When vesicles containing tar and other particles are close to the surface of 

the cell they may give rise to unwanted fluorescence, even though STORM is operated 

in TIRF mode (which yields a penetration depth of the excitation laser of only 150 nm – 

200 nm).  

 

During post-processing of acquired images big, bright spots of autofluorescence 

were removed yielding empty areas on the cell surface (Figure 3-12B, filtered) thereby 

losing information about receptor organisation. The line profile of the filtered cell 

dropped down when the unfiltered signal is highest. This demonstrated how big, bright 

spots of autofluorescence saturate the images and signal arising from the staining was 

lost. This also showed clearly that the autofluorescence of lung macrophages 

represents a problem for STORM and has to be overcome in order to properly 

investigate the surface organisation of lung macrophages. 
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Figure 3-12: The effect of autofluorescence in STORM. Lung macrophages were incubated for 15 min on 

slides coated with PLL, washed, fixed and stained with anti-human HLA-A,B,C mAb labelled with AF647. 

A) TIRF image and individual frames of the STORM data set 22 ms apart (every other frame). Blue arrows 

indicate bright autofluorescence spots, yellow arrows and yellow and orange circles indicate signal 

originating from the staining. Scale bar 5 µm. B) Reconstructed STORM images of the data set shown in 

A) before (up) and after (down) filtering. Scale bar represents 5 µm. Zoomed-in regions (5 µm x 5 µm) 

with corresponding line profiles are displayed. Scale bar 1 µm. Images are representative of n = 63 cells 

from 8 individual donors and experiments.  

 

One possible approach to address this problem could be to record the 

autofluorescence of unstained lung macrophages from the same donor (but a different 

cell) and subtract it from stained cells. This is only possible if cells from the same donor 

display similar autofluorescence. However, two different lung macrophages from the 

same donor stained with anti-human HLA-A,B,C mAb labelled with AF647 illustrate that 

this is not possible (Figure 3-13). Here, similar to the cell in Figure 3-12, cell A is highly 

autofluorescent displaying bright, saturated spots in the unfiltered image. These are 

removed during post processing resulting in empty areas on the cell surface (filtered; 
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line profile). Cell B on the other hand displays less autofluorescence and intensity values 

of unfiltered and filtered image match in regards to peak position and intensity value 

itself. While cell A shows high autofluorescence, cell B lacks intense white spots and 

filtering yields a homogenous resolution throughout the cell. Importantly, cell A and B 

arise from the same donor which demonstrates clearly that autofluorescence varies 

from cell to cell. In addition, autofluorescence is not homogenous across the cell 

membrane. Thus, even for two cells with similar levels of autofluorescence, the spatial 

appearance of highly autofluorescent areas will be distinct.  

 

 

Figure 3-13: Autofluorescence of lung macrophages varies from cell to cell. Cells isolated from lung 

tissue were plated onto PLL-coated microscopy slides and stained with anti-human HLA-A,B,C mAb 

conjugated to AF 647. Reconstructed STORM images of two cells from donor #W005118 are shown 

before and after filtering. Scale bar represents 5 µm. Zoomed-in regions (5 x 5 µm) with corresponding 

line profiles are displayed. Scale bar 1 µm. Images are representative of n = 63 cells from 8 individual 

donors and experiments. 
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To investigate, whether autofluorescence could be bleached, the fluorescence 

signal of unstained lung macrophages exited at 488 nm with 100% laser power was 

recorded for approximately 45 min. Here, the autofluorescence of lung macrophages 

dropped in the first 5 min but reached a stable value or increases again afterwards 

(Figure 3-14). This makes it difficult to bleach them sufficiently prior to staining and does 

not provide an adequate solution to the problem. 

 

 

Figure 3-14: Autofluorescence is not bleachable. Fluorescent signal of unstained lung macrophages 

excited at 488 nm with 100% laser power were recorded over time. Every 11 ms a frame was recorded 

for up to 45 min. A) Representative images of a STORM data set of unstained lung macrophages at 0 min, 

15 min, 30 min and 40 min. Scale bar 5 µm. B) Normalised mean fluorescence intensity of unstained lung 

macrophages plotted against time. Each line represents one cell which are colour coded according to the 

donor. n = 14 cells from 3 individual donors and experiments.  

 

Overall, autofluorescence of lung macrophages is a problem for STORM resulting 

in big white spots in unfiltered and empty areas in filtered images. In addition, 

autofluorescence varies from cell to cell and cannot be bleached. To investigate the 

nanometer-scale organisation of cell surface receptors on lung macrophages this 

problem must be overcome. 
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3.4 Discussion 

3.4.1 Summary of Results 

The aim of this chapter was to establish an imaging system to study the nano-

scale organisation of human monocyte- and lung-derived macrophages at the 

phagocytic synapse. Therefore, four different macrophage types were investigated:  

M0-like, M1-like and M2-like macrophages which were generated from monocytes and 

lung macrophages. The latter were used fresh, directly after isolation from the lung 

tissue. Cells were activated on IgG-coated surfaces, presenting a 2D-model of the 

phagocytic synapse. Finally, the intrinsic autofluorescence of human lung macrophages 

was examined in the context of STORM. The main findings of this investigation can be 

summarised as follows:  

 M0-, M1- and M2-like macrophages display distinct morphologies and 

surface marker expression  

 Human lung macrophages can be purified via adhesion from lung immune 

cell suspensions isolated from human lung resections 

 All four cell types can be activated through their FcγRI with IgG-coated 

glass slides or IgG-containing lipid bilayers which induced the secretion of 

TNFα in a dose-dependent manner and cell spreading  

 Natural autofluorescence of human lung macrophages peaks in the green 

and yellow channel and is weakest in the far red spectrum 

 High laser powers used in STORM severely enhance autofluorescence 

which cannot be photobleached 

 

3.4.2 Morphology and Phenotype of Macrophages 

Macrophages from different tissues and origins display great phenotypical and 

functional diversity1. To fully understand their biology, it is important to study 

macrophages with different phenotypic features. Therefore, four different macrophage 

types were investigated and compared in this project: M0-like, M1-like, M2-like and 

lung macrophages (Figure 3-1). M0-like, M1-like and M2-like macrophages were 

generated by culturing monocytes. After 8 days they displayed distinct morphologies 
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with M0-like macrophages spreading wide, M1-like macrophages being roundish and 

M2-like macrophages elongated (Figure 3-2). Indeed, macrophages are known to 

display different morphologies and several studies conclude that there is a link between 

morphology and phenotype260–262. In fact, McWhorter and co-workers showed that the 

elongation itself induced the expression of M2 markers including arginas-1 and CD206 

but not the M1 marker iNOS260. They used micropatterned substrates to control the cell 

geometry of bone marrow-derived mouse macrophages. They further showed that cell 

elongation enhanced the effects of the M2-cytokines IL-4/IL-13 while it hampered the 

effect of M1-inducing IFNγ/LPS. Rostam et al. developed an imaging assay that was able 

to identify human M1, M2 as well as naïve macrophages and monocytes with an 

accuracy of approximately 90% solely by analysing their morphology263. In addition, 

Rey-Giraud et al. showed that the morphology of monocyte-derived macrophages 

depended on the cytokine stimulation used270. Similar to results reported in this project, 

for cell differentiated in RPMI/10% FBS, they found a roundish cell shape when 

stimulated with GM-CSF and an elongated shape when stimulated with M-CSF. 

However, when they changed the media to X Vivo 10, this was reversed. This means, 

that in X Vivo 10 media, M1 macrophages displayed an elongated and M2 macrophages 

a roundish cell shape. Nevertheless, in RPMI/10% the M2 phenotype was connected to 

an elongated shape while M1 macrophages were more roundish. Thus, the 

morphologies observed for monocyte-derived macrophages are in accordance with the 

literature and indicate accurate differentiation of the macrophages.  

 

Macrophage phenotypes also display distinct expression of surface molecules. 

However, due to the great diversity of macrophages, identifying clear phenotype 

markers is challenging. Oversimplified, the M1 phenotype is classically linked to 

expression of CD86, MHC class II and CD16 while M2 macrophages express high levels 

of CD163 and CD20659,61,261,266. However, dependent on the differentiation and 

activation protocol, results vary. For example, Rey-Giraud et al. found similar levels of 

CD86 for expression between M1 (RPMI/10%FBS/GM-CSF) and M2 (RPMI/10%FBS/M-

CSF) macrophages 270. In the current project M1 marker CD86 was highly expressed in 

all three macrophage types though there was a different distribution for M0-like and 
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M1-like macrophages compared to M2-like macrophages. M0-like and M1-like 

macrophages displayed a broader range and slightly higher expression of CD86 than 

M2-like macrophages (Figure 3-4B, CD86-PE).  

 

Further, M1 macrophages are known to express high levels of MHC class II266. This 

was true for data presented here, however, M0-like and M2-like macrophages 

expressed MHC class II in similar levels. In addition, Jaguin et al. found no difference of 

CD206 expression between M1 (RPMI/M-CSF/IFNγ/LPS) and M2 (RPMI/M-CSF/IL-4) 

macrophages77. In the current project, M1-like as well as M2-like macrophages 

expressed high levels of CD206 while M0-like macrophages displayed only low levels 

(Figure 3-4B, CD206-FITC). In fact, M1-like macrophages expressed even more CD206 

than M2-like macrophages. Similar results were found by Rey-Giraud and co-workers 

where M1 macrophages (RPMI/10%FBS/GM-CSF) expressed higher levels of CD206 

than M2 macrophages (RPMI/10%FBS/M-CSF)270. They found that the absence of M2 

marker CD163 in M1 macrophages was more reliable to identify M1/M2 subsets. This 

is in agreement with findings of the current project. Here, the scavenger receptor 

CD163 was found to be high in M2-like macrophages while M0- and M1-like 

macrophages were negative (Figure 3-4B, CD163-APC-Cy7). In addition they found that 

M2 macrophages express higher levels of CD16 which was also observed in the current 

project. These similarities are not surprising as macrophages were differentiated in the 

same way (and not activated).  

 

This highlights how sensitive macrophages are to the differentiation protocol and 

that it is difficult to define a clear M1/M2 phenotype independent of the differentiation 

protocol used. Crucially it shows that macrophages studied in this project were 

successfully differentiated with all three macrophage types showing distinct expression 

of surface markers which are in accordance with the literature when differentiated in 

the same way.   
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Lung macrophages were not cultured but used fresh directly after isolation. 

Therefore, immune cells were isolated from the airways of lung tissue resections via 

perfusion. Due to macrophages being the most abundant cell type in the healthy lung, 

immune cell suspension is expected to mainly contain macrophages90,271. In fact, 

macrophages consist of over 95% of all cells collected by bronchoalveolar lavage (BAL) 

in healthy individuals264. Yet, plating immune cell suspensions from lung resections onto 

tissue culture plates or PLL-coated glass slides revealed a contamination of 

macrophages, identified by their big size, with other, smaller cells (Figure 3-3, Before 

Wash). However, because lung macrophages are adherent cells it is common to purify 

them by adhesion265. Indeed, after 15 min of incubation and a single wash with PBS all 

small cells were removed and a clean macrophage population was left behind (Figure 

3-3, After Wash). Notably, this was also true for PLL-coated glass slides despite the 

adherence promoting properties of PLL.  

 

Taken together, four macrophage types were investigated in this project. Lung 

macrophages were used fresh, after isolation from lung tissue resection and could be 

purified via adhesion. M0-like, M1-like and M2-like macrophages were successfully 

differentiated from blood monocytes. M0-like macrophages did spread wide and 

expressed high levels of CD86 and MHC class II and low levels of CD163 and CD206. M1-

like macrophages displayed a round morphology and expressed high levels of CD86, 

MHC class II while being negative for CD163. Surprisingly, they also expressed highest 

levels of CD206. M2-like macrophages had an elongated cell shape and expressed high 

levels of CD163 and CD206 as well as CD86 and MHC class II. They were the only cell 

type expressing CD163.  
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3.4.3 Model of the Phagocytic Synapse 

When a macrophage encounters an opsonized target, it binds IgG with its FcγRI, 

which leads to cell activation and phagocytosis. This can be modelled by presenting IgG-

coated surfaces to macrophages170,173,272. Here, the application of TIRF microscopy 

allows the investigation of the contact between the surface (representing the opsonized 

target) and the macrophage. By applying STORM, the nano-scale organisation of this 

interphase can be studied5. Therefore, to establish an imaging system to study the 

phagocytic synapse of human macrophages interacting with opsonised targets, 

macrophages were incubated on IgG-coated glass slides or IgG-containing lipid bilayers, 

leading to the activation of the macrophages and cell spreading.  

 

The chosen 2D-model of the phagocytic synapse is an excellent tool to study the 

nanoscale organisation within the membrane. However, it has to be kept in mind, that 

the process of phagocytosis is normally a 3D-process and therefore the chosen 2D-

model has its limitations. In the 2D-model, the macrophage tries to phagocytose the 

coated glass slide. It is therefore likely that the macrophage spreads much wider than 

when phagocytosing a much smaller pathogen. This could influence the nanoscale 

organisation of molecules within the membrane. In addition, in the 2D-model the 

process of phagocytosis is ‘never ending’. The macrophages keep trying to phagocytose 

the glass slide while in real phagocytosis the process ‘ends’ by internalising and 

degrading the pathogen. This again could influence the nanoscale organisation within 

the membrane. For example, it is likely that the nanoscale organisation within the 

membrane changes in a time dependent manner, e.g. once the particle is fully 

internalised. These time-sensitive changes, especially at later timepoints, may be lost in 

the chosen 2D-model. Nevertheless, the 2D-model is a great tool to study the initial 

contact of macrophages with opsonized targets and accompanying changes within the 

phagocytic synapse. Further, the model successfully activated the macrophages which 

led to the secretion of cytokines and cell spreading.  
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TNFα is a major pro-inflammatory cytokines produced by activated 

macrophages269. IL-10 on the other hand is a major anti-inflammatory cytokine, 

produced by macrophages and many other cell types273,274. Upon activation, M1 

macrophages are thought to secrete higher levels of TNFα while M2 macrophages 

secrete IL-10. Thus, to test the ability of IgG-coated surfaces to activate the 

macrophages and further characterise the different macrophage types, levels of TNFα 

and IL-10 were determined in supernatants of macrophages incubated overnight on 

IgG-containing surfaces. In the case of glass slides, the PLL-coating failed to induce the 

secretion of TNFα while all four macrophage types did secrete the cytokine in a dose 

dependent manner when coated with IgG (Figure 3-6A-B). The higher the IgG 

concentration was, the higher the amount of detected TNFα. Surprisingly, M2-like 

macrophages secreted the highest levels of TNFα. Lacey et al. investigated the cytokine 

secretion of human monocyte-derived M1 (RPMI/10%FBS/GM-CSF) and M2 

(RPMI/10%FBS/M-CSF) macrophages with and without stimulation with LPS79. When 

stimulated with LPS, both macrophages secreted TNFα with M1 macrophages secreting 

approximately three times more TNFα than M2 macrophages. Compared to the TNFα 

secretion detected in the current study, amounts were 10 – 30 times higher. In 

unstimulated conditions no TNFα was detected. These discrepancies likely are caused 

by the different stimulations of the macrophages (LPS vs. IgG-coating). Further, they 

detected high levels of IL-10 for M2 macrophages activated with LPS and lower levels 

for M1 macrophages. Interestingly, they also detected IL-10 secretion for M2 but not 

M1 macrophages in unstimulated conditions. M2-like macrophages in the current study 

also secreted high levels of IL-10 while all other cell types didn’t secrete the cytokine 

(Figure 3-6C-D). Similar to glass slides, macrophages incubated on IgG-containing lipid 

bilayers secreted TNFα in a dose-dependent manner (Figure 3-9). However, TNFα levels 

were very low for M0-like macrophages and M1- and M2-like macrophages secreted 

relatively high levels in activated conditions. The latter could indicate the activation of 

the macrophages in non-activating conditions. Nevertheless, the amount of TNFα 

detected increased with the addition of IgG.  
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Overall, macrophages were successfully activated by IgG-coated surfaces. This led 

to the secretion of TNFα, and in the case of M2-like macrophages also IL-10, in a dose-

dependent manner. Even though 1 µg/mL IgG was sufficient to activate macrophages 

on glass slides, 10 µg/mL was used for further experiments as it induced a more 

significant cytokine secretion. In addition, all four cell types significantly increased their 

cell size upon incubation on glass slides coated with 10 µg/mL IgG (Figure 3-7). As cell 

spreading is a sign for activation, this confirms the successful activation of human 

macrophages on surfaces coated with 10 µg/mL IgG. 

 

3.4.4 The Natural Autofluorescence of Human Lung Macrophages 

Imaging human lung macrophages is thought to be challenging, due to their high 

levels of intrinsic fluorescence. Indeed, the natural autofluorescence of human lung 

macrophages was observed and found to be brightest in the green channel (Figure 

3-10). Therefore, unstained lung macrophages were excited at 470 nm and the emission 

spectrum was detected in seven 35 nm-wide windows starting at 480 nm and a 10 nm 

gap between detection windows (Figure 3-10A). The autofluorescent signal was highest 

in the detection windows 525 – 560 nm and 570 – 605 nm. This is in accordance with 

the literature. J.D. Edelson et al. identified already in 1985 the emission maximum of 

unstained alveolar macrophages at 541 nm with a shoulder at 580 nm109. This was 

confirmed by Pauly and co-workers who imaged unstained touch imprints of lung tissue 

with emission maxima lying between 500 and 600 nm, when exited at 405 nm129. They 

further showed that the intensity of autofluorescence depends highly on the donor’s 

smoking history, with current smokers emitting approximately 4 times higher intensities 

than ex- or never smokers. Tobacco tar has long been discussed as source of 

autofluorescence in human lung macrophages. In fact, Pauly et al. showed that lung 

macrophages incubated with human serum treated with cigarette smoke displayed 

similar emissions to those by lung macrophages derived from a current smoker129. In 

addition, the fluorescence spectra of autofluorescent lung macrophages has been 

shown to match that of tobacco tar elements129,132,133. In addition, sections of unstained 

lung macrophages showed that autofluorescence originates from cytoplasmic inclusion 
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bodies with levels of autofluorescence being retained in long-term culture129,132. This 

paints a picture of macrophages patrolling the airways taking up autofluorescent 

particles and storing them long-term within the cell which is exaggerated in smoking 

individuals, leading to high autofluorescence, originating from cytoplasmic inclusion 

bodies.  

 

Acquired 3D-stacks of unstained lung macrophages support this theory (Figure 

3-10B). Particles taken up by the macrophage may be stored in vacuoles inside the cell 

for a long time, if the material cannot be degraded easily. In 1994, Streck and co-

workers cultured lung macrophages after isolation for over 6 weeks and reported 

retained levels of autofluorescence throughout, further showing the longevity of 

autofluorescence132. They also present laser-generated optical sections of living lung 

macrophages, displaying vesicular structures inside the cell with similar appearance 

than acquired 3D-stackes. This has been confirmed by Pauly and co-workers in 2005129. 

They as well optically sectioned live lung macrophages and imaged isolated sections, 

displaying circular structures throughout the cell. These cytoplasmic inclusion bodies 

were retained in long-term culture (>10 days). With autofluorescence seemingly 

originating from vacuoles within the cell, this could give hope of little interference of 

autofluorescence with TIRF microscopy and therefore STORM (which is operated in TIRF 

mode). In TIRF, the sample is only illuminated within 150 – 200 nm from the glass slide. 

Therefore, most of the cell is not excited. It was thus surprising that STORM of lung 

macrophages was severely impaired by autofluorescence (Figure 3-12).   

 

Nevertheless, other sources for autofluorescence were reported. Different 

cellular components and metabolites including flavins, nicotinamide-adenine 

dinucleotide (NAD), aromatic amino acids and collagen are known to emit intrinsic 

natural fluorescence114,115,275. Flavins and NAD are most intensively studied as they are 

thought to be responsible for most of the cytoplasmic autofluorescence. However, 

autofluorescence from these compounds normally shows a low quantum yield which 

does not correspond to observations made with lung macrophages117. In fact, when 
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imaging stained lung macrophages using STORM, autofluorescence greatly distorted 

the signal (Figure 3-12). More precisely, data sets of lung macrophages displayed 

regions or spots of high autofluorescence which saturated the signal of the exogenous 

marker. The fact that autofluorescence is displayed in spots rather than across the 

whole membrane may also correspond to autofluorescence originating from inclusion 

bodies. They could still be excited if they are at close proximity to the imaged cell 

membrane. This leads to the saturation of the signal, making the detection of the 

fluorescence emitted by the exogenous marker impossible, leaving blank areas in the 

reconstructed, filtered STORM image (Figure 3-12B). This highlights the need to 

accurately correct for unwanted autofluorescence signal.  

 

Different possible solutions for the problem of autofluorescence have been 

proposed in the past. The simplest of all solutions discussed in the literature is to avoid 

the spectral region where autofluorescence occurs109. However, this does not take into 

account that autofluorescence of lung macrophages covers nearly the whole visible 

range (Figure 3-10B-C)129. In addition, many techniques rely on commercially available 

fluorophores which binds the researcher to work in a specific spectral range. STORM 

for example depends highly on the fluorophore used and its blinking characteristics. 

More precisely, AF647 yielded best results for single colour STORM and was thus chosen 

for all STORM imaging in this project. In addition, autofluorescence proved to be lowest 

in the red spectrum (Figure 3-10B-C). Nevertheless, the autofluorescence of lung 

macrophages severely interfered with the spectra of AF647, demanding a different 

correction method.  

 

Another potential solution discussed in the literature is to photobleach samples 

prior to fluorescent staining. Kumar and co-workers irradiated formalin fixed paraffin 

embedded human lung tissue for 15 min with a mercury arc lamp at 20 cm distance in 

combination with fluotar objective 40X (NA 0.70) and observed a reduction of tissues 

autofluorescence of almost 80%144. Similar results were achieved when photobleaching 

autofluorescent slide-mounted human brain tissue sections with white light emitting 
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diode (LED) array for up to 48h145. However, bleaching single cells was less 

successful129,133.  Indeed, the attempt to photobleach lung macrophages at 488 nm with 

100 % laser power for approximately 45 min failed (Figure 3-14). Autofluorescence 

dropped in the first 5 min, quickly reaching a plateau with some cells’ autofluorescence 

increasing again with time. This highlights that lung macrophages obtained in this 

project are not photobleachable.  

 

Chemical quenching has been reported to significantly reduce autofluorescence 

of lung macrophages enabling flow cytometry analysis146–149. Here, fixed and 

permeabilized cells were treated with dyes like crystal violet or trypan blue prior to 

staining to quench intracellular autofluorescence. However, this has been mainly 

described for flow cytometry rather than microscopy. In addition, it has to be kept in 

mind that flow cytometry operates with lower laser powers than STORM, making it 

more difficult to achieve similar quenching effects.  

 

As STORM is a computational heavy technique, background may be corrected 

digitally after acquisition. Most simply, the autofluorescent signal could be recorded at 

a different wavelength than the extrinsic marker used to stain the sample and 

subtracted151. However, the autofluorescence of one cell was found to vary at different 

wavelength, potentially leading to the subtraction of either ‘too much’ or ‘not enough’ 

background (Figure 3-10). More precisely, STORM samples were stained with AF647, 

leaving the green and yellow channel to record the autofluorescent signal, as the 

microscope used for this project had 3 lasers available (488 nm, 532 nm and 647 nm). 

However, autofluorescence was found to be highest in these channels (Figure 3-10B-C). 

Therefore, this may led to over correction and subtraction of ‘real’ signal. Nevertheless, 

the autofluorescent signal in STORM is distinct from that of extrinsic fluorophores in 

that it constantly emits light while extrinsic fluorophores blink on and off  (Figure 

3-12A). This was exploited for developing a novel background correction technique.  
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In summary, autofluorescence of lung macrophages was brightest in the green 

and yellow spectral range. It seemed to originate from inclusion bodies inside the cell 

which servery interfered with STORM. The signal saturated that of extrinsic markers, 

leaving big blank areas in the reconstructed STORM image. Autofluorescence could not 

be photobleached, nor the spectral range avoided. As most lung tissues used in this 

chapter are derived from smoking donors (14 out of 18 were current smokers (Table 

3-1)), where autofluorescence is exacerbated, the need for a reliable correction 

technique arises.  

 

3.4.5 Conclusions  

In summary, the results indicate that M0-like, M1-like and M2-like macrophages 

were successfully generated by culturing blood monocytes. In agreement with the 

literature, they displayed distinct morphologies with M0-like macrophages spreading 

wide, M1-like macrophages being round and M2-like macrophages being elongated. All 

three cell types expressed high levels of MHC class II and CD86 while only M2-like 

macrophages expressed CD163 and only M0-like macrophages expressed low levels of 

CD206. Lung macrophages were used fresh upon isolation from the lung tissue and 

purified by adhesion. The activation of macrophages on IgG-coated surfaces led to 

increased cell spreading and the secretion of TNFα in a dose dependent manner. Only 

M2-like macrophages also secreted IL-10. Imaging human lung macrophages showed 

that their intrinsic autofluorescence originated from cytoplasmic inclusion bodies and 

covered a broad range of the visible spectrum, peaking in the green and yellow channel. 

It severely interfered with STORM, making the investigation of lung macrophages 

impossible. Therefore, the next chapter will focus on a novel background correction 

technique that enables the application of STORM for autofluorescent samples like 

human lung macrophages.  
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Chapter 4 – Establishment of a novel background correction 

technique to study the nanoscale organisation of the membrane 

of human lung macrophages  

 

4.1 Introduction  

Our understanding of biological processes that occur in cells is widely built up on 

direct visualization of these processes using different microscopy techniques. In recent 

years, several new techniques that can overcome Abbe’s diffraction limit were 

developed and provide tools with which to gain new insights on nanoscale processes 

that happen in cells276. They helped to establish that many receptor molecules organise 

in distinct nanoclusters on the surface of immune cells and that their organisation 

impacts signal integration as well as cellular activation139,277–280. For example, Lopes et 

al. studied the nanometer-dynamics of inhibitory receptor SIRPα and activating 

receptor FcγRI on the surface of macrophages, showing their segregation upon 

activation5. These results underline the importance of studying the nanoscale 

organisation of the immune cell membrane – helping us to better understand how 

immune cells communicate.   

 

Macrophages display a large repertoire of membrane receptors, playing a key role 

in initiating and coordinating immune responses. Thus, it is especially important to 

understand the nanoscale dynamics of macrophage cell surface receptors. In addition, 

macrophages are highly plastic, with their phenotype strongly depending on their 

surroundings, highlighting the need to study macrophages derived from different 

tissues2,47,90. Lung macrophages constitute for example the most abundant immune cell 

type in the healthy lung. Here, they are key players in regulating homeostasis as well as 

inflammation and are the primary cell type to encounter pathogens281,282. They play a 

vital role in presenting antigens to T cells, thereby activating the adaptive immune 

system283,284. In this process, the antigen is taken up by the macrophage, broken down 

into small peptides and presented to T cells on MHC molecules285–289. T cell and 
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macrophage form a tight synapse, where adhesion and receptor molecules rapidly re-

arrange, which directly links to function290. This highlights the importance of 

understanding the nanometer-scale organisation of membrane molecules, including 

MHC molecules.  

 

Another way of communication, rather than engaging receptors through cell-cell 

contact or soluble factors, is the transfer of information through extracellular vesicles 

(EVs)179. They are released by all cells and vary in size (30 – 2000 nm in diameter), 

composition and function183,291. Interestingly, EVs derived from pulmonary structural 

and immune cells were found to play a role in lung diseases292–295. For example, EVs 

derived from lung epithelial cells were shown to activate macrophages in vitro and 

promote inflammation in vivo, with increased amount immunomodulatory cells 

detected in the bronchoalveolar lavage fluid (BALF)296. Usually, vesicles are studied in 

bulk, after isolation. However, the isolation process is harsh and comes with many 

caveats187,297,298. Isolation of vesicles using ultracentrifugation for example goes in hand 

with co-purification of non EV-associated proteins, including protein aggregates and 

lipoproteins186,187. Nevertheless, ultracentrifugation is the most applied isolation 

process, according to a research market analysis by GenReports. Here, over 56% of 

users in the field described ultracentrifugation as the gold standard for EV isolation185. 

It is thus vital, to find a better way of studying EVs, especially without the isolation 

process. Here, STORM offers the opportunity to study vesicles directly upon secretion, 

allowing analysis on a cell-by-cell basis and in a near native state.  

 

Despite their importance, very little studies imaged tissue-derived human 

macrophages, which are highly autofluorescent. High laser powers used in STORM 

proved to be especially potent to bring forth autofluorescence, making an investigation 

by STORM challenging. Yet, the nanoscale investigation of receptor molecules on tissue-

derived cells like human lung macrophages is greatly needed. It is thus vital, to improve 

super-resolution imaging techniques for autofluorescent samples, like human lung 

macrophages.  
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Here, we hypothesised that the high autofluorescence of lung macrophages could 

be corrected post acquisition by estimating and subtracting the background. Therefore, 

this chapter aimed to develop a background correction technique that enables STORM 

of human lung macrophages followed by rigours testing and application. Finally, this 

allowed the investigation of MHC class I as well as the vesicle marker CD81 on a 

nanometre-scale at the membrane of human lung macrophages.  

 

4.2 Summary of Chapter Aims 

a) Development of a background correction technique to correct for 

autofluorescence of human lung macrophages in STORM 

b) Detailed validation of background correction technique with simulated 

and acquired data 

c) Investigation of MHC I and CD81 in the membrane of lung macrophages 

made possible by application of the background correction technique  
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4.3 Results 

4.3.1 Background Correction Technique  

Imaging human lung macrophages in STORM proved to be challenging. The high 

laser powers applied in STORM especially brought forth the autofluorescent signal that 

was not photo-bleachable. Therefore, a background correction technique was 

developed that utilises post-acquisition analysis to address the problem of 

autofluorescence. The correction technique takes advantage of the fact that the signal 

intensity of autofluorescence is high and constant while fluorophores blink. The 

principle of this technique is illustrated in Figure 4-1. A STORM image is built up from 

blinking events occurring at different time points (or in different frames). The 

autofluorescence signal on the other hand is constant over many frames. Thus, in 

regions of autofluorescence, where high intensities of light are continuously emitted, 

the median intensity will be similar to the autofluorescence itself. In contrast, a blink is 

detected only for a short amount of time (or only in few frames) and the fluorescence 

of this will increase the pixel intensity beyond the autofluorescence signal. Therefore, 

determining the median intensity of each pixel in the stack (that consists of several 

thousand frames which in total give rise to the final STORM image) and subtracting this 

value afterwards yields a ‘cleaned’ stack which can be analysed as usual.  

 

With 1 frame being recorded every 11 ms, it takes approximately 2 min to acquire 

10000 frames. Within this time, the intensity of autofluorescence drops and reaches a 

constant level afterwards (Figure 3-14). To account for this, the median intensity is 

determined for every n frames of the original stack rather than the whole stack. In the 

example of 10000 original frames and a group size of n = 200 frames this yields 50 

median intensity frames with decreasing intensity. Then, in order to be able to subtract 

these median intensity frames from the original stack they have to be expanded to the 

same number of frames as the original stack. Thus, each median intensity frame is 

multiplied by n (here 200). A bicubic interpolation is applied for the expansion which 

means the new frames smoothly transition between each other. This means, the 

intensity of the median intensity frames is dropping continuously rather than stepwise.    



121 

 

 

Figure 4-1: Principle of background correction technique. The median fluorescence intensity of every n 

frames of the originally recorded stack is determined and expanded to the same number of frames as the 

original stack applying a bicubic interpolation. Subtraction from the original yields a corrected set of 

stacks that can be processed as usual using the ThunderSTORM software. 

 

4.3.2  Validation of Background Correction Technique 

4.3.2.1  Simulated Data 

In order to validate the performance of the designed background correction 

technique, simulated data was used. In total, 3 different ground truths and 4 different 

backgrounds were simulated. Ground truths were simulated using TestSTORM, an 

open-source plugin for MatLab252. These STORM data sets contained uniform blinks 

with known localisations in the resulting picture. Simulated backgrounds were 

generated using FIJI with different shapes presenting different challenges to the 

correction technique (Figure 4-2, i-iv). Both, background and STORM data sets were 18 

x 18 µm in size and consisted of 10000 frames. 
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Figure 4-2: Overview of simulated data used to validate the background correction technique. 3 

different ground truths were simulated using TestSTORM252 yielding STORM data sets with uniform blinks 

and known localisations in the resulting STORM image. Shown are the reconstructed STORM images (top) 

with according parameters. Scale bar 5 µm. Simulated backgrounds were generated using FIJI. Shown is 

the first frame of a 10000-frame strong data set of identical images of each background data set (bottom). 

 

To ensure that the simulated ground truths are comparable to normal, acquired 

STORM data sets, blink characteristics were analysed and compared (Figure 4-3). 

Therefore, a single frame of each data set was chosen randomly and the intensity profile 

of individual localisations was determined. This was compared to an acquired data set 

where blood-derived macrophages were plated onto PLL-coated slides for 15 min at 

37°C, fixed and stained with anti-human MHC class I mAb conjugated with AF647. As 

can be seen in Figure 4-3A, the size of the simulated blinks matched those of recorded 

localisations very well. All line profiles of 1 µm length show the intensity profile of the 
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blinks which peak at about 0.5 µm. As expected, actual data was noisier than simulated 

one, resulting in a higher base level of fluorescence intensity. Thus, line profiles of 

simulated data started at about 200 AU while acquired data started at about 700 AU. 

To better compare the intensity profiles regardless of the background noise, the peak 

heights were calculated (Figure 4-3B). Here, example blinks in the ground truths Array 

and Lines showed similar peak heights than dim blinks of the acquired data while Star 

intensities matched with bright blinks. However, these were only example localisations, 

randomly chosen. To compare the whole data sets, intensities of all pixels from all 

frames were measured and the histograms are shown in Figure 4-3C. Confirming 

observations from single frames, Array and Lines pixels had their base level at 

approximately 200 AU and high signals at approximately 700 – 800 AU while pixel 

intensities of Star ranged from 0 to over 3800 AU. The recorded data set of monocyte-

derived macrophages had their base level at approximately 350 AU and high values 

ranged from 700 to over 1540 AU. This demonstrated that the three simulated ground 

truths reflect the natural variety of signals observed in actual data sets. They are thus 

suitable comparison data sets.  
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Figure 4-3: Intensity profiles of simulated ground truth and acquired data. A) Single frame, zoom and 

line profile of simulated ground truth (Array, Lines, Star) or an acquired data set (monocyte-derived 

macrophages; MDM). For the latter, human monocyte-derived macrophages were plated onto PLL 

coated microscopy slides for 15 min at 37°C, fixed and stained with anti-human MHC class I mAb 

conjugated with AF647. Scale bars 5 µm and 0.5 µm (Zoom). B) Schematic of the peak height (top). 

Calculated peak heights of line profiles shown in A (bottom). C) Histograms of intensities of all pixels from 

each data set (10,000 frames). 
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Figure 4-4: Intensity profiles of simulated backgrounds. Images (single frame; left), line profiles (middle) 

and intensity histograms of the whole stack (10000 identical frames; right) of the 4 different simulated 

backgrounds. Scale bars 5 µm. 

 

Further, the characteristics of the simulated backgrounds were assessed. Figure 

4-4 shows their intensity profiles. As can be seen in the line profiles, the intensities 

varied greatly in relation to their absolute values but also their trajectory. While 

Uniform had the highest intensity value (52428 AU), the intensity in all other 

backgrounds varied regarding to position. The Dim Gradient had much lower intensities 

(highest point 1304 AU) compared to the other backgrounds. Histograms of intensities 

of all pixels and all frames confirmed these observations with the Uniform background 
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displaying only one very intense signal while other backgrounds had an array of 

intensities with the Dim Gradient covering much smaller numbers.  

 

Next, signal intensities of ground truths and backgrounds were directly compared. 

For backgrounds, the mean intensity of the whole image was measured, whereas for 

ground truths, the mean intensity of 100 – 150 blinks was determined. All backgrounds 

apart from Dim Gradient were much brighter than localisations in simulated data 

(Figure 4-5). This is also reflected in the histograms in Figure 4-3 and Figure 4-4. Here, 

all backgrounds apart from Dim Gradient displayed intensities over 30000 AU (Figure 

4-4 Histogram) while high ground truth values reach approximately 1000 - 3000 AU 

(Figure 4-3C). The high background values represent a desired challenge as they will 

show if the designed background correction technique is capable of correcting severe 

backgrounds.  

 

 

Figure 4-5: Comparing intensities of simulated ground truths and backgrounds. Black columns show the 

mean intensity of 100 - 150 localisations from ground truth data sets. Error bars; ±SD. Grey columns show 

mean intensity of the whole background image. 
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4.3.2.2 Correcting Simulated Data 

To test the performance of the correction technique, the 4 simulated 

backgrounds and the 3 simulated ground truths were combined (every possible 

combination; n = 12) to form ‘dirty’ data sets; in the following labelled ‘No Correction’. 

Combined data sets were corrected using the described background correction method 

and a group size of n = 200; in the following referred to as ‘Corrected’. The corrected 

stack (consistent of 10000 corrected frames) was then analysed in ThunderSTORM, 

yielding a reconstructed STORM image and compared to the ground truth image.  

 

 

Figure 4-6: Principle of the validation of the correction technique. A perfectly ‘clean’ simulated STORM 

data set was combined with simulated background to form a ‘dirty’ STORM data set. The combined stack 

was either directly reconstructed or corrected using the described background correction method and 

then reconstructed in ThunderSTORM yielding the final STORM images “No Correction” and “Corrected” 

respectively. Comparison of corrected and not corrected STORM image to the ground truth was used to 

validate the performance of the correction technique.   

 

Several parameters were measured before and after correction in order to 

evaluate the performance of the correction method; all in relation to the ground truth: 

the percentage of events detected, coordinate based co-localisation (CBC), nearest 

neighbour distance (NND), Manders overlap and Pearsons correlation coefficient. CBC 

and Pearsons correlation coefficint have a value of 1 for perfect co-localisation and -1 

for complete seperation. Manders overlapp coefficient ranges from 1 for perfect 

overlap to 0 for no overlap. 
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As can been seen in Table 4-1, the different simulated backgrounds have different 

effects on the ground truths (No Correction). Surprisingly, even so the Uniform 

background (i) had the highest intensitiy values; much higher than simulated 

localisations (Figure 4-5), it had very little effect on the simulated ground truth image. 

The Dim Gradient (ii) on the other hand had much lower intensities but caused more 

severe problems. This suggests that image filtering included in ThunderSTORM can 

identify and subtract uniform backgrounds while it struggles to remove structured 

backgrounds.  

 

However, the intensity of the background still played a role. This is demonstrated 

with the Bright Gradient (iii) that differed from the Dim Gradient only in intensity. While 

99.7% of events were detected for the Dim Gradient, not even one third of events were 

detected for the Bright Gradient. In addition, CBC dropped from 0.96 ± 0.03 to 0.44 ± 

0.43 and NND increased from 0.48 ± 0.30 nm to 11.09 ± 9.16 nm. Manders and Pearsons 

coefficients also decreased from 0.95 ± 0.04 and 0.80 ± 0.09 to 0.73 ± 0.22 and 0.61 ± 

0.53 respectively.  

 

The highest impact however had the Multiple Puncta (iv). Here, basically no 

events were detected (0.5 ± 0.8%), CBC is lowered to 0.40 ± 0.55 while NND increased 

to 22.40 ± 35.80 nm and Manders and Pearsons co-efficient were 0.65 ± 0.56 

and -0.10 ± 0.16 respectively. This highlighted the fact that standard processing with 

ThunderSTORM is sufficient to remove uniform but not complex backgrounds. In 

summary, the intensity values as well as the structure of the background influenced the 

quality of the reconstructed STORM image and were not sufficiently accounted for by 

ThunderSTORM.  

 

When correcting the combined data sets, the reconstruction of STORM images 

was much improved, resulting in increased event detection (100.6 ± 0.9%), higher CBC  

(0.99 ± 0.01), Manders (1.00 ± 0.001) and Pearsons coefficients (0.99 ± 0.01) as well as 

reduced NND (0.20 ± 0.06 nm), in the case of Multiple Puncta (Table 4-1, Corrected, iv). 
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It is surprising that corrected parameter have the same mean values for all 4 

backgrounds, though  their errors differ marginally (not shown). However, differences 

between data sets even out as each value represents the mean value of all 3 ground 

truths. In addition, backgrounds are constant over time meaning the stack of one 

background consits of 10000 identical images. Thus, it is likely that the correction 

method has the same ability to detect the background in all cases, resulting in very 

similar mean values.  

 

Table 4-1: Removing simulated backgrounds from simulated SMLM data. Simulated backgrounds 

(Figure 4-2, i – iv; and Figure 4-4) were combined with the 3 simulated ground truths (Figure 4-2, top) 

and corrected or not (No Correction) before processing in ThunderSTORM, yielding the final STORM 

images. The latter were assessed relative to the ground truth for percentage of detected events, 

coordinate based co-localisation (CBC), nearest neighbour distance (NND), Manders overlap and 

Pearsons correlation coefficient. Each value is the mean value of the 3 ground truths combined with 

indicated background.  
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4.3.2.3 Correcting Ground Truth Images with no Background 

Within a series of experiments, all images should be processed in the same way, 

in order to be comparable. However, backgrounds may vary greatly from image to 

image, as it is the case for autofluorescence (Figure 3-13). Therefore, a correction 

method needs to be able to identify unwanted background but not interfere with the 

actual signal in case of low background noise. To test this, we corrected ground truth 

images without adding any background. The reconstructed images were compared to 

the ground truth without correction (Figure 4-7A).  

 

There was no optical difference between ground truth and corrected image and 

line profiles match perfectly (Figure 4-7B). When assessing images quantitatively, only 

very subtle differences were found. The percentage of events and mean NND were 

increased to 100.6 ± 0.9% and 2.02 ± 0.57 nm while the mean CBC, Manders and 

Pearsons co-efficient decreased slightly to 0.99 ± 0.01, 1.00 ± 0.01 and 0.99 ± 0.001 

respectively. This shows that the background correction is not detrimental to data sets 

without background and is thus suitable for application to all images.  
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Figure 4-7: Correction method does not aggravate data sets without background. A) Ground truth data 

sets were corrected or not and processed using ThunderSTORM. Reconstructed images were compared. 

B) STORM images of ground truths (without correction) and corrected data sets, overlay, zoom (3 x 3 µm) 

and corresponding line profiles. Scale bars: 5 μm and 1 μm (zoom). C-G) Quantification of reconstructed 

images shown in B) relative to uncorrected ground truth images. C) Number of events detected. D) 

Coordinate based co-localisation (CBC). E) Nearest neighbour distance (NND). F) Manders overlap 

coefficient. G) Pearsons correlation coefficient. Error bars; ±SD. 
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4.3.2.4 Constant Background 

To test the ability of the background correction technique to remove constant 

simulated background, the Star ground truth was combined with the Bright Gradient 

background. Corrected and not corrected data sets where processed (in 

ThunderSTORM) and compared to the ground truth. The background data set Bright 

Gradient consisted of 10000 identical images representing a background with constant 

intensity (Figure 4-8A). The addition of the background to the ground truth data set had 

severe impact on the original data set as single frames demonstrate (Figure 4-8C, Single 

Frame). Dim events were entirely lost when the background was added (No Correction) 

while the corrected data set was optically identical to the ground truth data set. The 

effect of the background was also visible in the reconstructed STORM image which was 

especially distorted where the gradient was highest. Upon correction, the image was 

nearly perfectly restored. The percentage of events relative to the ground truth 

increased from 46.8% to 99.7% (Figure 4-8D). The mean CBC increased from 0.002 to 

0.97 (Figure 4-8E) and the NND decreased from 4.38 nm to 0.22 nm (Figure 4-8F). In 

addition, Manders overlap and Pearsons correlation coefficients increased from 0.82 to 

1.00 (Figure 4-8G) and 0.001 to 0.99 (Figure 4-8H). This showed that the moving median 

correction was able to correct for simulated, constant backgrounds where 

ThunderSTORM failed to do so.  
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Figure 4-8: Moving median correction prior to image processing successfully corrects simulated, 

constant backgrounds. A) Frame 1, 5000 and 10000 of simulated background Bright Gradient and 

intensity profile of all frames. B) The simulated ground truth data set Star was combined or not with the 

Bright Gradient background data set. The combined data set was either corrected or not and 

reconstructed STORM images were assessed relative to the ground truth. C) Single frame, STORM image, 

zoom (3 x 3 µm) and overlay (vs. ground truth) with line profiles shown from the ground truth, not 

corrected and corrected data. Scale bars: 5 μm and 1 μm (Zoom). D-H) Quantification of reconstructed 

images shown in B) relative to ground truth, shown in green. D) Number of events detected. E) 

Coordinate based co-localisation (CBC). F) Nearest neighbour distance (NND). G) Manders overlap 

coefficient. H) Pearsons correlation coefficient.  
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4.3.2.5 Linearly Decaying Background 

So far, the correction method was only challenged with constant backgrounds. 

This means that background stacks consisted of 10000 identical images which were 

added to the simulated ground truth data sets (Figure 4-8A). However, real backgrounds 

may decay over time. Therefore, the 4 simulated backgrounds (Figure 4-2, i - iv) were 

altered so that their intensity reduced in a linear manner. Representative images and 

line profile of the Dim Gradient are shown in Figure 4-9A. Backgrounds were then added 

to simulated ground truths, resulting in 12 new data sets, each with a linearly decaying 

background. Data sets were corrected or not and reconstructed STORM images were 

compared to the respective ground truth image (Figure 4-9B-C). As can be seen in Figure 

4-9C addition of the Dim Gradient to the ground truth Array changed the data set 

drastically. Without correction, the background disturbed individual frames, with dim 

events entirely lost. The effect can be seen in the reconstructed STORM image where 

localisations were misplaced resulting in the distortion of the array. However, 

correction of the data set prior to image processing was able to restore individual 

frames and the reconstructed STORM image which then perfectly matched the ground 

truth.  

 

Figure 4-9D-H displays the quantitative assessment of all 3 ground truth and all 4 

backgrounds (n = 12). Following correction, the percentage of events increased from 

63.9 ± 40.1% to 100.0 ± 0.7%. The mean CBC value improved from 0.57 to 0.98 while 

the NND decreased from 16.63 nm ± 31.30 nm to 0.33 nm ± 0.21 nm. Manders and 

Pearsons coefficients increased from 0.81 ± 0.33 to 1.00 ± 0.01 and 0.65 nm ± 0.46 nm 

to 0.96 nm ± 0.04 nm respectively. This demonstrates that the moving median 

correction prior to image processing was capable of correcting constantly decaying 

backgrounds that would otherwise cause severe problems.  
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Figure 4-9: Moving median correction successfully corrects simulated, linearly decaying backgrounds. 

A) Frame 1, 5000 and 10000 of simulated background Dim Gradient and intensity profile of all frames.          

B) Simulated ground truth data sets were combined or not with linearly decaying background data sets. 

The combined data sets were either corrected or not and reconstructed STORM images were assessed 

relative to the ground truths. C) Single frame, STORM image, zoom (0.5 x 0.5 µm) and overlay (vs. ground 

truth) with line profiles shown of ground truth, not corrected and corrected data. Here, the linearly 

decaying Dim Gradient background was combined with the ground truth Array. Scale bars: 5 μm and 

100 nm (Zoom). D-H) Quantification of reconstructed images relative to the ground truth (shown in 

green). Data from all 3 ground truths and all 4 backgrounds (as defined in Figure 4-2) combined (n = 12). 

D) Number of events detected. E) Coordinate based co-localisation (CBC). F) Nearest neighbour distance 

(NND). G) Manders overlap coefficient. H) Pearsons correlation coefficient. Error bars; ±SD. **, P ≤ 0.01; 

*, P ≤ 0.05; Paired t-test or Wilcoxon test using GraphPad Prism. 
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4.3.2.6 Non-Linearly Decaying Background – Simulating Autofluorescence 

In the case of autofluorescence, signal intensity decays in a non-linear way (Figure 

3-14). It drops within the first 5 min of acquisition and reaches a plateau. To mimic this, 

we generated backgrounds with similar intensity profiles. Representative images and 

line profile of Multiple Puncta is shown in Figure 4-10A. All 4 backgrounds and 3 ground 

truths as defined in Figure 4-2 were combined to create 12 new data sets, each with a 

non-linearly decaying background.  Data sets were corrected or not and reconstructed 

STORM images were compared to the respective ground truth image (Figure 4-10B-C). 

The addition of the decaying background Multiple Puncta to the ground truth Lines had 

severe consequences (No Correction). The mean intensity of the background was much 

higher compared to the mean intensity of ground truth localisations (8444 AU vs. 552 

AU; Figure 4-5). Without correction, this led to no localisations visible in the example 

frame and a distorted STORM image and line profile. After moving median correction, 

the single frame as well as the STORM image and line profile were near enough identical 

to the ground truth showing that the moving median correction is able to correct for 

very strong, non-linearly decaying backgrounds.  

 

This is also reflected when assessing all 12 data sets relative to the ground truths 

(Figure 4-10D-H). Following correction, the mean percentage of events increased from 

64.9 ± 39.5% to 100.0 ± 0.7%. CBC improved from 0.57 ± 0.49 to 0.98 ± 0.02 while the 

NND decreased from 16.59 ± 30.33 nm prior correction to 0.33 nm ± 0.24 nm 

afterwards. Manders and Pearsons coefficients also greatly ameliorated from 0.81 ± 

0.33 to 0.99 ± 0.01 and 0.65 ± 0.46 to 0.96 ± 0.04 respectively. This demonstrated that 

the moving median correction successfully corrects for simulated, non-linearly decaying 

backgrounds.  
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Figure 4-10: Moving median correction successfully removes simulated, non-linearly decaying 

backgrounds. A) Frame 1, 5000 and 10000 of simulated background Dim Gradient and intensity profile 

of all frames. B) Simulated ground truth data sets were combined or not with linearly decaying 

background data sets. The combined data sets were either corrected or not and reconstructed STORM 

images were assessed relative to the ground truth. C) Single frame, STORM image, zoom (3 x 3 µm) and 

overlay (vs. ground truth) with line profiles shown of ground truth, not corrected and corrected data. 

Here, the linearly decaying Dim Gradient background was combined with the ground truth Array. Scale 

bars: 5 μm and 1 μm (Zoom). D-H) Quantification of reconstructed images relative to ground truth, shown 

in green. Data from all 3 ground truths and all 4 backgrounds (as in Figure 4-2) combined (n = 12). D) 

Number of events detected. E) Coordinate based co-localisation (CBC). F) Nearest neighbour distance 

(NND). G) Manders overlap coefficient. H) Pearsons correlation coefficient. Error bars; ±SD. *, P ≤ 0.05; 

Paired t-test or Wilcoxon test using GraphPad Prism. 
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4.3.2.7 Determining the Ideal Group Size 

This far, the moving median background correction was operated with a group 

size of n = 200. This means, the median intensity of every 200 frames was calculated, 

then interpolated to the same number of frames as the original stack and subtracted. 

When acquiring a STORM data set, one frame is recorded every 11 ms. Thus, it takes 

2.2 s to record 200 frames. Therefore, the calculated median was adjusted every 2.2 s 

which allows addressing rapidly changing backgrounds. However, to thoroughly test 

this, the 4 simulated backgrounds (Figure 4-2, bottom) were combined with the 3 

ground truths (Figure 4-2, top) and corrected using different group sizes (50, 100, 200, 

500, 1000 and 2000). Backgrounds consisted of either 10000 identical frames (Figure 

4-11A) or the intensity was altered in a linearly (Figure 4-11B) or non-linearly decaying 

(Figure 4-11C) way. Not corrected and corrected data sets were processed using 

ThunderSTORM and resulting STORM images were compared to the retrospective 

ground truth regarding the percentage of events detected, CBC, NND, Manders overlap 

and Pearsons correlation coefficient. Each value represents the mean of the 12 possible 

combinations of 3 ground truth and 4 backgrounds.  

 

As can be seen in Figure 4-11A, the group size had no significant influence on the 

quality of correction when facing a constant background. This was expected as the 

difference between groups solely lies in the ground truths data which the correction 

method should separate; leaving a constant background. However, the group size plays 

an important role when facing a decaying background. For both, linearly and non-

linearly decaying backgrounds, it was effective to calculate the background every 50, 

100 or 200 frames (Figure 4-11B-C). There were only very little differences between the 

three groups with 50 performing best. The bigger group sizes of 500, 1000 and 2000 on 

the other hand failed to accurately correct decaying backgrounds. This is not surprising, 

as the calculated median is adjusted in longer time intervals for bigger group sizes. With 

one frame recorded every 11 ms, the median is calculated every 11 s at a group size of 

1000. For a group size of 100 on the other hand, it is calculated every 1.1 s. Thus, it was 

expected that smaller group sizes better correct for backgrounds that change over time. 
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Taking together, smaller group sizes proved to better to address complex backgrounds 

and for all further analysis, the group size of 50 frames was used.  

 

 

Figure 4-11: 50 frames is the ideal group size for the moving median correction. Ground truth data sets 

were combined or not with simulated background data sets. The combined data sets were either 

corrected with the moving median correction or not. For correction, different group sizes were applied: 

50, 100, 200, 1000 and 2000. Reconstructed STORM images were assessed relative to the ground truth 

regarding the percentage of events detected, CBC, NND, Manders overlap and Pearsons correlation 

coefficient. Displayed are mean values of all 3 ground truths and all 4 backgrounds (as defined in Figure 

4-2; n = 12 for each value). Backgrounds did either have A) constant, B) linearly decaying or C) non-linearly 

decaying intensity. 



140 

 

4.3.2.8 Recorded Autofluorescence  

The moving median correction proved to be effective to remove complex 

simulated backgrounds. However, idealised simulated data cannot reflect fluctuations 

observed in real data. Therefore, unstained lung macrophages derived from a smoking 

individual were imaged. Cells isolated from human lung tissue were plated onto PLL-

coated microscopy slides for 15 min, washed, fixed and 10000 frame-strong STORM 

data sets were recorded. Then, 4 data sets displaying highest autofluorescence, termed 

α, β, γ and δ, were selected for further analysis, ensuring a maximal challenge for the 

correction technique. Notably, most lung macrophages actually display less 

autofluorescence; especially when derived from a non- or ex-smoker. Images and line 

profiles of recorded backgrounds displayed big white spots of autofluorescence (Figure 

4-12A). The mean intensity of these backgrounds dropped to approximately 50% within 

the first 2000 frames and stayed then relatively stable (Figure 4-12B). In the following, 

these 4 recorded backgrounds got combined with the 3 simulated ground truth (as 

defined in Figure 4-2, top) to test whether the moving median correction is sufficient in 

removing recorded autofluorescence. Beforehand, signal intensities of ground truths 

and backgrounds were directly compared. Therefore, for backgrounds, the mean 

intensity of the whole image (first frame) was measured, whereas for ground truths, 

the mean intensity of 100 – 150 blinks was taken. As can be seen in Figure 4-12C, the 4 

recorded backgrounds cover the spectrum of the intensities of ground truths 

localisations. To compare individual pixels, histograms of the intensities of all pixel in 

the recorded stack were measured (Figure 4-12D). Depending on the background, 

highest values range from approximately 2000 to 7000 AU. Therefore being mostly 

lower than simulated backgrounds (high values over 30000 AU; Figure 4-4) and higher 

than simulated ground truth (high values approximately 2000 – 3000 AU; Figure 4-3). 

They thus presented a suitable challenge for the background correction technique.  

 

Combined data sets (n = 12) were corrected or not and reconstructed STORM 

images were compared to the ground truths (Figure 4-13A). The addition of the 

autofluorescence background α to the ground truth Star had severe consequences for 
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the data set (Figure 4-13B, No Correction). In the example frame, autofluorescence 

spots were saturating the signal and thereby strongly impairing the precise detection 

of ground truth localisations. The consequences were big white spots in the resulting 

STORM image. Notably, the background α had such strong impact on the ground truth 

Star even though its mean intensity was much lower than localisations in the ground 

truth (Figure 4-12C). Upon moving median correction, these spots were removed and 

the STORM image as well as the according line profile closely matched the ground truth.  

 

Quantitative assessment of all 12 data sets relative to the ground truths 

confirmed this observation (Figure 4-13C-G). Values represent the mean of all 12 data 

sets. Here, the mean percentage of events detected was 87.3 ± 11.4% for corrected 

images and 613.7 ± 623.6% for data without correction. In addition, CBC improved from 

0.10 ± 0.31 to 0.90 ± 0.08 upon correction. NND decreased from 50.44 ± 49.25 nm to 

4.52 ± 3.55 nm and Manders and Pearsons coefficients increased from 0.43 ± 0.42 to 

0.89 ± 0.14 and 0.19 ± 0.23 to 0.83 ± 0.08 respectively. Thus, all metrics were 

significantly improved. At first it may seem that the correction was less successful than 

with simulated data (Figure 4-8 and Figure 4-10). However, simulated backgrounds had 

less severe effects on the ground truth in general. In addition, highest autofluorescent 

backgrounds were chosen, representing a worst case scenario.  
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Figure 4-12: Intensity profiles of unstained, autofluorescent lung macrophages. Cells isolated from 

human lung tissue were plated onto PLL-coated microscopy slides for 15 min, washed, fixed and a 10000 

frame-strong STORM data set was recorded. A) Single frame and according line profile of recorded data 

sets. Scale bar 5 µm. B) Normalised intensity profiles over time. The mean intensity of the whole frame 

was measured for the whole data set. C) Comparison of mean intensities of simulated ground truths and 

autofluorescence backgrounds. Grey columns show the mean intensity of 100 - 150 blinks from ground 

truth data sets. Coloured columns show mean intensity of recorded data sets. D) Histogram of intensities 

of all pixels from each data set (10,000 frames).  
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Figure 4-13: Application of moving median filter successfully corrects recorded autofluorescence.          

A) Simulated ground truth data sets (n = 3; as defined in Figure 4-2, top) were combined with 

autofluorescence data sets from unstained lung macrophages (n = 4; as defined in Figure 4-12), yielding 

12 separate data sets (No Correction). Combined data sets were corrected or not and reconstructed 

STORM images were assessed relative to the ground truths. B) Single frame, STORM image, zoom (3 x 3 

µm) and overlay (vs. ground truth) with line profiles of ground truth, not corrected and corrected data. 

Here, the background α was combined with the ground truth Star. Scale bars: 5 μm and 1 μm (Zoom).             

C-G) Quantification of reconstructed images relative to the ground truth, shown in green. Data from all 

3 ground truths and all 4 backgrounds combined (n = 12). C) Number of events detected. D) Coordinate 

based co-localisation (CBC).  E) Nearest neighbour distance (NND). F) Manders overlap coefficient.              

G) Pearsons correlation coefficient. Error bars; ±SD. ***, P ≤ 0.001; ****, P ≤ 0.0001; Paired t-test using 

GraphPad Prism. 
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Further, the autofluorescence background could be calculated, showing that 

precise detection of ground truth events occured upon correction. Therefore, the 

simulated ground truth Star was joined together with the background β (Figure 4-14, 

No Correction). As expected, the autofluorescence background severely distorted the 

ground truth data set and the reconstructed STORM image contained big white spots 

in regions of high autofluorescence. Alternating example frames with detected 

localisations circled demonstrate the poor precision in detection with most events 

being positioned in the centre of autofluorescence. Subtraction of the calculated 

background shown in the 3rd column yielded a corrected data set where STORM and 

single frames matched the ground truth data (Figure 4-14, Corrected). Compared to the 

ground truth data, corrected example frames were more pixelated or still show a low 

level of background fluorescence. However, when processing in ThunderSTORM, all 

ground truth events were precisely detected. It also has to be kept in mind that the 

background was chosen on the premise of extraordinary high autofluorescence and 

therefore represents an especially severe scenario. Taken together, the moving median 

correction successfully removed acquired severe autofluorescence from simulated 

SMLM data. 
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Figure 4-14: Displaying calculated autofluorescence background. The simulated ground truth Star was 

joined with the background β, a data set recorded from unstained lung macrophages. The combined data 

set was corrected or not and processed using ThunderSTORM. Shown are reconstructed STORM images 

with a 2 x 2 µm zoom region and 3 alternating frames from the same region. Detected localisations are 

circled. The third column shows the calculated moving median which is subtracted from the combined 

data to yield the corrected data set, displayed in column 4. Scale bars: 5 μm and 500 nm (Zoom). 
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4.3.2.9 Recorded Ground Truth 

To test a scenario even closer to normal imaging condition, data sets acquired 

from stained cells were combined with autofluorescence backgrounds recorded 

separately from unstained lung macrophages (as defined in Figure 4-12). Therefore, 

blood-derived macrophages or HEK293T cells were plated onto PLL coated microscopy 

slides for 15 min, fixed, stained and imaged. As expected, the addition of 

autofluorescence backgrounds severely distorted the acquired ground truth data sets 

(Figure 4-15B, No Correction). Single frames displayed bright autofluorescent spots 

which resulted in empty areas in the processed and filtered STORM image. Upon 

moving median correction, autofluorescence is no longer visible in the example frames 

and STORM images were restored. Notably, the corrected data set looks even ‘cleaner’ 

than the ground truth data set (Single Frame of Ground Truth vs. Corrected). This is, 

because all cells display some level of autofluorescence. Consequently, during 

correction, not only the added background but also ground truth noise was subtracted 

leading to differences between the data sets. Therefore, a quantitative analysis was not 

possible. However, the correction method was able to restore cellular structures like 

the actin filaments that were completely lost with the addition of the autofluorescence 

background (Figure 4-15B, bottom). This showed, that the moving median correction 

technique was able to successfully separate severe autofluorescence backgrounds and 

acquired STORM data sets, enabling precise and accurate event detection.  
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Figure 4-15: Correcting recorded STORM data sets from separately acquired, severe autofluorescence. 

A) Ground truth data sets were acquired from stained cells and combined with autofluorescence 

backgrounds recorded separately from unstained lung macrophages. Combined data sets were corrected 

or not and compared to the ground truth. B) The autofluorescence background γ was combined with a 

STORM data set of blood-derived macrophages stained for MHC class I with an AF647 conjugated mAb 

(top) and the background δ was combined with a data set of HEK293T cells stained for filamentous actin 

with phalloidin-AF647 (bottom). Displayed are single frame, STORM image, zoom (3 x 3 µm) and overlay 

(vs. ground truth) with line profiles of ground truth, not corrected and corrected data. Scale bars: 5 μm 

and 1 μm (Zoom). 
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4.3.3 Applying Correction Technique to Stained Lung Macrophages 

Finally, the correction technique was applied to recorded stacks of stained, 

autofluorescent lung macrophages in order to test its performance on real data. 

Therefore, cells isolated from human lung tissue were plated onto PLL-coated 

microscopy slides for 15 min, washed, fixed and stained for actin (Figure 4-16, top) or 

MHC class I (Figure 4-16, bottom). 10000 frame-strong STORM data sets were recorded 

and either corrected or not prior to reconstruction. In both cases, actin and MHC class 

I, single frames of not corrected data sets displayed big white puncta which resulted in 

blank areas in the reconstructed STORM image. Upon correction, autofluorescence was 

removed and blank areas were filled. Importantly, the background correction was able 

to visualise the filamentous structure of actin that could not be observed in uncorrected 

images. This demonstrated that the correction technique can successfully remove high 

autofluorescent backgrounds, enabling the investigation of previously unusable 

samples, such as auto-fluorescent lung macrophages. 
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Figure 4-16: Successfully correcting autofluorescent lung macrophages using moving median filter. 

Human lung macrophages were plated onto PLL-coated glass slides for 15 min, blocked and stained with 

phalloidin-AF647 (A) or anti-human MHC class I mAb conjugated with AF647 (B). Data sets were either 

corrected prior to image processing or not. Shown are single fame, STORM image and zoom (5 x 5 µm). 

Scale bars: 5 μm and 1 μm (Zoom). Images representative for n = 3 individual donors and experiments.  
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4.3.4  Observation of Protrusion-Like Structures on the Surface of Human Lung 

Macrophages  

The background correction allowed detailed investigation of the membrane of 

human lung macrophages. Therefore, cells isolated from the human lung were allowed 

to settle for 15 min, washed, fixed and stained for MHC class I and wheat germ 

agglutinin (WGA). WGA binds N-acetyl-glucosamine, a glycoprotein of the cell 

membrane and can thus be used to label the plasma membrane299,300. First, samples 

were investigated using TIRF microscopy. Here, WGA visualises the surface topology of 

the membrane and allows to distinguish between the reorganisation of molecules 

within the membrane and topological changes of the cell membrane itself.  

 

In non-activating conditions, MHC class I as well as WGA stain showed a 

homogenous distribution and perfect overlay (Figure 4-17A; top). When activated 

through FcγRI, the membrane topology of lung macrophages changed, forming 

protrusion-like structures with MHC class I accumulating at the tips (Figure 4-17A; 

bottom). Line profiles demonstrated the ring-like structure of WGA with MHC class I 

concentrated in the middle (Figure 4-17B). To quantify this observation the cell area 

covered by MHC class I stain, relative to the total cell was determined by thresholding 

on 75% of its maximum grey value (Figure 4-17C). It reduced from 92.4 ± 13.2% to 68.6 

± 24.2% of the total cell area following stimulation, demonstrating that this occurred 

across many cells. 
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Figure 4-17: Lung macrophages form protrusions upon activation through Fc receptors. Lung 

macrophages were plated onto PLL (0 µm/mL IgG) or PLL and human IgG (10 µm/mL IgG) coated glass 

slides for 15 min and stained with wheat germ agglutinin (WGA)-AF488 and anti-MHC class I mAb 

conjugated to AF647. A) Representative TIRF images with zoomed regions. Scale bar 5 µm and 1µm 

(Zoom). B) Zoomed region with line profiles. Scale bar 1 µm. C) Percentage of area covered by staining 

for MHC class I protein relative to total cell area. Top: example image. MHC class I stain in red 

(thresholded at 75% of max grey value) and total cell area indicated by yellow line. Scale bar 5 µm. 

Bottom: Quantitative assessment. Each dot represents a single cell, n = 4 individual donors and 

experiments. Error bars; ±SD. ****, P ≤ 0.0001; unpaired t-test using GraphPad Prism. 

 

Next, the nanoscale organisation of MHC class I at the membrane of lung 

macrophages was investigated, made possible by the correction method. Therefore, 

the samples from TIRF microscopy were used to record STORM data sets which were 

either corrected or not. In non-activated conditions, cells displayed empty areas typical 

for autofluorescence when not corrected, making it impossible to accurately assess the 

nanoscale structure (Figure 4-18, 0 µg/mL, left column). Upon correction, events from 
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these areas were regained and a homogenous distribution emerged, matching the 

observations made in TIRF microscopy (Figure 4-17).  

 

In activating conditions protrusion-like structures were formed (Figure 4-18, 

10 µg/mL). These were visible regardless of the correction and also correlate with 

observations made in TIRF microscopy. It seems there was less autofluorescence 

present in activating conditions. This is likely because of the cell body and thus 

autofluorescent particles being further away from the cover slip due to the formation 

of the protrusions. Once beyond the TIRF evanescent field, their signal won’t be 

detected anymore.  

 

Event density and NND of corrected vs. not corrected STORM images in activating 

and non-activating conditions were determined to assess the nanoscale organisation 

quantitatively (Figure 4-18B-D). In both, activating and non-activating condition, the 

event density increased significantly upon correction, changing the outcome of the 

analysis. As a result, the event density of activating and non-activating conditions was 

significantly different without correction while it was non-significant for corrected data 

(Figure 4-18B; p = 0,0073 (No Correction) vs. p = 0,0577 (Corrected)). Similarly, the NND 

decreased upon activation with the decrease being much less significant after 

correction (Figure 4-18; p = 0.0005 (No Correction) vs. p = 0.0326 (Corrected)). The 

comparison of all NND of one autofluorescent region in non-activated condition clearly 

demonstrated the effect of the correction method. After correction, more than double 

of the events were detected (6332 (No Correction) vs. 13528 (Corrected)) and the mean 

NND was reduced (2.18 nm (No Correction) vs. 1.87 nm (Corrected)). 

 

Taken together, this highlights the necessity of the background correction method 

for accurate assessment of the nanoscale organisation of data sets distorted by high 

backgrounds like autofluorescence. Without this method, nanoscale investigation of 

MHC class I at the surface of human lung macrophages would not be possible.  
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Figure 4-18: Nanoscale investigation of macrophage protrusions. A) STORM images and zoomed regions 

(5 x 5 µm) of corrected and not corrected data set s of human lung macrophages stained for MHC class I. 

Cells were plated onto PLL (0 µg/mL; top) or PLL and IgG (10 µg/mL; bottom) for 15 min and stained with 

anti-human MHC class I  mAb conjugated with AF647. Two examples per condition. Scale bars 5 µm or 1 

µm (Zoom). B)-C) Quantitative analysis of not corrected and corrected STORM images in non-activated 

(0 μg/mL IgG; left) and activated (10 μg/mL IgG; right) conditions. Each data point represents the density 

of an auto-fluorescent region (5 x 5 μm) with a single region per cell. 5 individual donors and experiments 

for 0 μg/mL IgG and 4 for 10 μg/mL). B) Density defined as number of events/µm². C) NND. D) Histogram 

of all NND of one 5 x 5 μm region (non-activating condition; 0 µg/mL); corrected (green); not corrected 

(black). *, p ≤ 0.05; **, p ≤ 0.01;***, p ≤ 0.001; ****, p ≤ 0.0001; Unpaired T-test, Mann Whitney or 

Wilcoxon Test as appropriate. 
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4.3.5  Background correction reveals nanometre-scale ring structures at the 

membrane of human lung macrophages 

Lung macrophages were plated onto PLL (0 µg/mL IgG; non-activating conditions) 

or PLL and human IgG (10 µg/mL IgG; activating conditions)-coated glass slides for 

15 min, fixed and stained for the tetraspanin and exosome marker CD81. Figure 4-19A 

shows corrected and not corrected data sets; two examples per condition (activated vs. 

non-activated). As expected, autofluorescence was evident in not corrected data sets 

as bright white spots and underlying haze in the single frame and empty areas in the 

reconstructed STORM image. Upon correction, autofluorescence was removed, 

regaining localisations in the single frame and events in the empty areas. In non-

activated conditions (0 µg/mL IgG), CD81 was distributed homogenously with no 

structure visible. However, upon activation CD81 formed into nanometer-scale ring 

structures (Figure 4-19A, 10 µg/mL, Corrected). In regions of high autofluorescence, 

these structures were completely absent, highlighting the necessity of the correction 

technique (Figure 4-19A, 10 µg/mL, No Correction). In contrast, ring structures were 

visible before and after correction in low background regions, demonstrating that 

observations are not artefacts created by the correction method (Figure 4-19A, 10 

µg/mL, second example, Zoom 1).  

 

To visualise the ring nature of the observed structures, a representative zoom 

with line profiles is shown in Figure 4-19B. In all 3 line profiles, intensity peaked either 

end of the structure with a drop in the middle, highlighting their circularity. A detailed 

investigation and quantification of these nanometre-scale ring structures at the 

membrane of macrophages can be found in the following chapter (Chapter 3).  

 

 



155 

 

 

Figure 4-19: CD81 forms into nanometer-scale ring structures at the membrane of IgG-activated lung 

macrophages. A) Lung macrophages were seeded onto PLL (0 µg/mL IgG; non-activating conditions; left) 

or PLL and human IgG (10 µg/mL IgG; activating conditions; right)-coated glass slides for 15 min, fixed 

and stained with anti-humanCD81 mAb conjugated in house with AF647. Single frame, STORM and 

zoomed regions of corrected (top) and not corrected (bottom) data sets and two examples per condition 

(activated vs. non-activated). Scale bar 5 µm or 500 nm (Zoom). B) Representative zoomed region (2 x 2 

µm) in activating condition with 3 line profiles. Scale bar 500 nm.  

 

Taken together, it could be demonstrated, with simulated and real data, that the 

described correction technique accurately corrects severe backgrounds such as 

autofluorescence and allows for precise assessment of the nanoscale organisation of 

otherwise lost samples. It allowed the nanoscale investigation of human lung 

macrophages for the first time and revealed the formation of protrusions tipped with 

MHC class I as well as CD-81 ring structures at their membrane. From now on, all data 

sets of lung macrophages were corrected prior reconstruction.  
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4.4 Discussion 

4.4.1 Summary of Results 

The aim of this chapter was to enable the use of STORM for autofluorescent 

samples like human lung macrophages. Therefore, a novel background correction 

technique was developed and validated. This allowed the investigation of MHC class I 

and the tetraspanin CD81 on a nanometre-scale at the membrane of human lung 

macrophages. The main findings of this investigation can be summarised as follows:  

 Severe autofluorescent backgrounds can be corrected post acquisition by 

subtracting a moving median filter 

 Human lung macrophages form protrusion-like structures with MHC 

class I accumulating at their tips when activated through its FcγRI 

 Tetraspanin CD81 forms into nanometer-scale ring structures at the 

membrane of activated human lung macrophages 

 

4.4.2 Background Correction Technique 

A novel background correction technique was developed to correct for 

autofluorescence of lung macrophages in STORM. The method separates foreground 

signal from unwanted backgrounds. It determines the background by calculating the 

median intensity of each pixel. Subtracting the background from the original image 

(which holds back- and foreground signal) yields a corrected image. This is possible 

because autofluorescence is emitting constantly while extrinsic fluorophores blink 

(Figure 3-12A). More clearly, in areas of high autofluorescence, the overall emission will 

be constant over many frames and thus, the median calculated over n frames will be 

similar to the autofluorescence itself. A blink on the other hand is only detected for a 

short amount of time (or only in few frames), having little influence over the median 

calculated for n frames. In fact, the blinks present like outliers compared to the 

relatively constant background signal. Due to the nature of the median being “the 

middle” value within a given data set, it is not as susceptible to being skewed by a small 
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number of very large or very small values as for example the mean301,302. Thus, the 

median was expected to work well to estimate backgrounds in STORM.   

 

As a starting point, a group size of n = 200 frames was chosen. Because one frame 

is recorded every 11 ms, a group size of n = 200 frames means that the calculated 

median is adjusted every 2.2 s (200 x 11 ms = 2.2 s), which allows addressing rapidly 

changing backgrounds. 

 

One STORM data set consists of several thousand individual frames. Each of these 

frames need to be corrected prior to image reconstruction. Thus, the median 

fluorescence intensity of every 200 frames is determined and expanded to the same 

number of frames as the original stack applying bicubic interpolation. This yields a 

‘background stack’, consisting of the same number of frames as the original. Subtraction 

of this ‘background stack’ from the original yields a corrected data set that can be 

processed and reconstructed as usual (Figure 4-1). 

 

Utilising median filtering for image processing is not a new concept. B. R. Frieden 

suggested already in 1976 a simple median filter for image processing303. Since then, 

many improved algorithms have been proposed to advance the performance of median 

filtering304–307. More recently, Hoogendoorn et al. successfully applied a temporal 

median filter implemented in Python to acquired and simulated STORM data sets153. 

Even though their correction method was demonstrated to work well, a detailed 

quantitative assessment is missing. In addition, basic knowledge of the programming 

language Python is necessary for its application. This temporal median filter has also 

never been tested for the autofluorescence of lung macrophages, which is much 

brighter than regular cellular background addressed in their work.  

 

The novel background correction technique developed for this project was 

rigorously tested with simulated and recorded data. Simulated data consisted of 3 
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different ground truth STORM data sets and 4 different backgrounds with varying 

shapes and intensities (Figure 4-2 to Figure 4-5). Backgrounds were added to ground 

truth data sets and the combined data sets were either corrected or not prior to image 

reconstruction (Figure 4-6). After reconstruction, corrected and not corrected images 

were compared to the original ground truth images. For detailed quantitative analysis, 

several metrics were investigated: the percentage of events detected, coordinate based 

co-localisation (CBC), nearest neighbour distance (NND), Manders overlap and Pearsons 

correlation coefficient. The method proved to be precise and robust for constant as well 

as linearly and non-linearly decaying backgrounds while it is not distorting images with 

no background (Figure 4-7 to Figure 4-10). All metrics investigated were significantly 

improved upon correction. Notably, all discrepancies of corrected vs. ground truth 

images were smaller than the theoretical 20 nm resolution of STORM234. In fact, 99.97 

% of all events in corrected reconstructions were within 10 nm of the ground truth 

localisations (combined data from Figure 4-8 to Figure 4-10).   

 

So far, a group size of n = 200 frames was applied for median calculation. As 

mentioned above, 200 frames are equivalent to 2.2 s of acquisition time, with 1 frame 

being recorded every 11 ms. Despite the small time frame, the group size chosen was 

bigger than other techniques reported. Hoogendoorn et al. was for example utilising a 

median filter with a group size of 101 frames153. Baddeley and co-workers proposed a 

temporal mean filter with a group size of 10 frames and Cremer et al. simply subtracted 

the succeeding from the preceding frame, which represents a group size of 1 

frame308,309. All methods work reasonably well. However, with a smaller frame size it is 

more likely to subtract foreground signal, especially with a high density image or high 

signal to noise data. In fact, Hoogendoorn et al. compared their 101-group size 

technique to Baddeley et al.’s 10-group size technique and found that Baddeley et al.’s 

methods subtracted up to four times as much signal, thereby loosing foreground 

signal153. It has to be kept in mind though, that here, a median and mean based 

background estimation was compared. The comparison of different group sizes would 

be more meaningful when tested for the same technique.  
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Therefore, to ensure the optimal group size for the newly developed correction 

method, 6 different group sizes ranging from 50 – 2000 frames were tested for 

constant, linearly decaying and non-linearly decaying backgrounds (Figure 4-11). As 

expected, the group size only marginally influenced the quality of correction for 

constant backgrounds (Figure 4-11A). Constant backgrounds consisted of 10000 

identical frames, leading to the same calculated median across any group size. The slight 

differences between group sizes may be due to the different foreground signal across 

different group sizes and the bicubic interpolation applied for expansion.  

 

Decaying backgrounds on the other hand clearly perform better with smaller 

group sizes (Figure 4-11B-C). Both, linearly and non-linearly decaying backgrounds were 

best corrected with group sizes of 50 – 200 frames. Between these groups, the quality 

of correction differs only slightly with 50 frames performing best. In contrast, group 

sizes of 500 – 2000 frames failed to accurately correct the data. This was expected as 

the median of larger group sizes will differ more greatly within one stack, bearing a 

greater challenge to accurately interpolate. For example, for a decaying background 

and a group size of 2000, the median intensity of the first 2000 frames will be 

significantly different to the median intensity of the second 2000 frames. When 

expanding the calculated median frames to match the number of frames of the original 

stack (as there is only one median frame calculated per 2000 original frames), a bicubic 

interpolation is applied. The greater the difference between two adjacent median-

frames, the more difficult is an accurate estimation of missing intensities. This leads to 

the subtraction of ‘not enough’ background in some frames and ‘too much’ in others, 

resulting in loss of signal but also the creation of artefacts. This is especially evident in 

the number of events detected. At large group sizes and decaying backgrounds, more 

events were detected than in the original as well as the not corrected image. In the case 

of a group size of 2000 frames, 2267.6 ± 7047.3% and 345.7 ± 860.0% of events relative 

to the ground truths were detected for linearly and non-linearly decaying background 

respectively. Even though most of these artefacts presumably can be accounted for by 

filtering the reconstructed STORM image due to their much lower intensity values 

compared to ‘real’ events, this is still an enormous amount of artefacts and shows how 
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heavily STORM relays on accurate background estimation. For all further image 

correction, a group size of 50 was applied.  

 

The simulated data was necessary to verify precision and robustness of the 

designed correction method. It provided ground truth data sets with known 

localisations, event densities and intensities etc., allowing a detailed quantitative 

assessment of the performance of the correction method. However, real background 

differs from the defined shapes and intensity values of simulated backgrounds. Thus, in 

the next step the correction method with optimised frame size was applied to acquired 

data. Therefore, the autofluorescence of unstained lung macrophages displaying a 

range of shapes and intensities was recorded (Figure 4-12). The optimised correction 

method proved to be effective to correct simulated as well as separately recorded 

ground truth data for real autofluorescence (Figure 4-13, Figure 4-15). In addition, the 

correction of real autofluorescence proved to be similar to correcting simulated 

backgrounds, with 98.8%  of all events in corrected reconstructions being within 10 nm 

of the ground truth localisations (data from Figure 4-13).  In addition, the accurately 

calculated background was displayed for one example (ground truth: Star, background: 

β; Figure 4-12). The estimated background perfectly matched the added background 

(compare Figure 4-12A, β and Figure 4-14 top row, Calculated Background), confirming 

accurate performance of the correction method.  

 

Finally, the method was applied to stained lung macrophages (Figure 4-16). 

Therefore, human lung macrophages were incubated on PLL-coated glass slides for 

15 min, fixed, blocked and stained for actin or MHC class I. Both data sets showed 

similar results: in not corrected data sets, bright saturated spots were evident which 

resulted in blank areas in the reconstructed STORM images. These spots were removed 

in the corrected data sets and reconstructed images displayed no blanks anymore. The 

precision of the correction technique is especially evident in the case of actin, where 

the filamentous structure is an indication of accurate background subtraction.  
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Taken together, the novel background correction technique successfully 

corrected simulated and acquired STORM data sets for complex backgrounds 

containing different structures and with varying intensities over space and time. The 

method was applied to accurately correct STORM data sets of stained lung 

macrophages which enabled the nanometer-scale investigation of their membrane.  

 

4.4.3 Protrusion-like Structures Tipped with MHC class I  

The novel background correction technique was applied to investigate the 

membrane topology of human lung macrophages and the nanometer-scale 

organisation of MHC class I protein in the membrane. The topology was visualised 

utilising TIRF microscopy by staining macrophages with the membrane stain wheat 

germ agglutinin (WGA). Upon activation with IgG, the formation of protrusion-like 

structures was observed (Figure 4-17). WGA stain concentrated in a ring-like fashion 

around the edges of these protrusions while MHC class I accumulated in the middle 

(Figure 4-17B).  

 

Many cells are known to form protrusions. In the case of macrophages, these 

could be for example a way of ‘reaching out’ to phagocytic targets, which has been 

reported for serum-opsonized bacteria310. Here, macrophages surrounded the bacteria 

with protrusions before phagocytosis to maintain the directional entry of the parasite. 

Another possible function may be antigen presentation. Junt and co-workers showed 

that in mice, specialised macrophages captured viral particles in lymph nodes with 

subsequent presentation to follicular B cell by extending protrusion-like structures 

across lymph node compartmets311. Thus, the fact that MHC class I accumulated at the 

tip of observed protrusions may indicate a role in specialised antigen presentation to T 

cells.  Therefore, a more detailed investigation of MHC class I in STORM was carried out. 

Here, the event density at the surface of human lung macrophages did not change upon 

activation with IgG (Figure 4-18B). However, the mean NND decreased significantly, 

indicating denser packing of MHC class I proteins for activated macrophages (Figure 

4-18C). In the past, denser clusters of membrane proteins have been reported to 
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potentiate cellular signalling6,159,280. This may suggest a functional importance for 

densely packed MHC class I proteins at the tips of macrophage protrusions to activate 

T cells. It is unclear though, how many of these MHC class I proteins bear an antigenic 

peptide and how clustering impacts this.  

 

4.4.4 CD81 at the Membrane of Human Lung Macrophages 

Further investigation of the membrane of human lung macrophages showed that 

the tetraspanin and vesicle marker CD81 forms into ring structures in IgG-activated 

macrophages (Figure 4-19). Notably, the novel background method was necessary for 

this observation as in regions of high autofluorescence precise reconstruction failed 

otherwise (Figure 4-19A, 10 µg/mL IgG, example 1, Zoom 1-2, and example 2, Zoom 2). 

Importantly, observed ring structures were not artefacts of the correction technique as 

regions with low autofluorescence displayed them with and without correction (Figure 

4-19A, 10 µg/mL IgG, example 2, Zoom 1). In addition, line profiles confirmed their 

circular structure (Figure 4-19B). 

 

As mentioned above, CD81 is commonly used as extracellular vesicle (EV) 

marker192,193. EVs are lipid bound vesicles which are classically divided into 3 subgroups: 

exosomes, microvesicles and apoptotic bodies. These subgroups differ in size, 

composition and function. Microvesicles and apoptotic bodies are considered to be 

larger than 100 nm and directly released from the cell surface (from living and dying 

cells respectively)181. Exosomes on the other hand are the smallest of these subtypes of 

vesicles ranging from 30 – 150 nm in diameter312. Line profiles in Figure 4-19B indicate 

a diameter of approximately 80 nm for observed ring structures. This may suggest the 

observation of exosomes secreted by human lung macrophages activated through their 

FcγRI. However, a detailed qualitative and quantitative analysis of these structures is 

necessary for a reliable conclusion.   
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Nevertheless, studying vesicles and other secretions using STORM bears many 

advantages. In fact, vesicles are usually studied in bulk after isolation for example via 

ultracentrifugation, leading to co-purification of non EV-associated proteins and other 

caveats186,187,297,298. STORM on the other hand presents a tool to study vesicles on a cell-

by-cell basis directly upon secretion, avoiding caveats caused by the isolation process. 

Indeed, it has been utilised in the past to study EVs. Chen and co-workers studied the 

composition and uptake of cancer-derived exosomes using PALM and STORM234. A 

similar study was conducted by Nizamudeen et al. imaging stem cell-derived EVs and 

their uptake by live stem cells in culture235. However, in both studies, EVs were isolated 

prior to imaging, thereby making them subject to the disadvantages of the harsh 

isolation process, possibly changing their composition and function.  

 

Thus, utilising STORM to capture EVs directly upon secretion could advance the 

field, giving new insight on secretory behaviour of cells. In addition, the application of 

the correction method allows investigation of so far unusable samples. 

 

4.4.5 Conclusions  

In summary, a novel background correction technique to account for the 

autofluorescence of human lung macrophages was suggested and validated. It precisely 

and robustly corrected simulated as well as acquired data. Most importantly, it enabled 

the nanometer-scale investigation of the membrane of human lung macrophages for 

the first time. This led to the discovery of MHC class I tipped protrusions, possibly 

suggesting a tissue specific mechanism for activating T cells. In addition, nanometer-

scale ring structures of EV marker CD81 were observed at the membrane of IgG-

activated human lung macrophages. Their approximate diameter of 80 nm may suggest 

them being exosomes. Here, STORM presents the unique possibility to study vesicles 

directly upon secretion, allowing analysis on a cell-by-cell basis and in a near native 

state. Crucially, this was only made possible by the correction method which enables 

the investigation of so far unusable samples. However, a detailed analysis of CD81-rings 
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at the membrane of activated macrophages is missing. Therefore, the next chapter 

focused on CD81 in the membrane of macrophages derived from blood and lung. 
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Chapter 5   – Macrophages Secrete Distinct Populations of 

Extracellular Vesicles upon Stimulation through their Fcγ 

receptor I 

 

5.1 Introduction 

Macrophages are phagocytic cells that can be found all through the body. They 

play a vital role in homeostasis as well as inflammation. Interestingly, their phenotype 

is strongly influenced by their environment. This means macrophages residing in 

different tissues display great structural and functional diversity. For example, in the 

healthy lung, alveolar macrophages are sessile, highly suppress inflammation and 

responsible for the clearance of alveolar surfactant88,90,313. Cardiac macrophages on the 

other hand facilitate and modulate electrical conduction in the heart via connexion-43-

containing gap junctions between macrophages and cardiomyocytes314. In the last 

decade, many tissue-specific macrophage functions have been identified and 

investigated. Thus, macrophage responses should be studied with macrophages 

originating from different tissues or displaying different phenotypes. Classically, 

macrophages were described in two distinct subsets, namely M1 and M2 macrophages, 

where M1 macrophages display pro-inflammatory features and M2 macrophages 

mainly immune-suppressive features10. Nowadays, macrophage phenotype is thought 

to be a spectrum rather than distinct populations. Nevertheless, studies using 

differently differentiated macrophages shed new light on macrophage function and 

phenotype delivering information crucial for understanding macrophage plasticity.  In 

addition, there is a paucity of studies with human cells compared to animals, due to 

restricted availability of human tissue samples, yet they are greatly necessary.  

 

Needless to say, some properties are shared across all macrophages including 

phagocytic functions, the ability to initiate an immune response and shared surface 

markers including the Fcγ receptor I (FcγRI; CD64)315–319. The engagement of FcγRI leads 

to the activation of the macrophage and mediates a number of immunological 
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responses including the production of cytokines, phagocytosis and the induction of 

cytolytic activity320,321. This can lead to the initiation of an immune response.  

 

Macrophages may initiate an immune response through the secretion of 

cytokines and chemokines. However, other forms of communication are possible. In 

recent years, more and more attention is payed to extracellular vesicles (EV). EV are 

secreted by all cells and thought to play a role in cell-to-cell communication179. They 

vary in size (30 – 2000 nm in diameter), composition and function183. An accurate 

definition of EV subsets is therefore not obvious. In general, the field distinguishes 

between three types of EV: exosomes, microvesicles (MVs; also microparticles, MPs) 

and apoptotic bodies322. All three types of vesicles consist of a phospholipid bilayer with 

a spheroidal shape which contains DNAs, RNAs, a great variety of proteins and lipids 

from their cell of origin179. MVs and apoptotic bodies are considered to be larger than 

100 nm and directly released from the cell surface (from living and dying cells 

respectively)181. Exosomes on the other hand are the smallest of these subtypes of 

vesicles ranging from 30 – 150 nm in diameter312. Inward budding of late endosomal 

membranes leads to the formation of exosomes within large multivesicular bodies 

(MVBs) 323. The fusion of these MVBs with the plasma membrane results in the release 

of exosomes into the extracellular space.  

 

Due to the phagocytic nature of macrophages, they are very likely to uptake EV. 

In fact, exosomes derived from pro-inflammatory macrophages were taken up very 

selectively by macrophages and dendritic cells in the lymph node of mice after 

subcutaneous injection324. Similarly, Saunderson and co-workers showed that B-cell 

derived EV co-localised with macrophages in the spleen and lymph node of mice after 

intravenously injection325. Macrophages are also a key cell type to secrete vesicles. For 

example, the macrophage marker CD68 was strongly increased in EV isolated from BALF 

of LPS-challenged mice, identifying macrophages as main source of EV326. Further, the 

isolation of these EV and subsequent intratracheal delivery into wild type mice led to 

the induction of a pro-inflammatory phenotype in lung macrophages highlighting their 
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ability to induce inflammation. In addition, exosomes derived from M1 macrophages 

have been reported to reverse the quiescent phase of breast cancer cells within the 

bone marrow stroma327. These studies highlight the importance of macrophage vesicles 

and their ability to influence immunological processes.  

 

In recent years, many functions and characteristics of macrophage vesicles were 

identified and investigated. However, EV are classically studied after isolation, often by 

ultracentrifugation. This comes with several caveats including the co-purification of 

non-EV-associated proteins186,187. In addition, the isolation process is usually based on 

physical properties like the vesicle size. However, EV subpopulations overlap in size and 

composition. This makes the isolation of a pure EV population very challenging. 

Studying EV after isolation also makes single cell analysis impossible. Here, Stochastic 

Optical Reconstruction Microscopy (STORM) could offer a great tool to overcome these 

problems, by directly imaging the secretion of different vesicles cell-by-cell.  

 

STORM has a theoretical resolution of 20 nm and should therefore be able to 

resolve even the smallest of vesicles234. Here, members of the tetraspanin family 

including CD81, CD9 and CD63 are commonly used as extracellular vesicle (EV) 

markers192,193. Cells were stimulated on microscopy slides and the release of vesicle 

studied directly upon secretion. This allowed analysis on a cell-by-cell basis. STORM has 

been used in the past to study EV. For example, human breast cancer cell-derived 

exosomes and their interaction with normal cells was studied using PALM and 

STORM234. Similarly, Nizamudeen and co-workers applied STORM to characterise stem 

cell-derived EV and their uptake by live stem cells in culture235. However, in both 

studies, EV were isolated prior to imaging, thereby not avoiding the harsh isolation 

process. Their uptake and interaction with other cells was studied but not the direct 

secretion.  

 

Taken together, the hypothesis was that the secretion of EV could be captured by 

STORM when imaging the EV marker CD81 and that different macrophages may display 
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different vesicle characteristics. Thus, this chapter aimed to investigate CD81 

nanometer-scale ring structures at the synapse of human macrophages. Here, we set 

out to determine their vesicular nature and differences between M0-like, M1-like, M2-

like and lung macrophages. Utilising STORM allowed to study vesicles directly upon 

secretion on a single cell basis and detailed proteomics analysis revealed discrete 

contents for vesicles of different macrophages.  

 

5.2 Summary of Chapter Aims 

e) Determine the characteristics of CD81 ring structures at the synapse of M0-

like, M1-like, M2-like and lung macrophages activated on IgG-coated glass 

slides and IgG-containing planar lipid bilayers on a cell-by-cell basis utilising 

STORM 

f) Investigate the vesicular nature of CD81 ring structures by imaging the 

secretions of macrophages and isolated vesicles 

g) Determine the involvement of actin remodelling at the site of vesicle secretion  

h) Determine contents of vesicles secreted by different macrophages by 

proteomics analysis and different microscopy techniques 
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5.3 Results 

5.3.1 CD81 forms into nanometer-scale ring structures at the membrane of 

activated, human macrophages 

The previous chapter has shown that the tetraspanin and exosome marker CD81 

formed into nanometer-scale ring structures at the membrane of IgG-activated, human 

lung macrophages (Figure 4-19). However, tissue-specific macrophages are known to 

have specialised funtions and thus, may behave different to monocyte-derived 

macrophages. Therefore, the observation of CD81-ring structures was expanded to 

several different types of monocyte-derived macrophages: M0-like, M1-like and M2-

like macrophages. A detailed characterisation and the differentiation protocol of the 

different macrophage populations can be found in Chapter 3 and the methods section 

(2.1.1).  

 

Monocyte- and lung-derived macrophages were plated onto microscopy slides 

coated with PLL (0 µg/mL IgG, non-activating condition) or PLL and IgG (10 µg/mL IgG, 

activating condition) for 15 min, washed, fixed and stained with anti-CD81 mAb labelled 

in house with AF647. STORM data sets were recorded and corrected with the moving 

median filter (described in Chapter 4). Activated conditions, where glass slides are 

coated with PLL and IgG, represent a 2-D model of the phagocytic synapse (Figure 5-1A). 

STORM images capture this synapse. For all four cell types, TIRF as well as STORM of 

non-activated conditions displayed a relatively homogenous distribution of CD81 

(Figure 5-1B, 0 µg/mL IgG). In activated conditions on the other hand, CD81 

concentrated in spots appearing as bright dots in the TIRF images (Figure 5-1B, 

10 µg/mL, top row). These dots were resolved into nanometer-scale ring structures in 

the STORM images. Notably, CD81-rings observed at M0-like macrophages seem to be 

bigger than those of M1-, M2-like and lung macrophages.  
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Figure 5-1: CD81 forms into nanometer-scale ring structures at the synapse of activated macrophages. 

A) Macrophages were incubated on PLL- (0 µg/mL IgG, non-activating condition) or PLL- and IgG- 

(10 µg/mL IgG, activating condition, coated glass slides for 15 min, fixed and stained with human anti-

CD81, labelled with AF647. B) TIRF, STORM and Zoom (3 x 3 µm) images of non-activating and activating 

conditions. Scale bar 5 µm, Zoom 1 µm. Images are representative for n = 30 – 43 cells per condition from 

4 – 6 individual donors and experiments. 

 

All line profiles showed two clear peaks on the edges with a dip in the middle. This 

is in accordance with the structure being vesicular (Figure 5-2). Interestingly, the 

dimensions of the line profiles also confirmed observations of M0-like macrophages 

displaying bigger ring structures than the other cell types. In fact, line profiles of M0-

like macrophages showed a diameter of approximately 200 nm (Figure 5-2, top row, 

line profile 1 and 3) while all other cell types had diameters half this size.  
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Figure 5-2: Line profiles of CD81-ring structures confirm circular nature of observations. Macrophages 

were incubated on glass slides coated with PLL and 10 µg/mL IgG for 15 min, fixed and stained with anti-

CD81 labelled with AF647. Zoom STORM images (2 x 2 µm) with according line profiles are shown. Scale 

bar 0.5 µm. Images are representative for n = 30 – 43 cells per condition from 4 – 6 individual donors and 

experiments.  

 

To quantitatively assess these observations, the ring density defined as number 

of rings per µm² was determined (Figure 5-3). In accordance to earlier observations, the 

ring density was significantly lower in non-activated compared to activated conditions. 

In all four cell types, the stimulation of the macrophages with IgG induced the formation 

of ring structures. Interestingly, M1- and M2-like macrophages have higher densities 

than M0-like and lung macrophages in activated condition.  
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Figure 5-3: Activation through FcγRI induces the formation of rings. Macrophages were incubated on 

glass slides coated with PLL only (0 µg/mL IgG, non-activating condition) or PLL and IgG (10 µg/mL IgG, 

activating condition) for 15 min, fixed and stained with anti-CD81 labelled with AF647. Ring density 

defined as number of rings per µm² was determined for both conditions. One dot represents one cell. 

Bars show the geometric mean ± SD of n = 20 – 43 cells per condition from 3 – 6 individual donors and 

experiments. *, p ≤ 0.05; **, p ≤ 0.01; ****, p ≤ 0.0001; One-way ANOVA using GraphPad Prism. 

 

Further, the nanoscale diameters of observed ring structures were measured and 

compared (Figure 5-4). As expected, ring structures at the synapse of M0-like 

macrophages displayed bigger diameters with a mean of 182 ± 95 nm compared to 92 

± 47 nm for M1-like macrophages, 75 ± 41 nm for M2-like macrophages and 93 ± 50 nm 

for lung macrophages. Interestingly, the size distribution of M0-like macrophage rings 

was also much wider (Figure 5-4B, red data). All other cell types showed a similar 

distribution with a relatively narrow range. In fact, most diameters measured were 

within ± 25 nm of their mean diameter (51.3% for M1-like macrophages, 77.3% for M2-

like macrophages, 66.5% for lung macrophages). For M0-like macrophages on the other 

hand, only 23.8 % of all ring structures fall within ± 25 nm of its mean diameter.  
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Figure 5-4: Different macrophage populations show distinct characteristics for nanometer-scale ring 

structures. Macrophages were incubated on glass slides coated with PLL and 10 µg/mL IgG IgG for 15 min, 

fixed and stained with anti-CD81 labelled with AF647. A) Zoom STORM images (2 x 2 µm) with example 

measurements are shown. Scale bar 0.5 µm. Ring diameters were measured using ImageJ. B) Normalised 

histogram and C) violin plots are shown. n = 20 – 43 cells per condition from 3 – 6 individual donors and 

experiments. **, p ≤ 0.01; ****, p ≤ 0.0001; Kruskal-Wallis test using GraphPad Prism.  

 

Taken together, CD81 formed into nanometer-scale ring structures at the synapse 

of M0-like, M1-like, M2-like and lung macrophages when activated through their FcγRI. 

Line profiles confirmed the circular nature of these structures. Upon activation, ring 

density increased significantly for all four cell types with M1-like and M2-like 

macrophages showing higher densities than M0-like and lung macrophages. 

Interestingly, M0-like macrophages displayed distinct characteristics in that their rings 

were larger and their size distribution much wider than that of the other cell types. This 

shows that observed ring structures have distinct characteristics for different 

macrophages, possibly hinting distinct functions and mechanisms underlying this 

phenomenon.  
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5.3.1.1 Spatial Characteristics and Timing of Ring Formation 

Not only the characteristics of the ring structures themselves, but also their 

location at the synapse might differ between different cell types. To assess this, we 

compared secretion in three different areas of the synapse: the centre, the periphery 

or across the whole synapse. TIRF images of activated macrophages stained for CD81 

were scored for the frequency of secretion within these three regions (Figure 5-5).  

 

Macrophages were incubated on glass slides coated with PLL and 10 µg/mL IgG 

for 15 min, fixed and stained with anti-CD81 labelled with AF647. Interestingly, M0-like 

and lung macrophages, who both showed low ring densities (Figure 5-3) formed ring 

structures mostly across the whole synapse (16 out of 31 cells for M0-like macrophages; 

20 out of 33 cells for lung macrophages). M1-like and M2-like macrophages on the other 

hand formed rings in the centre of the cell (21 out of 33 cells for M1-like macrophages; 

28 out of 29 cells for M2-like macrophages). This means, M1-like and M2-like 

macrophages both spread widely with rings forming in the centre of the synapse and at 

a great density while M0-like and lung macrophages spread less widely and form ring 

structures across the whole synapse at lower density.  

 

We next set out to test whether or not the formation of ring structures changed 

over time (Figure 5-6). For this, monocyte-derived macrophages were incubated on 

glass slides coated with PLL only (0 µg/mL IgG, non-activating condition) or PLL and IgG 

(10 µg/mL IgG, activating condition) for 15, 30, 60 and 120 min, fixed and stained with 

anti-CD81 labelled with AF647. STORM images were recorded and corrected prior to 

reconstruction. Ring densities significantly increased for all cell types after 15 min of 

incubation with IgG while levels remained low for non-activating conditions (Figure 

5-6B-D). The ring density is enhanced at longer incubation times; however, this is also 

true for non-activating conditions and leads to the reduction of significance between 

activated and non-activated conditions. As 15 min was sufficient to induce a significant 

increase in ring density in activating conditions while keeping levels low in non-

activating conditions, this time span was used for all further experiments.  



175 

 

 

Figure 5-5: Ring structures appear in different areas across the synapse. Macrophages were incubated 

on glass slides coated with PLL and 10 µg/mL IgG for 15 min, fixed and stained with anti-CD81 labelled 

with AF647. A) Ring structures were observed in the centre, the periphery or across the whole synapse. 

B) Representative TIRF images with according quantification of the proportions of where ring structures 

were observed. Scale bar 10 µm. n = 29 – 33 cells per condition from 3 individual donors and experiments.  
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Figure 5-6: Formation of CD81 nanometer-scale ring structures over time. Macrophages were incubated 

on glass slides coated with PLL only (0 µg/mL IgG, non-activating condition) or PLL and IgG (10 µg/mL IgG, 

activating condition) for 15, 30, 60 or 120 min, fixed and stained with anti-CD81 labelled with AF647.               

A) Representative STORM and Zoom (2 x 2 µm) images for activated and non-activated conditions at all 

time points. Scale bar 5 µm, Zoom 0.5 µm. B) Ring density defined as number of rings per µm² for 

activated and non-activated conditions at different time points. One dot represents one cell. Bars show 

the geometric mean ± SD of n = 12 – 14 cells per condition from 2 individual donors and experiments. ns, 

not significant; *, p ≤ 0.05; ***, p ≤ 0.001; ****, p ≤ 0.0001; unpaired t-test using GraphPad Prism.  
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5.3.1.2 Culturing Human Lung Macrophages Influences Ring Characteristics 

As established earlier, monocyte-derived macrophages generated using different 

differentiation protocols showed distinct ring characteristics. In particular, M0-like 

macrophages displayed significantly larger rings than M1-like and M2-like macrophages 

with M2-like macrophages displaying the smallest rings. However, all of these 

macrophages were generated by culturing blood monocytes for approximately 8 days 

(details see 2.1.1). Lung macrophages on the other hand are used fresh, directly upon 

isolation from the lung tissue. Therefore, to test the effect of the differentiation 

protocol on ring formation, lung macrophages were isolated, and half of the cells were 

used fresh while the other half was cultured like M0-like macrophages (Figure 5-7A). 

The protocol of M0-like macrophages was chosen to not influence the polarisation of 

the lung macrophages. In addition, characteristics of M0-like macrophage rings showed 

the biggest difference to fresh lung macrophages and was thus considered a good test.  

 

As can be seen in Figure 5-7B-E culturing lung macrophages did influence the ring 

characteristics. Surprisingly, ring density was very high in non-activating as well as 

activating conditions suggesting the macrophages being activated without stimulation 

(Figure 5-7C). In addition, cultured lung macrophages displayed rings with bigger 

diameters. Similar to M0-like macrophages, the histogram of cultured lung 

macrophages was much broader than that of fresh lung macrophages (Figure 5-7D). 

This was also evident in their mean diameter that significantly increased from 94 ± 

70 nm for fresh to 133 ± 82 nm for cultured lung macrophages.  

 

Taken together, this could indicate that CD81 ring formation may be influenced 

by the polarisation status of the cell in question. However, it is surprising that cultured 

lung macrophages were activated without stimulation. It has to be kept in mind though 

that lung macrophages need their tissue environment to function properly. Removing 

them from this environment could potentially lead to the cell being stressed and 

activated. Within the tissue, lung macrophages face an environment with a high antigen 

load and are in constant contact with the extracellular matrix as well as other cells. 
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These interactions are missing in a sterile ex vivo model like the one used here, possibly 

leading to a different reaction of cultured vs. freshly used macrophages.   

 

 

Figure 5-7: Culturing lung macrophages influences their CD81 ring characteristics. Human lung 

macrophages where isolated and half of the cells were used fresh. The other half was cultured for 3 days 

in X-Vivo media supplemented with 1% HS followed by 5 days in DMEM media supplemented with 10% 

FBS, 1% L-glutamine, 1% Penicillin/Streptomycin and 10 mM HEPES buffered saline (A). Macrophages 

were incubated on glass slides coated with PLL only (0 µg/mL IgG, non-activating condition) or PLL and 

IgG (10 µg/mL IgG, activating condition) for 15 min, fixed and stained with anti-CD81 labelled with AF647.                

B) Representative STORM and Zoom (3 x 3 µm) images for activated and non-activated conditions for 

fresh and cultured cells and Measurements where applicable. Scale bar 5 µm, Zoom 1 µm. C) Ring density 

for both conditions for fresh and cultured cells. Each dot represents one cell. Bars show the geometric 

mean ± SD of n = 18 – 22 cells per condition from 3 individual donors and experiments with matching 

donors for fresh and cultured cells. D) Normalised histogram of ring diameters for activated conditions 

for fresh and cultured cells with a Gaussian curve fitted for the data. E) Violin plots of ring diameters for 

activated conditions for fresh and cultured cells with mean diameter. ****, p ≤ 0.0001; Mann-Whitney 

test using GraphPad Prism.  



179 

 

5.3.2 Formation of CD81-Rings at the Membrane of Human Macrophages Incubated 

on Activating Lipid Bilayers 

So far, macrophages were incubated on coated glass slides which proved to be a 

reliable model that is especially compatible with imaging the immune synapse. 

However, glass represents an artificial system, which may influence cellular response. 

To study the formation of CD81-rings in a more biological relevant scenario, 

macrophages were incubated on planar lipid bilayers instead of glass slides. Bilayers 

contained 10 µg/mL IgG to activate the macrophages, being physiologically more similar 

to an opsonised target compared to glass slides. After 20 min of incubation, cells were 

fixed and stained with anti-CD81 mAb labelled with AF647 (Figure 5-8A). As expected, 

nanometer-scale ring structures formed and appeared similar to those on macrophages 

activated on glass slides (Figure 5-1, Figure 5-8B). Line profiles confirmed their circular 

structure, with two main peaks on the outside and a dip in the middle (Figure 5-9). In 

contrast to ring structures observed on macrophages activated on IgG-coated glass 

slides, M0-like macrophages seem to display slightly smaller diameter. In the images, 

there is no obvious difference evident. In addition, line profiles show similar diameters 

for all four cell types. However, for a reliable interpretation, the quantitative 

comparison of ring characteristics of the different cell types is necessary.  
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Figure 5-8: CD81 forms into nanometer-scale ring structures at the membrane of macrophages 

incubated on planar lipid bilayers containing IgG. A) Macrophages were plated onto bilayers containing 

10 µg/mL IgG for 20 min, then fixed and stained with anti-CD81 mAb labelled with AF647.                                                 

B) Representative Brightfield, TIRF, STORM and Zoom (2 x 2 µm) images. Scale bar 10 µm for Brightfield 

and TIRF images, 5 µm for STORM images and 0.5 µm for Zoom images. n = 18 – 22 cells per condition 

from 3 independent donors and experiments.  
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Figure 5-9: Line profiles of CD81-ring structures at the membrane of macrophages activated on planar 

lipid bilayers. Macrophages were incubated on lipid bilayers containing 10 µg/mL IgG for 20 min, fixed 

and stained with anti-CD81 labelled with AF647. Zoom STORM images (2 x 2 µm) with according line 

profiles are shown. Scale bar 0.5 µm. Images are representative for n = 18 – 22 cells per condition from 

3 independent donors and experiments.  

 

To analyse ring characteristics on a cell-by-cell basis, the density defined as rings 

per µm² was determined and compared to that of macrophages activated on IgG coated 

glass slides (Figure 5-3 vs. Figure 5-10). The density of secretions for macrophages 

activated on lipid bilayers was slightly higher than that for coated glass slides for all cell 

types but M1-like macrophages. More precisely, the ring density increased from 0.285 

± 0.124 rings/µm² to 0.389 ± 0.290 rings/µm² for M0-like macrophages, from 0.490 ± 

0.343 rings/µm² to 0.878 ± 0.482 rings/µm² for M2-like macrophages and from 0.198 ± 

0.346 rings/µm² to 0.877 ± 0.997 rings/µm² for lung macrophages. The density of M1-

like macrophage vesicles decreased from 0.748 ± 0.404 rings/µm² to 0.703 ± 
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0.746 rings/µm². Interestingly, the ring densities for macrophages activated on lipid 

bilayers displayed no significant differences. For glass slides on the other hand, M0-like 

and lung macrophages displayed significantly lower ring densities than M1- and M2-like 

macrophages.  Thus, M0-like and lung macrophages show the biggest increase in ring 

density on bilayers compared to glass slides.  

 

 

Figure 5-10: Incubation of macrophages on activating planar lipid bilayers induced CD81-ring 

formation. Macrophages were plated onto bilayers containing 10 µg/mL IgG for 20 min, then fixed and 

stained with anti-CD81 labelled with AF647. Shown is the ring density of macrophages incubated on 

bilayers containing 10 µg/mL IgG. Each dot represents one cell. Bars show the geometric mean ± SD of     

n = 18 – 22 cells per condition from 3 independent donors and experiments.  

 

Next, the diameters of CD81-rings were measured (Figure 5-11). Interestingly, 

diameters of the four different cell types were less heterogeneous than those measured 

on cells activated on coated glass slides (Figure 5-4). Especially M0-like macrophages 

were less distinct compared to the other cell types. This was also obvious in that their 

mean diameter was more similar compared to the other cell types. In fact, on bilayers 

the mean diameter decreased for three out of four cell types. M0-like macrophages 

showed the biggest decrease from 182 ± 95 nm on glass to 114 ± 75 nm on bilayers. 

M1-like and lung macrophages showed smaller changes from 92 ± 47 nm to 83 ± 54 nm 

and 93 ± 50 nm to 81 ± 69 nm respectively. Only for M2-like macrophages the diameter 
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increased from 75 ± 41 nm to 91 ± 64 nm. Nevertheless, M0-like macrophages still 

displayed larger ring structures than all other cell types following the same trend 

observed on glass slides.  

 

 

Figure 5-11: Characteristics of CD81-rings at the membrane of macrophages activated on lipid bilayers. 

Macrophages were plated onto bilayers containing 10 µg/mL IgG for 20 min, then fixed and stained with 

anti-CD81 labelled with AF647. A) Representative Zoom (STORM; 2 x 2 µm) images. 0.5 µm. B) Histogram 

and C) violin plots of ring diameters. n = 18 – 22 cells per condition from 3 independent donors and 

experiments. ; ****, p ≤ 0.0001; Kruskal-Wallis test using GraphPad Prism.  
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Taken together, the formation of nanometer-scale ring structures of CD81 was 

observed at the membrane of macrophages activated on planar lipid bilayers containing 

IgG, similar to those observed when activating macrophages on IgG-coated glass slides. 

Ring density on lipid bilayers was comparable for all four cell types but slightly higher 

compared to glass slides, possibly indicating a better interaction of the cells with the 

bilayer compared to the glass slide.  Interestingly, ring diameters decreased for all but 

M2-like macrophages on lipid bilayers with the overall trend staying the same as on 

glass slides: M0-like macrophages display bigger ring-diameters than the other three 

cell types. 

 

5.3.3 Macrophages Secrete Extracellular Vesicles across the Immune Synapse  

CD81 is part of a protein super family called tetraspanins. Tetraspanins are known 

to play a role in protein trafficking and membrane compartmentalization and are used 

as marker for extracellular vesicles192,193,328. Thus, observed CD81-ring structures could 

be extracellular vesicles, captured directly upon secretion at the base membrane of 

macrophages. To test this hypothesis, macrophage secretions were imaged using a 

recently developed imaging technique termed ‘shadow imaging’329. Therefore, 

macrophages were incubated on lipid bilayers containing biotinylated IgG for 20 min 

followed by a pulsed stain with streptavidin-AF488 (Figure 5-12A). When detaching the 

cells afterwards, a shadow was left behind, indicating the area where the cells had 

interacted with the bilayer and its ligands (Figure 5-12B, TIRF-488). Additional staining 

of CD81-AF647 visualised vesicles that were secreted by the macrophages prior to 

attachment (Figure 5-12B, TIRF-647, STORM and Zoom).   

 

As can be seen in Figure 5-12B, vesicles that were left behind by the macrophages 

were captured in the bilayer and resolved in nanometer-scale ring structures similar to 

those observed when cells were not detached (Figure 5-1 and Figure 5-8). Importantly, 

brightfield images ensured that the cells were fully detached (Figure 5-12B; Brightfield). 

In fact, this is also evident in the STORM images of vesicles that display much lower 

levels of background than images of the cell membrane. When imaging the membrane, 
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the signal does not only arise from extracellular vesicles but also the membrane itself, 

as CD81 is a normal part of the cell membrane. Line profiles of secreted vesicles 

confirmed the circular nature and similar diameters compared to CD81-rings observed 

before (Figure 5-13).  

 

 

Figure 5-12: Shadow imaging reveals the secretion of extracellular vesicles by IgG-activated 

macrophages. A) Macrophages are incubated on lipid bilayer containing 10 µg/mL biotinylated IgG for 

20 min, then pulsed with streptavidin-AF488 followed by the detachment of the cells, fixation of the 

remains and final staining with anti-CD81 labelled with AF647. B) Representative Brightfield, TIRF, STORM 

and Zoom images. Scale bar 10 µm for Brightfield and TIRF images, 5 µm for STORM images and 1 µm for 

Zoom images. n = 21 – 24 cells per condition from 3 individual donors and experiments. 
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Figure 5-13: Line profiles of extracellular vesicles secreted by macrophages onto activating lipid 

bilayers. Macrophages were incubated on lipid bilayers containing 10 µg/mL IgG for 20 min, cells 

detached and remains fixed and stained with anti-CD81 labelled with AF647. Zoom STORM images (2 x 2 

µm) with according line profiles are shown. Scale bar 0.5 µm. Images are representative for n = 3 

individual donors and experiments. 

 

So far, the characteristics of observed ring structures were obtained manually, by 

counting and measuring rings using ImageJ. Due to images of vesicles displaying much 

lower backgrounds than images of the cell membrane, an automated analysis is 

possible. This would ensure robust data collection and avoid subjectivity. Thus, 

background corrected STORM images of extracellular vesicles left behind on lipid 

bilayers were analysed using a custom-made macro in ImageJ. The macro was able to 

detect, count and measure the area of vesicles (Figure 5-14A, Example 1). However, in 

few occasions, the macro missed a vesicle (Figure 5-14A, Example 2) or divided bigger 
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vesicles into several small ones (Figure 5-14A, Example 3). All images were checked 

manually and mistakes corrected. Vesicle diameters were calculated from measured 

areas with the following equation: 

 

𝑑 = 2√
𝐴

𝜋
 (4) 

 

Here, d is the diameter and A the area of the ring structure. To ensure correct 

performance, a portion of cells were analysed with the macro as well as manually and 

compared (Figure 5-14B-E). Because larger vesicles were more challenging for the 

macro to detect, data from M0-like macrophages was chosen. The number of vesicles 

detected on the individual cells varied slightly with no trend visible (Figure 5-14B). More 

importantly, the mean diameter of vesicles detected on individual cells was established 

correctly (Figure 5-14C). In addition, the diameters of all vesicles measured showed 

similar distributions, regardless of the detection via macro or manually (Figure 5-14D-

E).  
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Figure 5-14: Automized analysis of vesicle characteristics using a custom-made macro. Images from 

secretions in Figure 5-12 were analysed using a custom made macro. All results were checked and in few 

occasions where the macro failed, corrected. A) Example STORM images with according results of the 

vesicle analyser and overlay. Scale bar 0.5 µm. B-E) Data from M0-like macrophages analysed by the 

macro was compared to manual analysis to verify correct performance. One dot represents one cell with 

n = 3 individual donors and experiments and 15 cells analysed in total. B) Number of vesicles counted. 

C) Mean diameters of vesicles per cell analysed by the macro and by hand. D) Diameters of all vesicles 

measured by the macro and by hand. E) Histogram of diameters analysed with the macro and manually.  
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However, small differences are evident. For example, the data obtained manually 

presents ‘smoother’ than that by the macro, which shows gaps in the diameter 

distribution (Figure 5-14D-E). This can be explained by the different ways to establish 

the diameter and the pixel size. STORM images have a pixel size of 1x10-4 µm (or 0.1 

nm). When obtained manually, diameters were measured directly, with a maximum 

resolution of 0.1 nm. The macro on the other hand utilises the area to calculate the 

diameter (equation (4)). The area is measured with a resolution of 1x10-4 µm² (or 

100 nm²), which is equivalent to a diameter of 11 nm. Anything smaller than this cannot 

be detected. In addition, diameters calculated from areas have a certain step size. For 

example, 1x10-4 µm² corresponds to a diameter of 11 nm, 2x10-4 µm² to a diameter of 

16 nm, 3x10-4 µm² to a diameter of 20 nm and so forth. This step size is much smaller 

for manually measured diameters, which leads to no obvious gaps in the diameter 

distribution and smoother data. Nevertheless, despite these discrepancies none of the 

parameters measured was significantly different for the different detection methods. 

In fact, the mean diameter of all vesicles measured was 115 ± 75 nm for manual and 

114 ± 78 nm for automated analysis. Thus, with only 1 nm difference, the macro proved 

to be precise and robust and ensures a non-subjective analysis. In the following, it was 

applied to determine the vesicle characteristics of all four cell types.  
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Figure 5-15: Macrophages secrete vesicles when activated on lipid bilayers containing IgG. 

Macrophages were incubated on lipid bilayers containing 10 µg/mL IgG for 20 min, detached and the 

remains fixed and stained with anti-CD81 labelled with AF647. Ring density defined as number of rings 

per µm² was determined. One dot represents one cell. Bars show the geometric mean ± SD of n = 21 – 

31 cells per condition from 3 – 4 individual donors and experiments. *, p ≤ 0.05; **, p ≤ 0.01; ***, 

p ≤ 0.001; One-way ANOVA using GraphPad Prism. 

 

As already established, macrophages activated through their FcγRI secrete 

vesicles that appear as nanometer-scale ring structures in STORM images. These images 

can be used to determine vesicle characteristics like the density defined as vesicles per 

µm² on a cell-by-cell basis. However, when detaching cells and imaging the secretions, 

the cell area cannot be measured, and thus, the density not calculated. This was 

addressed with the application of the ‘shadow’ imaging technique, which marks the 

area where the cell interacted with the bilayer prior to attachment (Figure 5-12A). Thus, 

vesicle density was determined for M0-like, M1-like, M2-like and lung macrophage 

secretions utilising a custom macro in ImageJ (Figure 5-15). Interestingly, the density 

was significantly increased in secretions compared to images taken with the cell still 

attached (Figure 5-3, Figure 5-10 and Figure 5-15). This may be explained by the 

‘cleaner’ images from secretions. It is easier to identify a vesicle in a low background 
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image. When cells are still present, vesicles need to be identified amongst the signal 

arising from the membrane itself.  

 

 

Figure 5-16: Characteristics of vesicles left behind on lipid bilayers. Macrophages were incubated on 

lipid bilayers containing 10 µg/mL IgG for 20 min, detached and the remains fixed and stained with anti-

CD81 labelled with AF647. A) Representative Zoom (STORM) images (2 x 2 µm) with example 

measurements. Scale bar 0.5 µm. Ring diameters were measured using ImageJ. B) Histogram and C) violin 

plots of diameters. n = 21 – 31 cells per condition from 3 – 4 individual donors and experiments. ns, not 

significant; ****, p ≤ 0.0001; Kruskal-Wallis test using GraphPad Prism.  
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From all four cell types, lung macrophages have the lowest density. This was also 

the case for cells activated on glass slides (Figure 5-3, Lung data). However, the densities 

differ greatly with a mean of 0.198 ± 0.346 rings/µm² for cells activated on IgG coated 

glass and 0.895 ±  0.442 rings/µm² for secretions captured on lipid bilayers. Densities of 

monocyte-derived macrophages increase slightly but not significantly from M0- via M1- 

to M2-like macrophages.  

 

Next, the vesicle diameters were determined (Figure 5-16). Histograms as well as 

violin plots were very similar to those of macrophages activated on bilayers without 

attachment of the cells (Figure 5-11B-C and Figure 5-16B-C). This was expected as cells 

were activated in the same way. However, when detaching the cells the biggest 

diameters measured lied between 600 - 800 nm while they ranged to up to 1300 nm 

when cell were still there. This may indicate that very few, very big vesicles were 

detached with the cells. However, it could also mean, that membrane folds or 

protrusions were mistaken for vesicles and detaching the cells yields more accurate 

data. In any case, the mean diameters were strikingly similar with 114 ± 75 nm and 112 

± 79 nm for M0-like macrophages, 83 ± 54 nm and 85 ± 49 nm for M1-like macrophages, 

91 ± 64 nm and 89 ± 54 nm for M2-like macrophages and 81 ± 69 nm and 91 ±  59 nm 

for lung macrophages for cells still present and cells detached respectively. This showed 

that vesicle characteristics were reproducible independent of cell detachment and 

analysis technique, as data with cells still present was obtained manually while 

secretions were analysed using the macro.  

 

Taken together, the detachment of macrophages activated on IgG-containing lipid 

bilayers revealed vesicles left behind. These vesicles appeared as nanometer-scale ring 

structures when imaged with STORM and line profiles could confirm their circular 

structure. Images of vesicles alone displayed less background than images of 

membranes which enabled their automated analysis. This may also explain the higher 

vesicle density found for secretions. Vesicle diameters of macrophages activated on 
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planar lipid bilayers did not change upon detachment of the cells, highlighting the 

reproducibility of the phenomenon as well as the robustness of the automated analysis.  

 

5.3.4 Isolation of Extracellular Vesicles via Ultracentrifugation 

In recent years, the interest to study extracellular vesicles increased enormously. 

Thus, several techniques on how to isolate them are known. One of the most common 

techniques is differential ultracentrifugation. In fact, vesicles are mostly studied after 

isolation. Therefore, to further validate that observed ring structures are in fact 

extracellular vesicles, the latter were isolated and imaged. Macrophages were 

stimulated in solution with beads coated with 10 µg/mL IgG for 90 min and cells, large 

and small extracellular vesicles were isolated using differential ultracentrifugation 

(Figure 5-17A). Isolated fractions were then incubated on PLL-coated microscopy slides 

for 20 min, fixed and stained with anti-CD81 labelled with AF647. 

 

As expected, vesicles appeared as nanometer-scale ring structures when imaged 

with STORM (Figure 5-17B). Images with cells still present also displayed higher 

backgrounds than images of vesicles (Figure 5-17B, Cells vs. Large EV and Small EV). This 

is in accordance with observations made so far. In addition, line profiles could confirm 

the circular structure and similar sizes to ring structures observed before. Thus, CD81-

ring structures forming at the membrane of macrophages are likely to be extracellular 

vesicles, secreted upon activation through their FcγRI.  
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Figure 5-17: Vesicles isolated via ultracentrifugation appear as nanometer-scale ring structures when 

imaged with STORM. A) Macrophages were stimulated in solution with beads coated with 10 µg/mL IgG 

for 90 min and cells, large and small extracellular vesicles were isolated using differential 

ultracentrifugation. Isolated fractions were incubated on PLL-coated microscopy slides for 20 min, fixed 

and stained with anti-CD81 labelled with AF647. B) Representative STORM and Zoom (2 x 2 µm) images. 

Scale bar 5 µm, Zoom 0.5 µm. n = 18 – 20 images per condition from 3 individual donors and experiments. 

EV, extracellular vesicles.  
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Figure 5-18: Line profiles of extracellular vesicles (EV) isolated with differential ultracentrifugation. 

Macrophages were stimulated in solution with beads coated with 10 µg/mL IgG for 90 min and large and 

small EV were isolated using differential ultracentrifugation. Isolated fractions were incubated on PLL-

coated microscopy slides for 20 min, fixed and stained with anti-CD81 labelled with AF647. Zoom STORM 

images (2 x 2 µm) with according line profiles of large (A) and small (B) EV are shown. Scale bar 0.5 µm. 

Images are representative for n = 18 – 20 images per condition from 3 individual donors and experiments. 

 

5.3.5 Macrophage Vesicles are being secreted through Holes in the Actin Mesh at 

the Immune Synapse 

The cytoskeleton regulates vital processes like cell migration, division and 

homeostasis330. Its main component is actin, a small protein which can form into 

filaments that build up more complex structures such as branched networks, cross-

linked meshworks and bundles331. The actin network has been shown to play a role in 

various membrane trafficking pathways and exocytosis206,332–335. It is also known that a 

dense actin mesh is forming at the lytic synapse of T and NK cells, for example 

coordinating receptor rearrangements336,337. Thus, it is very likely that the actin network 

also plays a role in the secretion of extracellular vesicles observed in this project.  
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Figure 5-19: Macrophage vesicles are secreted through holes in the actin mesh. Macrophages were 

incubated on glass slides coated with PLL only (0 µg/mL IgG, non-activating condition) or PLL and IgG 

(10 µg/mL IgG, activating condition) for 15 min, permeabilised, fixed and stained with phalloidin-AF488 

and anti-CD81 labelled with AF647. A-C) Representative STED (Actin), confocal (CD81), Zoom and 

Composite images with according line profiles of M0-like (A), M1-like (B) and M2-like (C) macrophages in 

activating conditions. D) Pearsons correlation co-efficient in activating and non-activating conditions. 

Each dot represents one cells. Bars show the geometric mean ± SD of n = 21 – 32 cells per condition from 

4 individual donors. ***, p ≤ 0.001; ****, p ≤ 0.0001; Mann Whitney or unpaired t test where appropriate 

using GraphPad Prism. 

 

To test this hypothesis, macrophages were incubated on glass slides coated with 

PLL only (0 µg/mL IgG, non-activating condition) or PLL and IgG (10 µg/mL IgG, activating 

condition) for 15 min, permeabilised, fixed and stained with phalloidin-AF488 and anti-

CD81 labelled with AF647 (Figure 5-19). The actin network was imaged with STED and 

CD81 with confocal microscopy. Thus, vesicles will not be resolved in detailed ring 

structures but will appear as blurred spots. However, this resolution is sufficient to 
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define the location of the vesicles across the synapse. Interestingly, vesicles co-localised 

with holes in the actin mesh which was most obvious for M0-like macrophages (Figure 

5-19A, Zoom, yellow arrows). This was expected because vesicles from M0-like 

macrophages are more than double the size of vesicles from M1- and M2-like 

macrophages when activated on glass slides (Figure 5-4). Thus, holes in the actin mesh 

will be bigger and easier visible. However, line profiles confirmed this observation for 

all three cell types. Here, the intensity of actin was low when CD81 was high (Figure 

5-19A-C, line profiles).  

 

To determine the correlation of actin and CD81 across and all cell types and 

donors, Pearsons correlation coefficients were calculated (Figure 5-19D). Pearsons 

values can range from -1 (no correlation at all) to +1 (perfectly co-localised). And indeed, 

Pearsons correlation coefficients decreased significantly from non-activated to 

activated conditions for all cell types. This means that upon activation, actin and CD81 

move apart, maybe indicating the re-organisation of the actin network, away from the 

vesicles, to enable their fusion with the cell membrane. 

 

5.3.6 Proteomics Analysis of Macrophage Vesicles Reveal Distinct Contents for 

Different Macrophages 

So far, M0-like, M1-like, M2-like and lung macrophages were found to secrete 

extracellular vesicles upon activation through their FcγRI. The different cell types 

displayed distinct secretion densities and vesicle diameters. This raises the question if 

vesicles derived from different macrophages also contain different material. In general, 

extracellular vesicles contain different biological material including, proteins, lipids and 

miRNAs and their composition is thought to reflect the state of the cell of origin338.  This 

would mean that vesicles derived from M1-like macrophages contain pro-inflammatory 

proteins while M2-like macrophages act anti-inflammatory. To test this, monocyte-

derived macrophages were stimulated to secrete vesicles in solution with IgG-coated 

beads for 90 min, and vesicles were isolated using differential ultracentrifugation 

(Figure 5-20A). Then, label-free proteomics analysis was performed on isolated 
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fractions. For all cell types, large and small extracellular vesicles were isolated from 

matching donors (Figure 5-20B).  

 

 

Figure 5-20: Schematic of macrophage preparation for proteomics analysis. A) Macrophages were 

stimulated in solution with beads coated with 10 µg/mL IgG for 90 min and large and small extracellular 

vesicles were isolated using differential ultracentrifugation. Isolated fractions were digested using S-

TRAPTM technology and run on a QE-HF mass spectrometer. Raw data was analysed using the software 

Proteome Discoverer for label-free quantification. B) Overview of samples used for proteomics analysis. 

Large and small extracellular vesicles (EV) were isolated for matching donors for all cell types, yielding a 

total of 18 samples.  
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Hierarchical clustering analysis of all identified proteins from all samples revealed 

distinct protein contents for small and large vesicles from all three cell types (Figure 

5-21A). Interestingly, M1- and M2-like macrophage vesicles form different clusters in 

both, small and large extracellular vesicles. Vesicles derived from M0-like macrophages 

on the other hand cluster together with M1-like macrophages for small vesicles and 

with M2-like macrophages for large vesicles. This makes sense as M0-like macrophages 

are differentiated so that they are polarised neither towards M1- nor M2-like 

macrophages. In fact, they likely contain markers from both cell types and thus are 

prone to cluster with both of them.  

 

Further, principal component analysis (PCA) was performed (Figure 5-21B). 

Similar to the hierarchical clustering analysis, small and large extracellular vesicles 

cluster in separate, clear clusters. These can further be divided in the three different 

cell types. The overall clustering of the different fractions and cell types is also an 

indication that the isolation process and proteomics analysis was carried out correctly. 

If samples would have been contaminated during the preparation process this would 

be visible.  
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Figure 5-21: Extracellular vesicles (EV) from different macrophages show distinct protein contents. 

Macrophages were stimulated in solution with beads coated with 10 µg/mL IgG for 90 min and large and 

small extracellular vesicles were isolated using differential ultracentrifugation and label-free proteomics 

analysis was performed. A) Heatmap of all samples using normalised and grouped abundances, the 

distance function Pearson and complete linkage method; created in Proteome Discoverer. Columns were 

scaled before clustering. B) Principal component analysis (PCA) plot showing clusters of samples based 

on their similarity. Each data point represents one donor. n = 3 individual donors and experiments.  
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Figure 5-22: Gene Ontology (GO) annotation of all proteins identified in proteomics analysis. GO terms 

for cellular biological process (top left), molecular function (top right), and cellular component (bottom) 

of all identified proteins from the proteomics analysis. 

 

Gene Ontology (GO) information for cellular biological processes, molecular 

functions, and cellular components of all identified proteins were retrieved from 

Proteome Discoverer (Figure 5-22). As expected, most identified proteins were of 

membranous, cytoplasmic or cytosolic origin. Their major functions were protein 

binding and catalytic activities and they could be linked to processes of metabolism, 

response to stimulus and transport. This is all coherent with analysing extracellular 

vesicles. Vesicles consist of a phospholipid bilayer with a spheroidal shape containing a 

variety of biomolecules including proteins, nucleic acids, lipids and metabolites179. Their 

biogenesis takes place in the cytoplasm and cytosol and they are released from the 
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membrane. This explains GO annotation observed for isolated vesicles. More 

importantly, it shows no notable contamination of the samples and therefore confirms 

again the correct isolation and processing of the samples. 

 

The first step of mass spectrometer analysis is to identify the peptides from the 

raw data. The peptides are then used to identify the proteins that fragmented into these 

peptides. Finally, identified proteins are matched with retention times to quantify their 

amount. However, these processes are influenced by the data set that’s being analysed. 

This means, once the software identified a peptide or protein in one sample, it ‘looks’ 

for this peptide in the other samples. Therefore, slight differences can occur depending 

on the sample pool. Thus, in order to identify differences between the three different 

cell types in small vesicles, only data from small vesicles was analysed.  

 

As can be seen in Figure 5-23A, hierarchical clustering of all regulated proteins 

identified in small vesicles confirmed observations seen when analysing the whole data 

set: small vesicles derived from M0-, M1- and M2-like macrophages show distinct 

protein contents. Interestingly, HLA class II molecule is under the most abundant 

proteins for M0- and M1-like macrophage vesicles but not M2-like macrophage vesicles 

(Figure 5-23B). In fact, when investigating all MHC class II proteins that were identified 

in small extracellular vesicles, M1-like macrophage vesicles contain relatively high levels 

compared to M0- and M2-like macrophages (Table 5-1). Inhibitory receptor LILRB2 on 

the other hand was found to be high on M2-like macrophage vesicles while it was not 

detected in vesicles derived from M0- and M1-like macrophage. However, M0-like 

macrophages vesicles contained high levels of LILRB2 (Table 5-2). This means that pro-

inflammatory M1-like macrophages secreted vesicles containing MHC class II 

molecules, in accordance with their importance in antigen presentation. Anti-

inflammatory M2-like macrophages on the other hand contain the inhibitory receptor 

LILRB2.  
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Figure 5-23: Hierarchal clustering reveals distinct populations of small extracellular vesicles (EV) for        

M0-, M1- and M2-like macrophages. A) Heatmap of all significantly changed proteins of small EV; created 

in R using the standard heatmap function with no scaling applied. Abundant proteins highlighted for     

M0-, M1- and M2-like macrophages (black boxes). B) Table of selected proteins with high abundance in 

M0-like (top), M1-like (middle) and M2-like (bottom) macrophages. Gene Symbol, a description, 

percentage of gene covered by identified peptides, number of peptides and unique peptides identified 

and grouped abundances are shown. 

 

 

 

 

 

 

 



204 

 

Table 5-1: Small extracellular vesicles (EV) of M1-like macrophages contain high levels of HLA-DR. List 

of all HLA class II proteins identified in the proteomics analysis of small EV. Gene Symbol, a description, 

percentage of gene covered by identified peptides, number of peptides and unique peptides identified 

and grouped abundances are shown. Abundances are colour coded according to their values.  

 

 

Table 5-2: Small extracellular vesicles (EV) of M1-like macrophages contain low levels of Leukocyte 

immunoglobulin-like receptors (LILRs). List of all LILR proteins identified in the proteomics analysis of 

small EV. Gene Symbol, a description, percentage of gene covered by identified peptides, number of 

peptides and unique peptides identified and grouped abundances are shown. Abundances are colour 

coded according to their values.  

 

 

Similar to small vesicles, large vesicles also displayed distinct protein contents for 

the three different cell types analysed (Figure 5-24A). In fact, MHC class II was again 

under highest abundant proteins identified for M0-like and M1-like macrophage 

vesicles (Figure 5-24B). When taking a closer look at all MHC class II molecules identified 

in large extracellular vesicles, it was highest in vesicles derived from M1-like 
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macrophages though it was also found in M0-like and M2-like macrophage vesicles 

(Table 5-3). MHC class I on the other hand was found to be high especially in M2-like 

but also M0-like macrophage vesicles and lowest in vesicles derived from M1-like 

macrophages (Table 5-4). Similar to findings in small vesicles, the inhibitory receptors 

LILRB1 and 2 were high in M2-like macrophage vesicles (Table 5-5). 

 

 

Figure 5-24: Hierarchal clustering reveals distinct populations of large extracellular vesicles (EV) for M0-

, M1- and M2-like macrophages. A) Heatmap of all significantly changed proteins of large EV; created in 

R using standard heatmap function. No scaling applied and abundant proteins highlighted for M0-, M1- 

and M2-like macrophages (black boxes). B) Table of selected proteins with high abundance in M0-like 

(top), M1-like (middle) and M2-like (bottom) macrophages. Gene Symbol, a description, percentage of 

gene covered by identified peptides, number of peptides and unique peptides identified and grouped 

abundances are shown.  
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Table 5-3: Large extracellular vesicles (EV) of M1-like macrophages contain high levels of HLA class II. 

List of all HLA class II proteins identified in the proteomics analysis of large EV. Gene Symbol, a 

description, percentage of gene covered by identified peptides, number of peptides and unique peptides 

identified and grouped abundances are shown. Abundances are colour coded according to their values. 
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Table 5-4: Large extracellular vesicles (EV) of M2-like macrophages contain high levels of HLA class I. 

List of all HLA class I proteins identified in the proteomics analysis of large EV. Gene Symbol, a description, 

percentage of gene covered by identified peptides, number of peptides and unique peptides identified 

and grouped abundances are shown. Abundances are colour coded according to their values. 

 
 

Table 5-5: Inhibitory leukocyte immunoglobulin-like receptors (LILRs) LILRB1 and LILRB2 increased 

detected in M2-like macrophages. List of all LILR proteins identified in the proteomics analysis of large 

EV. Gene Symbol, a description, percentage of gene covered by identified peptides, number of peptides 

and unique peptides identified and grouped abundances are shown. Abundances are colour coded 

according to their values. 

 

 

Taken together, small and large extracellular vesicles were successfully isolated 

using differential ultracentrifugation and their protein contents analysed with mass 

spectrometry. Hierarchical clustering of all proteins revealed distinct contents for small 

and large vesicles of M0-, M1- and M2-like macrophages which was confirmed by 

principal component analysis. As expected most proteins were of membranous and 

cytoplasmic origin with functions linked to transport and protein binding. Analysing only 

the regulated genes for small and large vesicles confirmed discrete clusters for different 
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cell types with MHC class II being highest in M1-like macrophages while inhibitory 

receptors of the LILR family were highest in M2-like macrophages.  

 

5.3.7 Preliminary Data Confirms LILRB1 in M0-like and M2-like Macrophage Vesicles 

To validate observations made in proteomics analysis, macrophages were allowed 

to settle on activating lipid bilayers for 20 min, then detached, fixed and stained for 

CD81-AF488 and LILRB1-AF647 (Figure 5-25A). TIRF images of M0-like and M2-like 

macrophages showed a bright signal with similar levels for CD81 and LILRB1 (Figure 

5-25B). Interestingly, most but not all CD81-positive vesicles were also found to be 

positive for LILRB1 highlighting the heterogeneity of cellular secretions. M1-like 

macrophage vesicles on the other hand displayed nearly no signal at all (Figure 5-25B, 

M1-like). Notably, TIRF images of M1-like macrophage secretions not only displayed low 

signal for LILRB1 but also CD81. This suggests that no vesicles were present and thus no 

strong conclusion can be drawn from the data. Nevertheless, TIRF imaging revealed the 

presence of LILRB1 in EV derived from M0-like and M2-like macrophages, which is 

consistent with the proteomics analysis. This was confirmed when calculating the mean 

fluorescent intensity of TIRF images of LILRB1 normalised to the signal of CD81 (Figure 

5-25C). Interestingly, the amount of LILRB1 differs from cell to cell within one donor, 

further highlighting the heterogeneity of cellular secretions.  

 

To determine whether LILRB1-containing vesicles could be captured, directly 

upon secretion, M0-like macrophages were analysed using single and two colour 

STORM. First, to ensure correct application of two colour STORM, a positive control was 

imaged. Therefore, M0-like macrophages were incubated on PLL-coated microscopy 

slides for 15 min, fixed and stained with anti-LILRB1 mAb labelled with AF647 followed 

by a secondary Ab labelled with AF488. As expected, STORM images of both channels 

matched each other which is highlighted by line profiles (Figure 5-26A). This was 

confirmed by coordinate based co-localisation (CBC) analysis, where acquired data 

trended towards the value 1 while randomised data was more evenly distributed 

(Figure 5-26B). This confirms correct application of two colour STORM.  
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Figure 5-25: M0- and M2-like macrophage vesicles contain inhibitory receptor LILRB1. A) Macrophages 

were incubated on planar lipid bilayers containing 10 µg/mL biotinylated IgG for 20 min, detached, the 

remains fixed and stained with anti-CD81 labelled with AF488 and anti-LILRB1 labelled with AF647.                        

B) Representative TIRF and overlay images for M0-, M1- and M2-like macrophages. Scale bar 10 µm.                     

C) Normalised mean fluorescence intensity of LILRB1 TIRF images of M0-like and M2-like macrophage 

secretions. One point presents one cell and bars show the geometric mean ± SD. Preliminary analysis of 

n = 6 cells per condition from 1 individual donor.  

 

Then, the synapse of M0-like macrophages was investigated for LILRB1. 

Therefore, M0-like macrophages were incubated on microscopy slides coated with PLL 

and 10 µg/mL IgG for 15 min, fixed and stained with anti-LILRB1 labelled with AF647. As 

expected, vesicles appeared as nanometer-scale ring structures in STORM images 
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(Figure 5-27A). Line profiles confirmed their circular structure and their approximate 

diameters match those of M0-like macrophages activated on glass slides (Figure 5-27A, 

Line Profiles).  

 

 

Figure 5-26: Positive control for two colour STORM. M0-like macrophages were incubated on PLL-coated 

glass slides for 15 min, fixed and stained with anti-LILRB1 mAb labelled with AF647 followed by a 

secondary Ab labelled with AF488. A) Representative STORM and Zoom (2 x 2 µm) images are shown 

with according line profiles. B) Coordinate based co-localisation (CBC) between primary and secondary 

channel for acquired and randomised data. Bars show the geometric mean ± SD of n = 14 cells from 3 

donors.   
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According to the proteomics data analysed, LILRB1 as well as MHC class I are 

contained in M0-like macrophage vesicles. To see whether both molecules are 

contained in the same vesicles, two colour STORM was performed. Therefore, 

macrophages were incubated on glass slides coated with PLL and IgG for 15 min, fixed 

and stained with anti-LILRB1 mAb labelled with AF488 and anti-MHC-class-I mAb 

conjugated with AF647. As expected, nanometer-scale ring structures were detected 

for both, LILRB1 and MHC class I. More interestingly, LILRB1 co-localised with MHC class 

I molecules at vesicles of M0-like macrophages (Figure 5-27B). All LILRB1-positive 

vesicles were also MHC-class-I-positive, however, not all MHC-class-I-positive vesicles 

were also positive for LILRB1 (Figure 5-27B, Cell C, yellow arrows). This highlights again 

the heterogeneity and complexity of cellular secretions.  

 

To quantitatively assess this observation two colour TIRF images were analysed. 

Therefore, M0-like macrophages were plated onto microscopy slides coated with PLL 

(0 µg/mL IgG, non-activated conditions) or PLL and IgG (10 µg/mL IgG, activated 

conditions)  for 15 min, fixed and stained with anti-LILRB1 mAb labelled with AF488 and 

MHC class I mAb conjugated with AF647. Manders as well as Pearsons correlation co-

efficient did display similar values as the control sample in non-activated conditions and 

did not change upon activation (Figure 5-27C-D). This indicates the co-localisation of 

LILRB1 and MHC class I at the membrane of M0-like macrophages.  

 

Taken together, preliminary data confirmed LILRB1 being contained in M0-like 

and M2-like macrophage vesicles. These resolve into nanometer-scale ring structures 

when investigated in STORM. In addition, two colour STORM of M0-like macrophages 

showed the co-localisation of LILRB1 and MHC class I molecules in vesicles, though not 

all vesicles contained both molecules. These investigations should be expanded to M1-

like, M2-like and lung macrophages. Nevertheless, the data shown supports 

observations made in the proteomics experiment. It demonstrates that cellular 

secretions are heterogeneous and dependent on the cell type.  
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Figure 5-27: Inhibitory receptor LILRB1 and MHC class I co-localise at the membrane of M0-like 

macrophages. A) Macrophages were incubated on glass slides coated with PLL and 10 µg/mL IgG for 

15 min, fixed and stained with human anti-LILRB1 labelled with AF647. STORM and Zoom (2 x 2 µm) 

images with according line profiles shown for two examples. Images representative for 26 cells from n = 4 

individual donors and experiments. Scale bar 10 µm, Zoom 0.5 µm. B) Macrophages were incubated on 

glass slides coated with PLL and 50 µg/mL IgG for 15 min, fixed and stained with human anti-LILRB1 mAb 

labelled with AF488 and anti-MHC-class-I mAb conjugated with AF647. STORM, Zoom (2 x 2 µm) and 

overlay images. Two cells shown. n = 13 cells from 2 individual donors and experiments. Scale bar 10 µm, 

Zoom 0.5 µm. C-D) Macrophages were incubated on glass slides coated with PLL only or PLL and 10 µg/mL 

IgG for 15 min, fixed and stained with human anti-LILRB1 labelled with AF488 and MHC class I conjugated 

with AF647. Control samples were stained with anti-SIRPα mAb labelled with AF647 and AF488-

conjugated anti-CD64 mAb. TIRF images were taken. C) Manders and D) Pearsons correlation coefficients 

of TIRF images. Each dot represents one cell. Bars show the geometric mean ± SD of n = 14 – 18 cells from 

1 individual donor and experiment. ****, p ≤ 0.0001; ns, non-significant; Unpaired t-test or Mann-

Whitney test where appropriate using GraphPad Prism.  
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5.4 Discussion 

5.4.1 Summary of Results 

This chapter aimed to investigate the formation of CD81 nanometer-scale ring 

structures at the synapse of IgG-activated human macrophages. In total, four cell types 

were compared: M0-like, M1-like, M2-like and lung macrophages. Here, STORM was 

utilised to study the phenomenon on a cell-by-cell basis. The main findings of this 

chapter can be summarised as follows:  

 CD81 forms into nanometer-scale ring structures at the synapse of all four 

macrophage types when activated through their FcγRI 

 M0-like, M1-like, M2-like and lung macrophages display distinct ring 

characteristics which differ slightly if activated on IgG-coated glass slides 

or IgG-containing planar lipid bilayers  

 Nanometer-scale ring structures are extracellular vesicles, secreted by the 

macrophages and captured directly upon secretion 

 Extracellular vesicles are secreted through holes in the actin mesh 

 Proteomics data reveals discrete contents of vesicles isolated from 

different macrophages 

 Preliminary imaging experiments confirm hits in the proteomics data: 

LILRB1 is present in M0- and M2-like macrophage vesicles 

 MHC class I co-localises with LILRB1 on M0-like macrophage vesicles 

 

5.4.2 CD81 Nanometer-scale Ring Structures at the Synapse of IgG-activated 

Macrophages are Extracellular Vesicles  

In this chapter, the formation of CD81 nanometer-scale ring structures at the 

synapse of IgG-activated macrophages was investigated. These structures have been 

observed for M0-like, M1-like, M2-like and lung macrophages after incubation on IgG-

coated glass slides as well as activating lipid bilayers (Figure 5-1, Figure 5-8). Line profiles 

confirmed their round structure (Figure 5-2, Figure 5-9). The ring density defined as 

number of rings per µm² increased significantly upon activation for all cell types 
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incubated on glass slides, highlighting the fact that the formation of ring structures is 

induced after engagement of FcγRI (Figure 5-3). Importantly, STORM enabled the 

analysis of these ring structures and on a single-cell basis. Indeed, ring densities differed 

greatly from cell to cell. For macrophages activated on IgG-coated glass slides, M1-like 

macrophages showed the highest average ring density with 0.748 ± 0.404 rings/μm² 

and also had the greatest variation between single cells (Figure 5-3, M1-like). This 

means, some cells displayed many rings while others displayed only very few, which 

may indicate that some cells are activated stronger than others. However, is has to be 

kept in mind that one 18 x 18 µm big area per cell was imaged and analysed. When cells 

exceeded this size, not the whole cell was analysed. Thus, the data could be skewed 

towards a higher or lower density depending on which area of the cell was analysed. 

Nevertheless, the heterogeneity between images and cells highlights the importance of 

single cell analysis. The differences between single cells can for example give clues on 

detailed mechanisms of cellular activation.  

 

Further, lung macrophages displayed the lowest average ring density with 

0.198 ± 0.346 rings/μm². Interestingly they also spread the least on IgG-coated glass 

slides, possibly indicating lower levels of activation. In addition, lung macrophages are 

thought to be highly immunosuppressive and may have a higher threshold of activation. 

However, for macrophages incubated on activating lipid bilayers lung macrophages 

displayed the highest average ring density with 0.877 ± 0.997 rings/μm² (Figure 5-10). 

In general, ring densities were higher and more similar between cell types on activating 

bilayers. The bilayers present a more biological relevant system, mimicking the 

interaction with another cell. Thus, the macrophages may better interact with the 

bilayer compared to the glass slide. However, macrophages showed similar levels of 

cytokine secretion on both substrates with secreting slightly more on glass slides (Figure 

3-6 and Figure 3-9). In addition, macrophages detached easier from lipid bilayers 

compared to glass slides possibly indicating a weaker interaction with the bilayers.  
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Taken together, the density of CD81 nanometer-scale rings at the synapse of IgG-

activated macrophages differs from cell to cell. In general, the ring density was higher 

for macrophages incubated on activating bilayers compared to glass slides but no trend 

between the different cell types was obvious. However, only a limited amount of donors 

and cells was imaged. Differences between cell types may be visible when studying 

more donors and cells. Nevertheless, it shows that the stimulation with IgG does induce 

the formation of CD81 ring structures and that there is a heterogeneity between 

individual cells within one cell type.  

 

Interestingly, ring structures of different macrophages display distinct 

characteristics. While ring structures of M1-like, M2-like and lung macrophages display 

relatively similar mean diameters (92 ± 47 nm, 75 ± 41 nm and 93 ± 50 nm respectively) 

M0-like macrophage rings are much bigger (182 ± 95 nm) for macrophages activated on 

IgG-coated glass slides (Figure 5-4). Not only the diameters but also where at the 

synapse ring structures are forming differs between the cell types. M0-like and lung 

macrophages tend to form ring structures across the whole synapse while M1- and M2-

like macrophages form them at the centre of the synapse (Figure 5-5).   

 

CD81 is a member of the tetraspanin super family. Their main function is thought 

to be the organisation of membrane proteins. As a molecular scaffold they facilitate the 

formation of so-called tetraspanin enriched microdomains (TEMS), containing 

adhesion, signalling and receptor proteins190. Thus, it is not surprising that tetraspanins 

have also been reported to play a role in immune responses339–341. CD81 was shown to 

accumulate at the synapse formed between T cells and APCs where it co-localised with 

CD3342. However, tetraspanin ring structures were only reported when imaging 

extracellular vesicles (EV) after isolation from for example media of cell cultures or 

tissues235,343,344. In fact, tetraspanins are well-known to be enriched in EV and are 

commonly used as EV marker192–194. Thus, CD81-rings observed in this project likely are 

extracellular vesicles, captured directly upon secretion. Indeed, the ring diameters 

observed lay within the expected range for EV. Classically, EV are divided into 3 main 



216 

 

subgroups which are overlapping in size: exosomes (30 – 150 nm), microvesicles and 

apoptotic bodies (both > 100 nm)312. According to these categories, rings observed at 

the synapse of M1-like, M2-like and lung macrophages would be exosomes and ring 

structures observed at the membrane of M0-like macrophages microvesicles. However, 

this characterisation cannot be done solely on the size of the vesicles. In addition, M0-

like macrophage rings were much smaller on activating bilayers (114 ± 75 nm), thereby 

losing more than one third of their size compared to rings observed on glass slides and 

falling into the range of exosomes (Figure 5-11). M1-like and lung macrophages also 

slightly decreased their mean diameter while the mean diameter of M2-like 

macrophage rings increased on bilayers compared to glass slides. Nevertheless, M0-like 

macrophage rings were bigger than those of M1-like, M2-like and lung macrophages 

who displayed more similar diameters. However, similar to the ring densities, no 

obvious trend between cell types emerged from the data collected but different results 

presented themselves when activating the macrophages on IgG-coated glass slides or 

IgG-containing lipid bilayers.  

 

As mentioned before, the bilayer presents a more biological relevant system, 

presenting a physiologically more accurate model of an opsonised target. The 

interaction between the cells and the bilayer might be stronger and thus different 

results follow compared to glass slides. In addition, glass slides are also coated with 

poly-L-lysine (PLL) to facilitate adhesion. PLL is a positively charged polymer that can 

electrostatically interact with negatively charged cell membranes and proteins345,346. 

However, PLL not only facilitates cell attachments, it may also influences cellular 

activation and responses. For example, it has been shown to initiate T and B cell 

signalling and render the activity of membrane proteins as well as their organisation in 

the membrane347. Here T cell receptor (TCR) clustering and mobility were greatly 

influenced by PLL. Thus, PLL may also influence the dynamics of FcγRI and therefore 

activation levels of macrophages which may alter the density of vesicles or their 

diameter size.  
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Different sizes of vesicle diameter may also indicate different mechanisms of 

biogenesis. Larger vesicles of more than 100 nm are thought to bud off the membrane 

while smaller vesicles are generated through the inward budding of late endosomal 

membranes. However, this would need to be investigated in more depth, with specific 

markers and inhibitors identifying different mechanisms of biogenesis.   

 

In any case, vesicle secretion is observed when stimulating macrophages with IgG, 

thereby engaging FcγRI. The latter is part of the family of Fc receptors for IgG which 

consists of several receptors balancing activating- and inhibitory signals and thereby 

controlling innate immune effector cell activation348. FcγRI has a high affinity for IgG 

and is thought to be an activating receptor, inducing a pro-inflammatory phenotype. 

Indeed, macrophages stimulated with IgG secreted the pro-inflammatory cytokine 

TNFα (Figure 3-6 and Figure 3-9). This paints a picture of macrophages being activated 

on IgG-containing surfaces (glass or bilayer), and secreting extracellular vesicles, 

possibly containing pro-inflammatory proteins and cytokines to locally boost the 

immune response. In recent years, the impact of EV on an immune response has gained 

more and more attention349,350. In an infectious lung model in mice, EV secreted by 

macrophages were able to induce a pro-inflammatory phenotype in resting 

macrophages in vitro and in vivo326. In addition, exosomes derived from M1-polarised 

macrophages were successfully used as an immunopotentiator for a cancer vaccine 

while exosomes of M2-polarised macrophages failed to do so324. Here, M1 exosomes 

were mainly taken up by macrophages and dendritic cells after subcutaneous injection 

in mice and induced the release of pro-inflammatory cytokines. This highlights the role 

of EV in inflammation and the distinct functions of EV from different cell types.  

 

Studying the secretion of EV at the synapse of macrophages in a time-dependent 

manner showed that vesicle density increased over time in both, activating and non-

activating conditions (Figure 5-6). Therefore, M0-like, M1-like and M2-like 

macrophages were plated onto glass slides coated with PLL only (non-activating 

conditions) or PLL and 10 µg/mL IgG (activating conditions) for 15, 30, 60 and 120 min, 
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fixed and stained with anti-CD81 mAb labelled with AF647. The increased vesicle 

density over time makes sense as vesicles secreted at an early time point could be 

trapped between the cell and the glass slide, yet new vesicles could be secreted, 

thereby increasing the density. Importantly, the increase in vesicle density in non-

activating conditions over time may indicate the activation of the macrophages despite 

the lack of stimulation via IgG. Thus, to avoid the activation of macrophages in non-

activating conditions, an incubation time of 15 min was used for further experiments.  

 

5.4.3 Characteristics of Extracellular Vesicles Change with Culture  

The blood-derived macrophages used in this project are generated by culturing 

monocytes. In fact, experiments are generally carried out with matching donors. This 

means, macrophages were derived from the same pool of monocytes, yet they display 

different vesicle characteristics. This shows that the differentiation or culturing process 

influences these characteristics. Lung macrophages on the other hand are used fresh, 

directly after isolation from human lung tissue. Thus, they are already fully 

differentiated. To investigate the effect of culturing cells on ring characteristics lung 

macrophages were cultured like M0-like macrophages. With this protocol, cells are 

thought to not be polarised towards M1- nor M2-type macrophages. Thus, lung 

macrophages were not actively polarised towards a phenotype. In addition, the biggest 

differences in vesicle characteristics were observed with M0-like macrophages. 

Interestingly, lung macrophage vesicle characteristics did change upon culture (Figure 

5-7). The mean diameter increased significantly from 94 ± 70 nm for fresh to 133 ± 82 

nm for cultured lung macrophages with vesicles covering a much broader spectrum in 

general. Surprisingly, cultured lung macrophages displayed a high vesicle density also in 

non-activated conditions (Figure 5-7C). This means that lung macrophages are activated 

even without IgG-stimulation. It is well known that tissue macrophages are greatly 

influenced and regulated by their environment47,319,351. Thus, it is possible, that 

macrophages are stressed and activated when cultured because they were removed 

from their specific tissue environment. In fact, Svedberg et al. reported murine alveolar 

macrophages to be hyporesponsive to the canonical type 2 cytokine IL-4 in situ, 
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however, when cultured outside of the lung they quickly re-gained responsiveness after 

only 48h352.  Nevertheless, the change in vesicle diameter may still indicate a relation 

between the secretion of EV and polarisation of the cell.  

 

5.4.4 Analysis of Macrophage Secretions  

As mentioned before, CD81 is part of the protein super family called tetraspanins 

which are well-known to be enriched in EV and are commonly used as EV marker192–194. 

To further test the hypothesis of CD81 ring structures being EV, macrophages were 

stimulated on IgG-containing lipid bilayers, then detached and their secretions fixed and 

stained with anti-CD81 mAb labelled with AF647. If ring structures are vesicles, they will 

be left behind when the cell is detached. Indeed, secretions left behind resolved into 

nanometer-scale ring structures similar to those observed before (Figure 5-12). Their 

circular appearance is a strong indication for a spheroidal shape which is typical for 

extracellular vesicles and could be confirmed with line profiles (Figure 5-13). In addition, 

all vesicles measured were in the range of EV (Figure 5-16). In fact, 88% were less than 

150 nm in diameter, thereby falling into the range of classical exosomes. Thus, these 

are strong indications that observed ring structures are indeed EV, captured directly 

upon secretion by the macrophages.  

 

This was also supported by the successful isolation of EV. Therefore, macrophages 

were stimulated in solution with IgG-coated beads for 90 min and cells, large and small 

EV were isolated applying differential ultracentrifugation. When imaging isolated EV 

with STORM, they again appear as nanometer-scale ring structures in 2D-images (Figure 

5-17 and Figure 5-18).  

 

Further, characteristics of imaged secretions were compared to ring structures 

observed when the cells were still present on lipid bilayers. After confirming the correct 

performance, an ImageJ macro was applied to analyse the secretions left behind by 

macrophages in an objective and automated way (Figure 5-14 – Figure 5-16). 
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Interestingly, densities were slightly higher when cells were detached compared to 

when cells are still present (Figure 5-10 vs. Figure 5-15). This can be explained by the 

fact that vesicles are easier identified when cells were detached. When cells were still 

present, CD81 present in the cell membrane may mask the signal arising from CD81 in 

EV. It is likely that especially small vesicles or vesicles with relatively low levels of CD81 

could be overlooked. In images of secretions on the other hand, vesicles are clearly 

visible without much background noise. Interestingly, an overall trend is visible for 

monocyte-derived macrophages activated on lipid bilayers. Vesicle densities are very 

similar but marginally increase from M0-like to M1-like and M2-like macrophages. This 

was observed in both cases, when cells were still present and when they were detached 

and is in the same order as the spreading of the macrophages, which may indicate a 

stronger interaction with the surface possibly leading to higher levels of activation and 

therefore higher vesicle densities. The density of lung macrophage vesicles also 

increased slightly from 0.877 ± 0.997 rings/μm² for cells still present to 0.895 ± 0.442 

rings/μm² for secretions. However, relative to monocyte-derived macrophages they 

sometimes display the highest (cells still present) and sometimes the lowest (for 

secretions and when activated on glass slides) density. In any case, lung macrophage 

vesicles were significantly smaller than all monocyte-derived macrophage vesicles while 

there was no significant difference between them. This may indicate tissue-specific 

roles for vesicles.   

 

5.4.5 Extracellular Vesicles are being secreted through Holes in the Actin Mesh 

The actin cortex, a dense meshwork of actin filaments that is attached to the cell 

membrane, gives cells their shape353. Therefore it is not surprising that the actin cortex 

presents an obstacle for exocytosis, which requires active remodelling to facilitate the 

fusion of EV with the plasma membrane207. This has been described in a variety of cell 

systems including the delivery of lytic granules for example in NK cells354. Here, Gil-

Krzewska and co-worker showed that openings in the cortex actin mesh controlled the 

delivery of lytic granules, with the secretion of big granules being hindered due to too 

small openings in the actin mesh.  
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Thus, to test whether actin remodelling and the opening up of the actin mesh is 

also required for macrophage vesicle secretion, macrophages were incubated on glass 

slides coated with PLL only (0 µg/mL IgG, non-activating condition) or PLL and IgG 

(10 µg/mL IgG, activating condition) for 15 min, permeabilised, fixed and stained with 

phalloidin-AF488 and anti-CD81 labelled with AF647. STED images of the actin mesh 

and confocal images of CD81 showed that EV co-localised with holes in the actin mesh, 

which was especially evident in M0-like macrophages (Figure 5-19A, yellow arrows). 

This makes sense as vesicles of M0-like macrophage activated on glass slides displayed 

a diameter of more than double the size of the other macrophages (Figure 5-4). Thus, 

holes in the actin mesh are likely to be bigger for M0-like macrophages. Line profiles 

confirmed observations for M1-like and M2-like macrophages, with CD81-rich areas 

falling within actin holes. In addition, the calculation of the Pearsons overlap co-efficient 

showed the segregation of CD81 and actin upon activation. Taken together, upon 

activation through their FcγRI, macrophages secrete vesicles that are delivered through 

holes in the actin cortex mesh, which correlate with the size of the EV.  

 

5.4.6 Proteomics Data Confirms Discrete Contents for Macrophage Vesicles 

EV contain different biological material including proteins, DNAs, RNAs, lipids and 

cytokines182. The contents of EV are thought to reflect the state of their parental cell, 

without being the product of the random sampling of molecules of the parental cell. 

For example, Garzetti et al. showed that microvesicles secreted by M1- and M2-

polarised macrophages displayed distinct mRNA contents compared to whole cells355. 

Nevertheless, microvesicles could be utilised to identify the activated phenotype of 

their parental cell and even follow a phenotype switch in real time.  

 

Thus, to test whether EV observed in this project also display distinct contents, 

monocyte-derived macrophages were stimulated in solution with IgG-coated beads for 

90 min, large and small EV were isolated via differential ultracentrifugation and label 

free proteomics analysis was performed (Figure 5-20). Indeed, hierarchical clustering 

analysis of all identified proteins revealed distinct protein contents for small and large 
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EV and all three cell types (Figure 5-21A). This was confirmed by principal component 

analysis (PCA) where small and large EV cluster separately (Figure 5-21B). This shows 

no notable contamination of the samples and therefore confirms the correct isolation 

and processing of the samples. More importantly, it highlights the fact that large and 

small EV cluster separately, independent of the cell type, possibly revealing a distinct 

process of biogenesis for small and large EV.   

 

However, to investigate differences between cell types in more detail, small and 

large EV were analysed separately. Therefore, all significantly changed proteins of small 

or large EV were exported from Proteome Discoverer 4.0 and imported into R to create 

a heatmap using the standard heatmap function with no scaling (Figure 5-23 and Figure 

5-24). In both cases, hierarchical clustering across rows confirmed distinct protein 

contents for EV derived from M0-like, M1-like and M2-like macrophages. Interestingly, 

for both, small and large EV MHC class II molecules was found to be enriched in M1-like 

macrophages vesicles, though also present in M2-like macrophage vesicles and lowest 

in vesicles derived from M0-like macrophages (Table 5-1 and Table 5-3). MHC class I on 

the other hand was highest in M2-like macrophage vesicles but also detected in M0-like 

macrophage vesicles and lowest in vesicles derived from M1-like macrophage vesicles 

(Table 5-4). Surprisingly, MHC class I was only detected in large but not in small EV.  

 

MHC molecules have long been described in EV. In fact, the first reported EV from 

immune cells contained high levels of MHC class I and II. They were secreted by B 

lymphocytes and able to activate CD4+ T cells, suggesting a role in antigen presentation 

by lymphocytes217. Along this line, Théry and co-workers showed that the injection of 

mice with EV containing the peptide-MHC class II complex derived from dendritic cells 

(DC) were able to activate antigen-specific naïve CD4+ T cells356. Nowadays, the 

importance of EV in antigen presentation is widely appreciated. MHC class I and II was 

also described in macrophage derived EV357,358. These were able to activate naïve T cells 

and macrophages. It is thus not surprising that MHC class I and II could be identified in 

macrophage EV. In addition, M1 macrophages are known to express high levels of MHC 
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class II which is in accordance with the proteomics data266. Interestingly, MHC class II 

expression of M0-like, M1-like and M2-like macrophages used in this project was similar 

(Figure 3-4); however, EV derived from these macrophages displayed higher levels of 

MHC II for M1-like macrophages. This highlights the fact that contents of EV are not the 

result of random sampling of the mother cell, but the enrichment of specific molecules 

occurs. More importantly, it shows that the expression of MHC molecules varies on EV 

derived from different macrophages, possibly revealing distinct functions for antigen 

presentation.  

 

The leukocyte immunoglobulin-like receptors (LILR) are a family of receptor 

molecules that consist of activating (LILRA) and inhibitory (LILRB) receptors. In recent 

years, the inhibitory receptor LILRB1 was appreciated as possible checkpoint in 

immunotherapies. Its ligand is MHC class I which is expressed on all nucleated cells in 

the body. Barkal and co-workers showed that the blockage of LILRB1 increased the 

ability of primary human macrophages to phagocytose cancer cells in vitro359. Further, 

by using immunodeficient and immunocompetent mouse models they showed that the 

LILRB1-MHC I checkpoint protects tumours against macrophage phagocytosis. 

Interestingly, for small as well as large EV the inhibitory receptors LILRB1 and 2 were 

enriched especially in M2-like macrophage vesicles while they were lower in M0-like 

and M1-like macrophage vesicles (Table 5-2 and Table 5-5). This is in agreement with 

M2-like macrophages having an anti-inflammatory phenotype which is imprinted on EV 

secreted. The activating receptor LILRA2 was detected in small EV derived from M0-like 

macrophages while it was low in M1-like and not detected in M2-like macrophage 

vesicles (Table 5-2).  

 

Another immunocheckpoint on macrophages is the CD47-signal regulatory 

protein α (SIRPα) interaction. Here, SIRPα functions like LILRB1 as inhibitory receptors 

that supresses phagocytosis and CD47, like MHC class I, acts as “don’t eat me signal” 

that is expressed for example by cancer cells to evade immune surveillance359,360. 

Exosomal CD47 was used as biomarker for diagnosis and prognosis of breast cancer and 
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shown to inhibit phagocytosis by macrophages361–363. It’s expression has also been 

reported on macrophage EV364. LILRB1 on the other hand has not been described in EV 

before.  

 

Taken together, small and large EV of M0-like, M1-like and M2-like macrophages 

were successfully isolated via differential ultracentrifugation and hierarchical clustering 

revealed distinct contents for small and large EV and all three cell types. This was 

confirmed by PCA. Analysis of all regulated proteins for small and large EV separately 

confirmed distinct EV contents for the different cell types. Interestingly, MHC class II 

was enriched in EV derived from M1-like macrophages while M2-like macrophage 

vesicles were contained higher levels of MHC class I as well as inhibitory receptor LILRB1 

and 2. Strikingly, cellular levels of MHC class II were similar between the cell types yet 

their expression on EV varied. In the past, MHC class II bearing EV derived from various 

cell types have been shown to activate lymphocytes, highlighting their role in antigen 

presentation. Thus, varying levels of MHC molecules on EV could indicate distinct roles 

in antigen presentation.  

 

5.4.7 MHC class I co-localises with LILRB1 on M0-like Macrophage Vesicles 

To test hits from the proteomics data, M0-like, M1-like and M2-like macrophages 

were incubated on IgG-coated glass slides for 15 min, fixed and stained with anti-LILRB1 

mAb labelled with AF647 and anti-CD81 mAb labelled with AF488 and TIRF images were 

taken (Figure 5-25). Indeed, preliminary data showed that EV from M0-like and M2-like 

macrophages were stained positive for LILRB1 (Figure 5-25B). Interestingly, not all, but 

most vesicles were LILRB1 positive, highlighting again the heterogeneity of cellular 

secretions. Some vesicles stained positive for CD81 but not LILRB1. M1-like 

macrophages seemed to not have secreted any vesicles, as they didn’t display any signal 

for CD81 or LILRB1. It may be more likely that this was due to a technical error rather 

than a biological phenomenon. In any case, images of M0-like and M2-like macrophage 

vesicles confirmed the presence of LILRB1 in EV, which displayed a heterogeneity.  
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Next, LILRB1 was investigated using STORM. Therefore, M0-like macrophages 

were incubated on IgG-coated glass slides for 15 min, fixed and stained with anti-LILRB1 

mAb labelled with AF647. As expected, vesicles resolved into nanometer-scale ring 

structures (Figure 5-27A). However, there were only very few rings visible. Many less 

than the TIRF images suggested. It has to be kept in mind though that LILRB1 might be 

contained but not enriched in EV compared to the membrane. This would make it more 

difficult to identify EV within the membrane. In addition, even for CD81, which is 

enriched in EV the ring density was found to be higher when cells were detached 

compared to cells still present.  

 

Finally, M0-like macrophages were investigated for LILRB1 and MHC class I with 

two colour STORM as proteomics data predicted both molecules to be contained in 

their vesicles. Therefore, M0-like macrophages were plated for 15 min on PLL (non-

activating conditions) or PLL and IgG coated (activating conditions, 50 µg/mL IgG) 

microscopy slides, fixed and stained with anti-LILRB1-AF488 mAb and anti-HLA-A,B,C-

AF647 mAb. As expected, both molecules were found in EV in the membrane of 

activated M0-like macrophages which resolved in nanometer-scale ring structures. 

More interestingly, LILRB1 co-localised with MHC class I molecules. All LILRB1-positive 

vesicles were also MHC-class-I-positive but there were some EV that were only MHC-

class-I-positive. MHC class I is the ligand of LILRB1 and LILRB1 is known to interact with 

it in cis-interactions365. The co-localisation of both molecules on the same EV could 

indicate that LILRB1 is transferred already engaged, actively inhibiting the recipient cell.  

 

5.4.8 Conclusions 

In summary, the tetraspanin and extracellular vesicle (EV) marker CD81 was found 

to form into nanometer-scale ring structures at the synapse of IgG-activated human 

macrophages. The comparison of M0-like, M1-like, M2-like and lung macrophages 

revealed distinct characteristics of these ring structures which differed slightly when 

activating macrophages on IgG-coated glass slides or IgG-containing lipid bilayers. The 

capture of secretions of macrophages further identified these ring structures as EV, 
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which could also be isolated. STORM allowed the investigation of EV directly upon 

secretion on a cell-by-cell basis. Crucially, cellular secretions were found to be 

heterogeneous in numbers as well as contents. Thus, the vesicle density differed from 

cell to cell and two colour TIRF and STORM images of EV revealed that only a fraction 

of all EV secreted by one cell was LILRB1-positive. In addition, LILRB1 was found to co-

localise with MHC class I molecules in EV of M0-like macrophages. In the proteomics 

data, the expression of MHC molecules on EV varied for the different cell types while 

cellular expression of MHC class II determined by flow cytometry was similar, possibly 

revealing distinct functions in antigen presentation. Thus, the activation of different 

macrophages with the same stimulus led to the secretion of distinct EV. These possibly 

fulfil specialised functions like the activation or inhibition of specific immune cells via 

according antigen presentation or the incorporation of LILRB1. Importantly, STORM 

presents a unique technique to study EV directly upon secretion, avoiding the harsh 

isolation process and allowing single cell analysis. By studying activation-induced EV on 

a single cell level, novel mechanisms about cellular activation could be discovered.  
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Chapter 6 – Final Remarks 

Macrophages are one of the most plastic cell types known. They can act pro- as 

well as anti-inflammatory and fulfil a great variety of different functions. To regulate 

these many different functions and phenotypes, they continuously sense their 

surroundings and are in constant contact with other cells. One form of cell-to-cell 

communication is the exchange of extracellular vesicles (EV). EV are spherical 

membranous structures, containing biologically active material, including for example 

RNAs and receptors as well as adhesion and signalling molecules. Different 

subpopulations of EV exist, including exosomes and microvesicles. These display distinct 

yet overlapping sizes and contents, which makes a clear definition of subpopulations 

challenging. Since EV have the capacity to induce different cellular functions in the 

recipient cell, including for example antigen presentation to and activation of T cells217, 

the heterogeneity in which cells secrete which types of EVs is vital to understand. 

However, EV are classically studied in bulk, after isolation from supernatants or biofluids 

and current isolation protocols result in a mixed population of EV. This can lead to the 

fusion of EV in addition to the co-purification of non-EV-associated molecules. Thus, the 

biggest limitations of the field are the ongoing inability to selectively isolate pure 

subpopulations of EV and the lack of single-cell and single-vesicle analysis. To address 

these limitations, the secretion of EV was studied by super-resolution microscopy, 

capturing vesicles directly upon secretion by different macrophages. Blood- as well as 

lung-derived macrophages were studied to investigate cell-specific characteristics of EV 

secretion. Crucially, the high autofluorescence of lung macrophages led to the 

development of a novel background correction technique to enable STORM for these 

samples. In summary, this study established that:  

 

1. A moving median filter accurately corrects complex backgrounds, including 

autofluorescence, in STORM. Simulated as well as real data was used to thoroughly 

test and validate the novel correction technique. In general, accurate background 

correction is crucial in STORM, as an insufficient signal-to-noise ratio inhibits the 

precise detection of localisations, resulting in a distorted STORM image. Thus, the 
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novel correction technique is a great advance for the field of super-resolution 

microscopy and can find wide application for a variety of different samples. 

Crucially, this enabled the investigation of the membrane of human lung 

macrophages on a nanometer-scale for the first time, which led to the observation 

of MHC class I tipped protrusions. Macrophages are well-known to present antigens 

to other immune cells, including T cells, thereby activating the adaptive immune 

response. Thus, sessile macrophages in the airways and alveoli may extend 

protrusions tipped with MHC class I to reach cells nearby and present antigens to 

them. 

 

2. Different macrophages secrete EV with distinct characteristics upon activation 

with IgG. The engagement of FcγRI leads to the activation of the macrophage, 

resulting in the secretion of CD81+ EV. Vesicles from different macrophages 

displayed distinct mean diameters, possibly suggesting different biogenesis 

pathways. This is supported by proteomics analysis of isolated EV from monocyte-

derived macrophages (MDM) which revealed the biggest difference between large 

and small EV, despite the donor or macrophage type. However, for one EV type, 

vesicles displayed discrete contents for the different cell types highlighting the 

imprint of the ‘mother cell’ on their EV.  

 

3. Cellular secretions are heterogeneous. This was true for all aspects investigated 

on a single-cell or single-vesicle level: the number of vesicles secreted per cell, the 

contents of single vesicles as well as vesicle sizes secreted by one cell differed 

greatly. Further advances in single-cell analysis could help to understand the 

detailed mechanisms of cellular activation that so many researchers are trying to 

entangle.  

 

Taken together, this study advanced the field of super-resolution microscopy by 

developing a novel background correction technique which enables the investigation of 

otherwise lost samples, including autofluorescent lung macrophages. It also revealed 

new aspects of EV secretion, studied on a cell-by-cell basis. Importantly, it highlights the 
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heterogeneity of cellular secretions and underscores the need to study EV secretion on 

a single-cell and single-vesicles basis. This will be instrumental in fully understanding 

cellular activation and responses, which is ultimately needed to manipulate cellular 

systems and develop new medicines.  
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