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ABSTRACT 

 

Extracellular Vesicles (EVs) are nano-sized particles secreted by most, if not all, cell types. They 

are important mediators in intercellular communication and carry a broad array of biomolecules 

such as lipids, nucleic acids and proteins. Because of their ability to deliver functional 

biomolecules, EVs have been studied and utilized in both physiological and pathological settings. 

The EV family is composed of multiple types of vesicles, including microvesicles, deriving from 

the cell membrane, and exosomes which are of endosomal origin. Despite the two different 

biogenesis pathways of these vesicles, they share many characteristics which makes it difficult to 

separate them during EV isolation. Hence, the name EVs is preferred when working with vesicles. 

Many different EV isolation methods exist based on distinct EV characteristics, e.g. size and 

density, but it still remains largely unknown if different isolation methods also enrich for certain EV 

subpopulations. Furthermore, it is known that to isolate a pure EV population, a combination of 

methods needs to be applied. However, depending on the study set up, this is not always possible. 

Therefore, we isolated EVs with five different methods using two different sample types, i.e. human 

plasma and conditioned cell culture supernatant, and performed a thorough analysis of the isolated 

EV fractions (study I). Although each isolation method enriched for EVs, there was a rather large 

heterogeneity between the samples, both for plasma and cell culture supernatant, regarding particle 

count, particle size, RNA amount and protein amount. Furthermore, we identified that certain 

methods enriched for proteins related to cell organelles such as Golgi or endoplasmic reticulum, 

which originally are not classified as EV-related proteins. We concluded that, depending on the 

sample type and volume, different isolation methods are preferred. 

EVs are being applied in a therapeutic setting and especially Dendritic cell (DC) derived EVs have 

been used, as they can induce antigen-specific T and B cell responses. However, it is not clear 

whether different EV subtypes can have different immunostimulatory capacities. Therefore, we 

compared the immunostimulatory capacities of DC derived microvesicles and exosomes, loaded 

with the antigen Ovalbumin (OVA), in vivo (study II). The results showed that exosomes induce 

significantly more antigen-specific T cells than microvesicles and higher levels of OVA-specific 

IgG in the serum. This was likely due to the higher levels of OVA on exosomes, indicating that 

different EV subsets have different capabilities to load and transfer antigen. To further investigate 

the immunostimulatory capacities of DC derived EVs, allogeneic exosomes and syngeneic 

exosomes were compared side by side, as the usage of allogeneic exosomes would enhance the 

applicability of EVs in the clinic (study III). Both OVA-loaded allogeneic and syngeneic exosomes 

induced high levels of antigen-specific T cells. Interestingly, allogeneic exosomes induced 

significantly more T follicular helper cells and increased OVA specific IgG-levels, indicating that 

allogeneicity might serve as an adjuvant. Since DC derived exosomes are able to induce strong 

antigen-specific immune responses, we tested if they could sensitize a tumour model that is non-

responsive to anti-PD-1 or anti-PD-L1 treatment, into a responsive tumour (study IV). Indeed, we 

saw that in a prophylactic B16 melanoma tumour model, exosomes and anti-PD-L1 combination 

improved survival as compared to exosomes or PD-L1 treatment alone. This suggests that exosomes 

can be used in combination treatment, in which they sensitize the tumour to checkpoint blockade. 

In conclusion, this thesis provides an improved understanding of EV isolation and specifically on 

the purity and EV enrichment of different methods. Furthermore, this thesis describes new 

knowledge on DC-derived EVs, suggesting that exosomes are the preferred EV subtype for EV-

based immunotherapies and that allogeneic exosomes can promote the humoral immune responses. 

Lastly, DC-derived EVs can sensitize non-responsive melanoma to anti-PD-1/PD-L1, showing that 

DC-derived EVs can be used in cancer combination therapy. 
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1 INTRODUCTION 

This part of the thesis serves to provide a background to Extracellular Vesicles and their 

isolation from biofluids and conditioned cell culture supernatant. Moreover, their role within 

the immune system and cancer immunology will be described. Lastly, their use as therapeutic 

agents in anti-tumour treatment is discussed. 

1.1 EXTRACELLULAR VESICLES 

Originally, cell to cell communication has been described by either direct cell to cell contact 

or by the release of soluble molecules such as cytokines or hormones. With the discovery of 

Extracellular Vesicles (EVs) a new way of cell communication was revealed. EVs comprise a 

family of nano-sized particles including exosomes and microvesicles, as well as apoptotic 

bodies released from dying cells. EVs are secreted by virtually every cell type and are also 

found in body fluids, which makes them interesting candidates from a biomarker point of 

view.  

Although the extracellular field has been growing rapidly the last decade, at their time of 

discovery in the eighties, EVs were not directly accepted by the cell biology field. The first 

studies that showed the release of EVs by cells, as a mechanism to get rid of cellular waste, 

were received with scepticism 1, 2 and it was thought that these vesicles were just an 

experimental artefact 3. Nowadays the importance of EVs is accepted in many scientific 

disciplines, of which EVs in cancer immunotherapy will be mainly discussed in this thesis. 

EVs consist of a lipid bilayer which encloses their cell-derived cargo such as proteins, DNA 

and multiple RNA types. The lipid membrane protects the RNA species from degradation, 

resulting in functional transfer of these molecules between cells. However, although miRNA 

carried by EVs has been shown to be functional in recipient cells 4-6, the concentration of 

miRNA inside EVs naturally is very low i.e. one miRNA copy for 100 EVs 7. Nevertheless, 

the assortment of different biomolecules implies a diverse range of action by EVs and indeed, 

EVs have been shown to play a role in many processes, both in health and disease 

1.1.1 Extracellular Vesicle nomenclature 

As mentioned above, EV is an umbrella term to describe the family of different subsets of 

vesicles. With the exponential growth of EV related publication in the past decade, also 

nomenclature in the field has been growing unrestrainedly. Vesicles are named after the cell 

they are secreted from, e.g. melanosomes and prostasomes, whether they bud of from the 

plasma membrane, e.g. microvesicles and ectosomes, have an endosomal origin, e.g. 

exosomes, or based on their size, e.g. small EVs and large EVs. However, still little is known 

about the different vesicle subset and categorization of vesicles happens often without 

sufficient supporting data. Therefore, the International Society of Extracellular Vesicles 

(ISEV) coined the term Extracellular Vesicles, and nowadays most publications use the term 

EV unless the origin, i.e. endosomal or plasma membrane, of the studied vesicle type is clear. 
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1.1.2 Extracellular Vesicle biogenesis and composition 

Presently, three major groups of vesicles are recognized: exosomes, microvesicles and 

apoptotic bodies. Both microvesicles and apoptotic vesicles bud off directly from the cell 

membrane while exosomes are formed in Multivesicular Bodies (MVBs) and are 

subsequently released when these MVBs fuse with the cell membrane (Figure 1) 8. Apoptotic 

vesicles will not be further discussed in this thesis, as they are released by dying cells and 

therefore have quite a distinct function as compared to EVs that are released from healthy 

cells. Despite the different origin of microvesicles and exosomes, their characteristics are 

similar, which makes it difficult to study these populations individually. Both microvesicles 

and exosomes consist of a lipid bilayer containing lipids including glycosphingolipids, 

cholesterol, sphingomyelin and phosphatidylserine (PS). Also their protein and RNA make 

up is rather similar and until now no distinctive exosomal or microvesicle marker has been 

described. Exosomes are the smallest group of vesicles with a size range of 30-150 nm. 

Microvesicles tend to be a bit larger with a range from 50-1000 nm and consequently, part of 

the microvesicle population overlaps with the exosomal size range. To complicate things 

even further: while microvesicles and exosomes have different biogenesis routes, it becomes 

increasingly clear that the protein machineries involved in these separate routes are actually 

not exclusive and they can often both be involved in endosomal as well as plasma membrane 

vesicle formation 9. 

Figure 1. The biogenesis and composition of extracellular vesicles 

EVs are nanoparticles secreted by every cell type. Exosomes, which are around 30-150 nm, are 

formed in the MVB and subsequently released by fusion of the MVB and the cell membrane. 

Microvesicles, which are around 50-1000 nm, bud of directly from the cell membrane. EVs consist, 

just like their parental cell, of a lipid bilayer that is enriched in cholesterol, sphingomyelin and other 

lipids. They carry multiple RNA species which are protected from degradation by the lipid membrane. 

Furthermore, they can carry many different proteins which, among others, help them target and bind 

recipient cells. Figure derived from: Veerman RE, Güçlüler Akpinar G, Eldh M, Gabrielsson S. 

Immune Cell-Derived Extracellular Vesicles - Functions and Therapeutic Applications. Trends Mol 

Med. 2019 May;25(5):382-394. 
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In general, it is assumed that EVs resemble the cell they are secreted by. The lipid 

composition, sorted proteins and miRNA are highly dependent on the cell of origin. 

Furthermore, external factors such as culture conditions, hypoxia and genomic mutations that 

affect the cell composition can also affect the EV composition. For example, P53 and EGFR 

mutations in a lung cell line altered the expression of certain proteins in a similar fashion in 

both cells and EVs. However, there were also certain proteins that were affected in the EVs 

only 10. Indeed, the enrichment and active loading of certain molecules, especially miRNAs, 

into EVs have been confirmed by multiple studies 11, 12. Unfortunately, for EVs derived from 

cell culture it has been shown that some enriched miRNAs, such as miR-122 and miR-451a, 

are actually co-isolated from the bovine serum and are therefore falsely identified as EV 

derived miRNA 13, 14. Therefore, caution should be applied when it is claimed that certain 

macromolecules are enriched in EV. 

1.1.3 Biogenesis of and characteristics of exosomes 

As mentioned above, exosomes originate from the endosomal pathway. Endosomes are 

formed by invagination of the plasma membrane and can further fuse with Golgi and 

Endoplasmic reticulum (ER) derived vesicles. Subsequently, Intraluminal Vesicles (ILVs), 

the exosome precursors, are formed by inward budding of the endosomal membrane resulting 

in the formation of MVBs. The main membrane remodelling mechanism involved in the 

generation of MVBs is the Endosomal Sorting Complexes Required for Transport (ESCRT), 

a protein machinery consisting of four proteins complexes 15. In brief, the ESCRT 0 complex 

identifies ubiquitinated proteins on the outer membrane of the endosome and upon 

recognition it binds to the membrane. Next, the ESCRT I and ESCRTII complexes are 

recruited and initiate the inward budding of the endosomal membrane, creating ILVs. 

Subsequently, the ESCRT III complex is recruited by ALIX, a well-known EV-associated 

protein, and TSG101, a ESCRT I complex protein. Finally, ALIX binds TSG101 and 

CHMP4A, a protein of ESCRT III, and thereby associating ESCRT I and ESCRT III and 

mediating the sorting of cargo into the ILVs 16. After formation, MVBs can follow two paths: 

they either fuse with the lysosome to degrade its packing, or fuse with the cell membrane and 

release the ILVs into the extracellular space, upon which the ILVs are called exosomes 15.  

However, also ESCRT independent mechanisms are described for exosome formation. The 

most compelling evidence for this is shown by a study in which key molecules of all four 

components of the ESCRT machinery were silenced simultaneously and still ILVs were 

generated in the endosomes, suggesting the existence of alternative MVB generation 

pathways 17. One of these pathways involves the generation of the lipid ceramide which can 

form micro domains on the membrane of endosomes. Subsequently, these micro domains 

induce spontaneous curvature of the endosomal membrane leading to the formation of ILVs 
18. After formation, MVBs can either fuse to lysosomes to be degraded or fuse with the cell 

membrane and thereby releasing the exosomes in the extracellular space 9. What decides the 

fate of the MVBs remains uncertain, however it is clear that the two pathways are closely 

linked to each other as inhibition of MVB degradation results in increased exosome release 19. 

For both pathways intracellular trafficking is regulated by multiple Rab and SNARE proteins 

and specifically Rab27a and Rab27b seem important for plasma membrane fusion, as loss of 

these proteins drastically reduces exosome release, at least in certain cell types 20. 
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Overall, exosomes are characterized by high levels of tetraspanins, in particular CD9, CD63 

and CD81. However, these markers are not exclusively expressed by exosomes. Indeed, CD9 

and CD63 are also found in larger vesicles. In contrast, syntenin-1, EHD4, and ADAM10 

were found to be highly enriched in smaller EVs, suggesting that these markers might be 

specific for exosomes 21. Exosomes also contain proteins that are involved in their biogenesis, 

such as endosomal proteins, ALIX, Flotillin-1 and TSG101 and proteins involved in 

cytoskeleton adhesion such as EZR and RDX. Since exosomes are small, they are limited in 

the number and size of the molecules they can contain. Recently, it was described that double 

stranded DNA was not present in small EVs, suggesting that exosomes lack DNA 22. 

Additionally, it is suggested that mainly smaller miRNAs are loaded into exosomes, while 

larger RNA species such ribosomal RNA are absent 23. These results are debatable however, 

as 18S and 28S RNA subunits are often found in exosome preparations 24. Whether this 

discrepancy is due to actual presence of these RNAs in exosomes or due to unspecific co-

isolation of larger EVs in exosome-enriched preparations remains to be determined.  

1.1.4 Biogenesis and characteristics microvesicles 

Whereas exosomes are generated in the endosomal pathway, microvesicles are formed by 

directly budding off from the cell membrane. Rearrangements on the plasma membrane 

driven by multiple protein machineries cause changes in the lipid composition of the 

phospholipid membrane leading to curving of the membrane 25. Important proteins involved 

in changing the lipid composition of the membrane are aminophospholipid translocases, 

which translocate phospholipids between the inner and outer leaflet of the cell membrane. 

Upon membrane rearrangement, the cytoskeleton will reorganize actin and myosin resulting 

in microvesicle formation and budding 26. Interestingly, while discussed above that TSG101 

is an endosomal associated protein that is involved in exosomes biogenesis, it has also been 

shown that TSG101 can relocate from the endosome to the cell membrane and promote there 

the budding of ARRDC1-mediated microvesicles 27.  

Microvesicle cargo is, just as for exosomal cargo, localized to the place of budding by their 

affinity for lipid rafts. However, the targeting of nucleic acids towards microvesicles remains 

unclear but might be dependent on certain conserved sequence motifs 28. Recently it became 

clear that larger vesicles, and therefore suggesting microvesicles, are mainly enriched for ER-

, mitochondria- and ribosomal associated molecules 21, 29. Furthermore, highly enriched 

proteins in larger EVs have been identified, such as actinin-4 and mitofilin 21, and Annexin 

A1 was specifically identified for microvesicles 22. 

1.1.5 The uptake and downstream fate of Extracellular Vesicles 

Once EVs have been released in the extracellular space, they can be taken up by the same cell 

which initially released the EVs, called autocrine signalling, or by neighbouring cells, called 

paracrine signalling. In addition, EVs can travel over longer distances through the blood to 

target cells in distant organs. After EVs have reached their target cell, multiple proposed 

interactions and mechanisms can facilitate the uptake of EVs by cells. EVs can directly fuse 

with the cell membrane and thereby release their content into the cell cytoplasm 30, allowing 

EV-derived miRNA to suppress target mRNA in the cell 31. Furthermore, EVs can bind to the 

cell’s surface receptors and thereby directly trigger downstream signalling cascades in the 
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cell, indicating that EVs do not necessarily have to be taken up by the receiver cell in order to 

be effective. However, most studies show that a major pathway of EV uptake is through 

endocytosis. Relevant endocytosis pathways include unspecific phagocytosis, pinocytosis and 

caveolin-mediated endocytosis, and specific targeted pathways such as receptor-mediated and 

clathrin-mediated endocytosis 9, 32. 

Once an EV has been taken up by endocytosis, it has to release its cargo from the endosomal 

confinement in order for the cargo to be functional 33. If this process, called endosomal 

escape, does not occur, the endosome will fuse with the lysosome and the EV with its cargo 

will be degraded. Several mechanisms of EV cargo release from the endosome have been 

described. Endosomes containing EVs can scan the ER to find a possible site to release the 

endosomal cargo, after which the endosome is being sorted into the lysosome for degradation 
34. Furthermore, the EVs can fuse with the endosomal membrane and thereby release their 

cargo into the cytosol 35, 36. Lastly, the endosome can rupture and subsequently release its 

content into the cell cytosol. However, it remains to be confirmed if this mechanism is 

actually relevant in EV signalling.  

1.1.6 Cell to cell communication by Extracellular Vesicles 

As mentioned above, EVs can travel over long distances to reach remote organs and recipient 

cells. In order to reach these distances, they need to avoid being cleared from the blood. One 

way EVs avoid this, is by expressing CD55 and CD59 on their surface, which prevents 

complement mediated lysis 37. Furthermore, EVs express CD47 which prevents them from 

being phagocytosed by macrophages 38. However, even though EVs travel far, their half-life 

circulation is very short. After intravenous injection, the majority of the EVs disappear from 

the circulation within minutes 39, 40. Whether this is also the case for naturally released EVs is 

not clear yet. Nevertheless, this short circulation time does not necessarily say anything about 

the effect of EVs, on the contrary, it rather illustrates how efficient EVs are. 

Although it is still a matter of debate, there is strong evidence that cells can release EVs that 

target specific cells. This targeted specificity is determined by the surface molecules on the 

EVs and the receptors on the recipient cells. One of the most compelling evidence for this 

theory is the fact that EVs released by cancer cells can express different combinations of 

integrins, which helps them to target the preferred site of metastasis 41. For example, the 

combination α6β4 and α6β1 integrins on EVs promoted lung metastasis, while exosomal 

integrin αvβ5 directed metastasis towards the liver. Moreover, EVs derived from a 

neuroblastoma cell line which lacked CD63 expression specifically bind to neuron cells, 

while the CD63-expressing EVs target both neuron and glial cells 42. In addition, it was also 

shown that EVs secreted by a specific cell type only target cells of the same origin, indicating 

that cellular origin is important in specific targeting by EVs 43. However, it still remains 

largely unclear which molecules are necessary and which are dispensable in order to target 

specific cells. 
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1.2 EXTRACELLULAR VESICLE ISOLATION 

One of the biggest challenges currently in the field is the isolation of pure EVs. Although 

originally differential ultracentrifugation (UC) has been applied to isolated EVs, nowadays a 

whole range of isolation methods have been developed (Figure 2). Each of these methods 

have their advantages and disadvantages. However, often ignored is that different isolation 

methods also result in a distinct enriched sample. Which, consequently, makes it difficult to 

compare studies side by side. Furthermore, since most methods, if not all, also isolate non-EV 

entities such as lipoproteins, free RNA and proteins, a lot of claims and functions have been 

credited to EVs while these actually might have come from the co-enriched non-EV entities. 

Indeed, EV databases such as “Vesiclepedia” and “Exocarta” contain more than 13,000 

reported EV proteins and almost 13,000 mRNA species for humans (July, 2021). Some of 

these proteins or mRNAs are, however, not actually present in EVs. This flaw is clearly 

illustrated by the presence of plasma proteins such as albumin, complement component 3 and 

Alpha-2-macroglobulin in the top 100 reported proteins of Vesiclepedia. Fortunately, 

progress is being made in the field and the ISEV has implemented guidelines which help 

researchers to determine the purity of their EV-enriched samples and gives minimum 

requirements for publication 44. 

Nowadays, most publications use more than one isolation method to purify their EVs. 

However, in large clinical studies or when low sample amounts are available, this is often not 

possible. In certain settings one can argue that is not necessary to isolate pure EVs. For 

example, in EV-related biomarker studies the goal is to find a sensitive molecular signature 

that is specific to a certain patient group and that is reproducible between different labs and 

patient cohorts. For these studies it is not the main goal to isolate pure EVs, but rather to 

isolate a sample that is enriched enough to detect the molecular signature on EVs. Therefore, 

the goal of the study should always be kept in mind when determining which isolation 

method is most suitable. Besides the goal of the study, the choice of isolation methods also 

depends on sample type, sample volume, time, technical equipment and desired 

subpopulation of EVs.  

1.2.1 Differential ultracentrifugation 

During the development of the field, differential UC has been the most applied isolation 

method. Although there are many varieties, in general it comes down to the following 

protocol: an initial spin to remove cells, often at 300 x g for ten minutes. Next, a second spin 

is applied to remove cell debris and apoptotic bodies, often at 2,000 -3,000 x g for 30 minutes. 

In the following spin, at 10,000 – 15,000 x g for 30 minutes, larger vesicles such as MVs or 

apoptotic vesicles are pelleted. Depending on whether total EVs are of interest, this step can 

be left out. Lastly, the smaller EVs are pelleted at a speed of 100,000 - 120,000 x g for two 

hours (Figure 2A). The main advantage of differential UC is that rather large samples, 

around 400 ml, can be processed within 3 – 4 hours and both large EVs and small EVs can be 

isolated within that time. Furthermore, differential UC gives a high recovery of EVs as 

compared to for example Size Exclusion Chromatography (SEC) 45. However, it also 

recovers higher total protein amounts and co-isolates non-EV proteins, such as albumin, 

resulting in less pure samples 45, 46. In addition, it is suggested that differential UC causes EV 
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fusion, disruption and aggregation during the high speed pelleting and this disrupted 

morphology can also change the bio-distribution of these vesicles 47. 

 

 

 
Figure 2. Extracellular vesicles isolation methods 

Many different EV isolation methods are available, which are based on different principles (A-F). 

Before applying an isolation method, samples are generally first depleted of cells and cell debris by 

spinning at 300xg and 3000xg, respectively. However, proteins and lipoproteins will not be removed 

by these initial steps and can therefore be co-isolated with a downstream isolation method. Certain 

methods are able to remove proteins and (subsets of) lipoproteins, but this often comes with a trade-

off such as longer isolation time or reduced recovery. Figure created with Biorender. 

1.2.2 Density gradient based ultracentrifugation 

With the current knowledge that differential UC results in co-isolation of protein complexes 

and, when isolating from plasma, also lipoproteins such as HDL, VLDL and LDL, density 

gradient based UC is often applied to further clean up the sample (Figure 2B). The reagent 

used to create the gradient, often iodixanol or sucrose, can be continuous or discontinuous. A 

major disadvantage of density gradient based UC is that only small sample volumes of 

around maximum 10 ml can be applied. If the processing of larger sample volumes is 

required, an initial upconcentration step is required by, for example, differential UC. 

Unfortunately, this increases the process time significantly and isolation by density gradient 

UC by itself already takes 6 - 15 hours. Also, after performing density gradient based UC, the 

EVs are enriched within the used density gradient, e.g. iodixanol or sucrose. Since these 

gradient building substances are not compatible with cell culture or in vivo work, an 

additional cleaning step is necessary to remove them, resulting in more hands on time and 

more EV loss. However, density gradient based UC can separate EVs from protein 

complexes and low density lipoprotein, making it a preferred method compared to differential 

UC in terms of purity 48. Although, HDL which has an overlapping density with EVs, is not 
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removed by density gradient based UC only 49. Furthermore,a better recovery rate after 0.22 

µm sterile filtration was shown as compared to differential UC, indicating that fewer EV 

aggregates are formed during density gradient based UC 50.  

1.2.3 Size Exclusion Chromatography 

In the past few years, SEC has become a widely applied isolation technique. A significant 

advantage is that the possession of an ultracentrifugation is not necessary (Figure 2C). But 

just like density based UC, only smaller volumes can be applied, around 10% of the column 

volume, which normally translates to 2-10 ml. Furthermore, unless the column is connected 

to an automatic collection system, the isolation takes a lot of hands on time, as each fraction 

has to be collected in separate tubes. Nevertheless, SEC has been shown to separate EVs 

from HDL and proteins, making it a preferred method over differential UC when higher 

purity is desired or after ultrafiltration, when protein complexes are often present 47, 51. 

Interestingly, where SEC is able to separate from HDL, it is not efficient in removing larger 

lipoproteins such as LDL since they have overlapping sizes with EVs. This is opposite for 

density gradient based UC, which can remove larger lipoproteins but not HDL. Therefore, a 

combination of SEC and density gradient based UC is often used when EVs are isolated from 

plasma samples, resulting in purer EVs and the removal of the majority of co-enriched 

lipoproteins 52. However, these protocols together take roughly two days to complete. 

Furthermore, the more isolation steps are being applied, the more EVs are lost, which makes 

it unusable for small samples volumes.  

1.2.4 Immunoaffinity based enrichment 

To isolate the purest EV population in the shortest time, immunoaffinity isolation is applied. 

While previous isolation methods are based on physical characteristics EVs, immunoaffinity 

isolation is based on the surface molecules of EVs (Figure 2D). In principal immunoaffinity 

works as follows: ligands specific to molecules on EVs are immobilized on a solid medium, 

such as magnetic beads or a chromatography resin. Next, in the case of affinity 

chromatography, samples containing EVs can be run through the column and the ligands on 

the resin can bind the EVs while the unbound fraction flows through. For immunocapture 

methods, EV containing samples are incubated with, for example, ligand coated magnetic 

beads and by magnetic separation, the EVs bound to the beads can be “fished out” of the 

sample. A major issue with this isolation method is that there is no pan-EV maker. This 

means that when using a ligand to enrich for EVs, it will only isolate a sub population of EVs 

that expresses that marker. There are studies that use a combination of markers, such as CD9, 

CD63 and CD81, to capture the majority of EVs 53, however, it remains to be determined 

whether there are subpopulations of EVs that are negative for these markers. Effort has been 

put into finding other markers that are more broadly expressed on vesicles, such as heparin or 

phosphatidylserine (PS) 54, 55. But also for these markers it remains speculative whether these 

are found on all EVs, especially for PS, since it has been suggested to be a marker for 

apoptotic cells and it is not normally found on the outer leaflet of the cell membrane 56. 

Immunoaffinity is nonetheless an appealing method when the goal is to enrich for EVs 

derived from a specific cell type. For example, cancer-derived EVs often express proteins 

which are upregulated by the cancer cells and this protein can be used to specifically capture 

cancer-derived EVs 57.  



 

 9 

1.2.5 Precipitation 

Another method that has gained popularity over the past few years is based on the 

precipitation principle. This principle takes advantages of the solubility of the compounds in 

the sample. In general, a hydrophilic polymer, e.g. PEG, is added, which decreases the 

solubility of the other compounds in the sample (Figure 2E). By mixing the PEG with the 

sample and incubate it for a short period of time, the compounds in the sample, including 

EVs, will settle down in the bottom of the tube. Since the precipitation principle is based on 

exclusion of water, it precipitates not only EVs but also other larger complexes such as 

lipoproteins and protein- or RNA complexes. Indeed, it has been shown that precipitation 

methods also co-isolate miRNAs that are not associated with EVs 58. Moreover, several 

studies have shown that precipitation methods isolate significantly more proteins compared to 

other methods but had lower EV protein levels, suggesting the co-isolation of non-EV 

proteins 45, 59, 60. When applied to plasma samples it appears that the precipitation method 

isolates more and smaller particles as compared to differential UC and it also enriched for 

apoB, suggesting that this method also co-enriches lipoproteins 61. In general, the use of 

precipitation methods is not encouraged as it co-isolates many non-EV entities. Using these 

relatively impure EV samples in experiments might attribute functions and effect to EVs 

while they actually come from the co-present non-EV entities. However, as mentioned 

before, if the research question is to find for example a biomarker and the precipitation 

method isolates pure enough EV samples to detect this biomarker, then the method fits the 

purpose. 

1.2.6 Membrane based affinity 

Recently, a membrane-affinity column has entered the market, called exoEasy isolation kit 

(Figure 2F). The main advantage of this membrane-affinity column is that it isolates EVs 

much faster than other methods, in roughly 30 minutes. Furthermore, since it is a very simple 

technique and all buffers are provided, the isolation of EVs will be highly reproducible, even 

between labs. Since the EV field suffers from a lack of standardization of isolation methods 

between samples and different labs, this method offers an excellent solution. However, some 

studies evaluating this membrane-affinity column have been performed and they indicate that 

mainly a subpopulation, consisting of larger vesicles, is being enriched by this technique 62-64. 

Furthermore, it was shown that it isolates fewer lipoproteins than SEC but it also isolated 

fewer EV proteins and enriched for albumin 64. Another study presented similar results, 

showing that fewer EV like structures and EV proteins were isolated by the exoEasy kit as 

compared to differential UC. However, the RNA yield was significantly higher even after 

enzymatic treatment, indicating that these subset of vesicles are rich in RNA 62. 
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1.3 THE IMMUNE SYSTEM 

The immune system is a complex network consisting of cells, molecules and processes which 

defend its host from invading threats. When pathogens, such as bacteria and viruses, try to 

invade an organism, cells of the immune system are able to sense these pathogens and alarm 

other immune cells to attack and destroy the invading pathogen. As pathogens constantly 

evolve, the immune system has been co-evolving with them. This has led to a multifaceted 

immune system in humans and for simplicity its often divided in two parts: the innate and 

adaptive immunity. The innate immune system is well-known for its rapid but non-specific 

response. During an infection, the innate immune system tries to clear the pathogen and 

prevent it from spreading further. Meanwhile, the adaptive immune response is being built. 

While the start of the adaptive immune response is much slower, once it is fully activated it is 

highly specific and, most importantly, can generate a memory response. Meaning that upon 

re-infection of the same pathogen, now memory cells of the adaptive immune response are 

present and they are instantly activated when they recognize the pathogen, leading to a rapid 

clearing of the infection.  

Whereas most of the time the immune system is functioning properly, sometimes an 

abnormal immune response can emerge that is not directed towards a pathogen but to the 

host’s own body. In this condition, called autoimmunity, the immune system detects a 

harmless self- or a diet-derived antigen and treats this harmless antigen as a threat, which 

consequently leads to an autoimmune response against the host’s own tissue. This shows that 

the immune system is a necessary but vulnerable system and while immune cells carry 

multiple brakes to prevent over-reaction of an immune response, a sensitive balance between 

reacting and over-reacting is vital for the host’s health. 

1.3.1 The innate immune system 

The innate immune system consists of many different components including soluble 

recognition molecules such as defensins, natural antibodies and the often over-looked 

complement system. The cellular component comprises phagocytic cells, e.g. neutrophils and 

macrophages, Antigen Presenting Cells (APC), e.g. Dendritic Cells (DC), killing cells, e.g. 

Natural Killer (NK) cells and the innate counterparts of T cells, e.g. innate lymphoid cells. 

Moreover, granulocytes, such as eosinophils, basophils and mast cells are important 

mediators in allergy and parasite infections. Furthermore, epithelial cells are important 

contributors to the innate immune response. Although they are not regarded as immune cells, 

they can secrete cytokines and chemokines, recognize danger molecules and since they make 

up a substantial part of most tissues, their contribution to an immune response can be 

significant 65.  

As mentioned above, the innate immune system is rapid but not specific towards an invading 

pathogen. This non-specificity comes from the fact that cells of the innate immune system 

recognize patterns on a pathogen that are not specific to this pathogen alone, but are 

expressed by many other types of pathogens. These Pathogen Associated Molecular Patterns 

(PAMPs) consist of conserved molecular signatures that are specific for microbes and are not 

found in the host itself, e.g. lipopolysaccharides (LPS) on Gram-negative bacteria or double 

stranded RNA in some viruses. Upon infection, cells of the innate immune system sense the 

invading pathogen expressing PAMPs by Pattern Recognition Receptors (PRRs) expressed 
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on the cell’s surface. Subsequently, the cells become activated and start to secrete cytokines 

such as TNFα, IL-1 and IL-6 which are essential for infiltrating cell recruitment and local 

inflammation 66. More immune cells are alerted and attracted towards the site of infection and 

infiltrating phagocytes clear the pathogen. Infiltrating DCs take up antigens that are released 

during the killing of the pathogen and migrate back to the lymph nodes where they present 

these antigens to T- and B-cells. Being the most efficient APCs of the immune system, DCs 

form the bridge between the innate and adaptive response. However, many different cell 

types are involved in the innate immune response and they all play a vital role in fulfilling a 

successful response. 

1.3.2 Neutrophils and Macrophages 

Neutrophils and macrophages are the most important phagocytic cells of the immune system 

and serve as a first line of defence. They are, however, quite distinct in many aspects. 

Whereas macrophages have a life span of a week to months or even years, neutrophils are 

short-lived and live only for a few days. Interestingly, they are the most abundant immune 

cell type and because of its short life, they are generated in the bone marrow (BM) in high 

amounts of >1011 per day 67. In contrast, many tissue resident macrophages develop during 

embryonic stage and persist in the tissue long into adulthood 68, 69. Only during inflammation, 

monocytes derived from the BM differentiate into macrophages 70. Nevertheless, both cells 

are recruited to the site of infections and upon recognition of the pathogen they can 

phagocytose it, to which the phagosome fuses with the lysosome, and thereby destroy the 

pathogen. Besides phagocytosis, these cells have additional anti-microbial activities. 

Neutrophils can degranulate and thereby release granules containing anti-microbial molecules 

or they can produce neutrophil extracellular traps, which are web-like structures of chromatin 

to trap the invading microbe 71. Macrophages are also important APCs as they express MHC 

class II and they can secrete large amounts of pro-inflammatory mediators such as IL-1, IL-6, 

IL-8, TNFα and reactive oxygen species 72. 

1.3.3 Monocytes 

Monocytes are highly plastic cells which originate in the BM. They mainly circulate in the 

blood sensing damage, inflammation or infection. In the blood, three different subsets of 

monocytes are distinguished: the classical monocytes which express CD14, the intermediate 

monocytes which are double positive for CD14 and CD16, and the non-classical monocytes 

which express CD16. Upon binding of their integrins with ICAM-1 on the endothelial cells, 

monocytes can extravasate from the blood and enter the tissue. Within the tissue, they can 

differentiate into BM-derived macrophages and monocyte-derived DCs or they maintain their 

monocyte markers 73. Monocytes have many different functions and they have been shown to 

be involved in inflammation, clearance of infection, wound healing and antigen presentation 
74.  

1.3.4 NK cells 

Unlike most other cells of the innate immune system which derive from a common myeloid 

progenitor, NK cells are derived from a common lymphoid progenitor 75. NK cells are, just as 

their name suggests, the “killers” of the innate immune system. Armed with granules 

containing pore-forming perforin and cytotoxic granzymes, they can induce apoptosis in 
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infected or cancerous cells. Furthermore, they express FAS ligand and liver-resident NK cells 

can upregulate TRAIL 76, 77, both which can induce apoptosis once bound to their 

corresponding receptors on a target cell. Lastly, NK cells express Fc receptors which can bind 

to the Fc part of antibodies. When antibodies are bound to a target cell, the NK cell can bind 

these antibodies through its Fc receptors and kill the target cell, a mechanism that is called 

Antibody-Dependent Cell-mediated Cytotoxicity (ADCC). NK cells express a range of 

inhibitory receptors, such as KIR and Ly49, and stimulatory receptors, such as NKG2D, and 

the balance between these inhibitory and stimulatory signals determines if an NK cell gets 

activated 78. For example, MHCI present on healthy cells binds to inhibitory receptors on the 

NK cell and thereby prevents the destruction of healthy cells. However, in certain infections 

and cancers, a diseased cell can downregulate MHCI which leads to removal of the inhibitory 

signal to NK cells and subsequently results in the killing of the diseased cell. 

1.3.5 NKT cells 

Natural Killer T (NKT) cells are a heterogeneous group of T cells that also contain 

characteristics of NK cells. Just like NK cells, NKT cells derive from a common lymphoid 

progenitor. However, whereas NK cells mainly mature in the BM, NKT cells travel to the 

thymus to fully develop. Just as T cells, NKT cells carry a T cell receptor (TCR), though they 

express it at lower levels and the receptor itself is far less diverse as compared to T cells 79. 

NKT cells can be divided in different subtypes such as type I NKT cells and type II NKT 

cells, but they all are restricted to CD1d presentation 80. For quite some time the ligands 

which NKT cells recognize remained undefined, but now it is clear that they recognize lipid 

antigens which constitute among others glycolipids 81. Although they make up only a small 

portion of the total T cell population, ~2,5% in the spleen, they can have a major effect on 

other immune cells through their cytokine secretion. Additionally, they are important in anti-

tumour immunity with their ability to secrete IFNγ and they have been shown to prevent 

metastasis in certain settings 82. Conversely, overstimulation by alpha-Galactosylceramide 

(αGC), a potent iNKT cell activator, promotes NKT cell anergy, which might be a negative 

feedback mechanism to prevent overstimulation of the immune system 83 

1.3.6 Dendritic Cells 

DCs are often referred to as the orchestrators of the adaptive immune response as they can 

present antigens to naïve T cells and provoke the appropriate immune response to an invading 

pathogen. Immature DCs are found in secondary lymphoid tissues or in periphery tissues, 

such as the skin, lungs and intestines, where they sample the surrounding for invading 

pathogens. Upon sensing a pathogen through their PRRs, the DC takes up antigens and 

migrates to the lymph node, where it presents peptides to T cells. In general, extracellular 

antigens, such as bacterial antigens, are taken up by endocytosis and processed in the 

endosome, where subsequently the peptides will be loaded onto MHC class II molecules. The 

loaded MHCII is then transported onto the cells surface, where CD4+ T cells can recognize 

the MHCII-peptide complex. Intracellular antigens, such as viral or tumour antigens, are 

processed into peptides by the proteasome, and subsequently, are transported into the ER by 

TAP molecules. Once inside the ER, the peptides are loaded onto MHC class I molecules, 

which are then transported onto the cell surface, where they can activate CD8+ T cells. 

However, certain subsets of DCs can also present extracellular antigens in MHC class I, a 
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process called cross presentation. This process is important in anti-tumour immunity and in 

certain vaccination settings in which a CD8+ T cell response is desired. 

The subclasses of DCs have frequently been a subject of discussion but due to techniques 

such as RNAseq, a clearer image has been established about DC subclasses and their 

progenitors. In general, mouse DCs are divided into two subclasses: the CD8α+ cDC1 and the 

CD11b+ cDC2, in which the c stands for classical or conventional. These DCs derive from a 

common progenitor in the BM, whose development is dependent on the growth factor Flt3L 
84. Being able to cross-present, cDC1 is able to prime CD8+ T cell responses with 

extracellular-derived antigens 85. In contrast, cDC2 is able to prime CD4+ T cells, which 

subsequently are activated and can induce, for example, anti-tumour responses 86. However, 

recently it was shown that in a tumour setting, cDC1 also prime CD4+ T cells and that this 

priming was crucial for an optimal anti-tumour immune response 87. Besides activating T 

cells, cDC1 is also important in maintaining gut homeostasis as they can present tissue-

associated antigens to naïve CD8+ T cells and convert these cells in to FoxP3+CD8+ 

regulatory T cells 88. 

Besides the classical DCs, also other cell types have previously been misidentified as DCs 84. 

For example, for plasmacytoid DCs, which are known for their high secretion of type I IFNs, 

it’s now clear that these cells are not actually DCs but are derived from a lymphoid 

progenitor 89. Similarly, Langerhans cells, which are DC-like cells resident in the skin, are 

actually derived from fetal liver monocytes and are now classified as macrophages 90. While 

both cells can re-stimulate memory and effector T cells, it remains a matter of debate whether 

they can also activate naïve T cells. It is believed that this role remains exclusive to cDCs. 

1.3.7 The adaptive immune system 

Whereas the innate immune system is fast, the adaptive immune system takes roughly 1,5 – 2 

weeks to be completely matured. Nevertheless, this disadvantage is negligible as the benefits 

of the adaptive immune system are well worth it. During these weeks, the adaptive immune 

response develops a highly specific attack to an invading pathogen and thereby also creates a 

memory response which prevent or delays future infections of the same pathogen. 

Predominantly, the adaptive immune response consists of two arms: the cellular response 

which is mainly executed by T cells, and the humoral response which consists of antibodies 

created by plasma cells and memory B cells. 

1.3.8 T cells 

T cells are derived from the common lymphoid progenitor in the BM. However, for their 

TCR maturation, T cells move to the thymus where they are educated to distinguish self from 

non-self. This education occurs in two steps: first the T cell will proceed to survive if it can 

engage with host MHC molecules (positive selection), and next, the T cell will be eliminated 

if it binds MHC molecules too strongly (negative selection). During this process only 

functional T cells are selected and self-reactive T cells are depleted. Furthermore, during the 

positive selection, the affinity of the TCR towards either MHCI or MHCII determines if a T 

cell will become a CD8+ or a CD4+ T cell, respectively 91.  
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CD4+ and CD8+ T cells are part of the defensive cellular arm of the adaptive immune 

response. Naïve T cells need to be primed by DCs in order to become effector T cells. DCs 

give three signals to the T cell: (1) MHC-peptide complexes bind to the TCR, (2) co-

stimulatory receptors such as CD80 and CD86 bind to activation receptors such as CD28 on 

the T cell and (3) the release of cytokines such as IL-4, IL-12 and type I IFN which help in 

the differentiation the T cells. Effector T cells can further differentiate into long-lived 

memory T cells 92 and multiple memory cell subset are recognized, although this topic is still 

heavily explored and this classification is likely not final or complete. Initially, three major 

subpopulations of memory CD8+ T cells have been identified and for the CD4+ T cells similar 

counterparts are recognized. CD45RO+/CCR7+ central memory cells (CD44+/CD62L+ in 

mouse) express the homing molecules CD45RO and CCR7 which allows them to move into 

the secondary lymphoid organs. These cells have superior proliferation abilities and are 

thought to play an important role in systemic infections 93. In contrast, CD45RO+/CCR7- 

effector memory cells (CD44+/CD62L- in mouse) are found in inflamed tissues where they 

secrete high levels of cytokines and have high cytolytic activities 93. Lastly, non-circulating 

tissue resident memory T cells, expressing CD103, protect periphery tissues against recurrent 

infections 94, 95. 

The role of effector CD4+ T cells and CD8+ T cells are different as CD8+ T cells are classified 

as specialized killer cells, while the CD4+ T cells are considered to be helper cells. CD8+ T 

cells carry a diverse range of action molecules that can induce apoptosis in their target cells. 

For example, activated CD8+ T cells can, upon recognition of MHCI-peptide complexes on 

the target cell, release cytokines such as IFNγ and TNFα which have anti-tumour and anti-

microbial effects. Secondly, CD8+ T cells are, just like NK cells, packed with granules 

containing perforin and granzymes. Lastly, CD8+ T cells express FasL which can bind to Fas 

on the membrane of the target cell and thereby induce cell death through apoptosis. 

CD4+ T cells are called helper cells because their main goal is not to directly kill an invading 

pathogen or infected cell, something which they can do, but rather to provide help to CD8+ T 

cells. Besides the activation of CD8+ T cells, which is performed by Th1 helper cells, other 

subsets of the CD4+ T cells can help B cells (Th2), Th17 cells (Th17) and many other T cell 

subsets. Moreover, it has been shown that CD4+ T cells help with the clonal expansion of 

CD8+ T cells and promote their effector functions 96. In addition, CD4+ T cell help is essential 

in cross presentation and for the induction of CD8+ memory T cell responses 97, 98. The 

complementary model explains how CD4+ T cells help CD8+ T cells (reviewed in 99). Upon 

infection, PAMPs on the pathogen induce activation of cDC1 and cDC2 which subsequently 

take up antigens from the pathogen, after which they mature and migrate to the lymph node 

(Figure 3). There, the cDC2 and cDC1 prime naïve CD4+ and CD8+ T cells, respectively. 

Then, the activated CD8+ T cell releases chemokines which attract a cDC1 that is resident in 

the lymph node. This resident cDC1 receives antigens from the migratory cDC1, and 

subsequently the resident cDC1 engages with the pre-activated CD4+ T cell. The CD4+ T cell 

gives signals to the cDC1, specifically through the CD40-CD40L axis, that increases the 

stimulatory molecules on the cDC1. Lastly, the pre-activated CD8+ T cell binds the same 

cDC1 and now the optimized cDC1 transmit signals to the CD8+ T cell that improve CD8+ T 

cell effector and memory function. 
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Besides cytotoxic and T helper cells, a third major T cell population called regulatory T cells 

(Treg) is involved in the adaptive immune response. In contrast to cytotoxic and most T 

helper cells, Tregs are immunosuppressive and play an important role in immune homeostasis 

and the prevention of autoimmunity. Originally Tregs were identified as 

CD4+CD25+FOXP3+ T cells, but also CD8+ T cells with suppressive activities have been 

described 100. Tregs can develop in the thymus, also referred to as tTregs, or arise in the 

periphery, called pTregs 101. While tTregs carry high affinity TCRs, express FoxP3 

constitutively and mainly provide tolerance to autoantigens, pTregs are originally not 

immunosuppressive cells but are effector CD4+ T cells that have been differentiated into Treg 

due to IL-2 and TGFβ exposure 102. They can express FoxP3 under certain settings and are 

mainly found at barrier tissues, where they inhibit inflammation to exogenous antigens. 

 

 

Figure 3. Two phase priming of cytotoxic T cells 

In the periphery tissues such as the skin, cDC1 and cDC2 are sensing the environment for pathogens. 

Upon recognition and phagocytosis of the pathogen, the cDC1 and cDC2 will migrate to the lymph 

node where they will present the antigens and activate naïve CD8+ and CD4+ T cells, respectively 

(step 1, first phase priming). Being activated, the CD8+ T cells will produce the chemokine CXCL1 

which recruits lymph node resident cDC1. Subsequently, the lymph node resident cDC1 receives 

antigens from the migrated cDC1 (step 2). Lastly, the lymph node resident cDC1 will (cross)present 

the received antigens to the activated CD4+ and CD8+ T cells (step 3, second phase priming). The 

activated CD4+ T cell helps further activation of the cDC1 through the CD40-CD40L pathway. This 

will lead to optimized activation of the CD8+ T cell, resulting in improved differentiation of effector 

and memory cytotoxic T cells. Figure created with Biorender. 

1.3.9 B cells 

The humoral arm of the adaptive immune response is formed by B cells. Upon activation 

through binding of an antigen to the B Cell Receptor (BCR), the B cell gets activated and 

starts differentiating into, for example, a plasma cell and starts secreting antibodies. These 

antigen-specific antibodies form the humoral response and can bind to pathogens resulting in 

neutralization, opsonisation and/or complement binding. As opposed to T cells, which 
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recognize antigens in the context of MHC-peptide complexes, B cells recognize an epitope on 

the antigen itself.  

B cells develop from the common lymphoid progenitor in the BM and will also continue to 

mature there. During this maturation, the BCR undergoes several rearrangements in order to 

produce a functional but not autoreactive receptor. Once a functional BCR is formed, which 

is expressed as an IgM on the surface, the immature IgM+ B cells migrate to the spleen where 

they further differentiate into either Marginal Zone (MZ) B cells or Follicular (FO) B cells 
103.  

MZ B cells reside in the MZ of secondary lymphoid organs where they are well positioned to 

screen for incoming blood-derived antigens. Upon encounter with an antigen, the MZ B cell 

takes up the antigen and shuttles it into the B cell follicle to deliver it to Follicular Dendritic 

Cells (FDC) 104. Besides antigen shuttling, MZ B cells can also rapidly respond to antigens, 

both in a T cell dependent and independent manner, and differentiate into plasmablasts to 

secrete large amounts of low-affinity IgM. 

FO B cells circulate and enter lymph nodes to screen for antigens. Inside a lymph node, the 

FO B cell moves into the B cell follicles, which are neighbouring to T cell zones. If a B cell 

encounters its specific antigen, which is presented by FDCs, the FO B cell becomes activated 

through its BCR. The B cell will take up the antigen and present the derived peptides in its 

MHCII molecules to T follicular helper Cells (Tfh) 105. The Tfh cell gives stimulatory signals 

to the FO B cells, which leads to proliferation and the differentiation of the FO B cell into 

short-lived plasma cells and Germinal Centre (GC) B cells. Next, the GC B cells will enter 

the GC and undergo another round of proliferation and selection during which they will 

rearrange their Ig genes and undergo somatic hyper mutation and class switching, resulting in 

high affinity antibodies of different Ig classes. Once fully activated, the GC B cell will 

become either a long-lived plasma cells, a memory B cell, or re-enter to the GC for multiple 

rounds of proliferation and somatic hyper mutation 106.  

 

1.4 EXTRACELLULAR VESICLES AND THEIR ROLE IN AN 
IMMUNE RESPONSE 

EVs are important messengers in cell communication and it is therefore not surprising that 

they also play a role in immune regulation. Depending on the cell source, tissue and 

physiological setting, EVs can have either an immune stimulatory or inhibitory role 107. For 

example, T cell-derived EVs have been shown to carry mitochondrial DNA by which they 

activate DCs and thereby prime the DCs to prevent future infections 108. Furthermore, 

macrophages that have been stimulated by the TLR9 agonist CpG ODN release EVs 

containing ODN, which subsequently can be taken up by naïve macrophages and induce the 

release of TNFα 109. In contrast, EVs derived from Treg cells have been shown to modify DC 

function 110, and to modulate immune responses during a transplantation setting, promoting 

the survival of the allograft 111, 112. Treg derived EVs can also directly target other T cell 

subsets and suppress their proliferation or induce a Treg phenotype in naïve T cells 111, 113. 

Moreover, mesenchymal stromal cell-derived EVs can mediate immunosuppressive signals 

and prevent immune cell proliferation 114. 
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However, it is important to note that the examples above and other literature published just 

show a “snap shot” of the studied EVs function. In reality the used EV subtype, the state of 

the parental cell, culture conditions and many other factors can complicate and affect the 

function of the studied EVs. In general, it is thought that a particular cell type can both 

secrete EVs that are immune stimulatory or immune inhibitory and that the secreted EVs’ 

function is affected by the state of the paternal cell. To stay in the scope of this thesis, only 

the role of DC derived EVs within an immune response is highlighted here. 

1.4.1 Dendritic cell derived Extracellular Vesicles 

The first indication that EVs can induce an immune response came from the finding that B 

cell derived EVs carry functional MHCII-peptide complexes 115. This and following studies 

showed that B cell derived EVs could present peptides to T cells and induce T cell activation 
116. Soon after it was also shown that DC derived EVs express MHCII-peptide complexes, 

and that these can stimulate antigen specific T cells. Interestingly, it was shown that EVs 

derived from mature DCs induce substantially more T cell proliferation as compared to EVs 

derived from immature DCs 117, 118. In fact, EVs derived from immature DCs have been 

shown to have an immune modulatory function and they can supress inflammation 119. 

Moreover, whereas immature DC derived EVs failed to transfer antigen to B-cells, mature 

DC derived EVs could transfer antigen to B cells, which subsequently could activate naïve 

CD4+ T cells 120.  

In the initial work on DC derived EVs, the EVs were loaded with peptides, either directly or 

indirectly, as opposed to whole protein loading. While the peptide loaded DC derived EVs 

appear to induce better proliferation of T cell clones in vitro, only whole protein loaded EVs 

could induce antigen-specific T cells in vivo 121. Furthermore, this in vivo T cell activation 

was severely diminished in a mouse model lacking B cells 121, suggesting that the EV induced 

T cell responses are partially B cell dependent. This was later confirmed in a following study, 

in which DC derived EVs loaded with OVA (whole protein) but not SIINFEKL (peptide) 

induced antigen specific CD8+ T cell responses and promoted survival in a tumour model 122. 

DC derived EVs can activate antigen specific T cells in several ways: (1) they can directly 

activate T cells by binding their MHC-peptide complex and co-stimulatory molecules to the 

T cell. However, this mechanism is most likely only functional for T cell clones and not naïve 

T cells, as naïve T cells require higher levels of TCR crosslinking in order to become 

activated. Indeed, several in vivo studies have shown that administrated DC derived EVs are 

taken up by recipient DCs, which then subsequently activate naïve T cells 123-125. The 

recipient DC can take up the antigen-loaded EV and (2) take the peptide-MHC molecules 

from the EV and place it on its own surface, a process called cross dressing 124. In addition, 

the recipient DC can take up the antigen-loaded EV and (3) process the protein or peptide and 

subsequently present it on its own MHC molecules 126, 127. 
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1.5 TUMOUR IMMUNOLOGY 

The field of tumour immunology studies the interactions between cells of the immune system 

and tumour cells. By understanding these interactions and how the tumour tries to evade the 

immune cells, new therapies can be developed that prevent the immunological escape of the 

tumour cells. 

1.5.1 Immunoediting 

The finding that a person’s own immune system could recognize and kill tumour cells was 

first described in the end of the 19th century by W. Coley. When observing that cancer 

patients who developed a bacterial infection after surgery had an increased life span, he 

developed the hypothesis that infection could lead to some type of immune response which 

could recognize and kill cancer cells. In the following decades it also became clear that some 

cancers, even though rare, could regress spontaneously and in some cases this regression 

could be linked to a strong T cell response 128, 129.  

The concept that the immune system has the natural capacity to recognize and eliminate 

tumour cells led to the introduction of the term immune surveillance by Burnet and Thomas 

in 1957. However, tumours are still able to develop and grow in humans which have a fully 

functioning immune system. It seemed that immune surveillance is a rather limited concept as 

it only described the process of the immune system protecting the host against early staged 

malignant cells. But the immune system also has an active tumour-sculpting role by the 

immunoselection of poorly immunogenic clones, and thereby shaping the developing tumour. 

Therefore, the broader term “cancer immunoediting” was introduced 130.  

Cancer immunoediting is a active process that involves three phases: 1) the elimination phase 

includes the recognition and killing of tumour cells by immune cells as described by the 

immune surveillance hypothesis; 2) the equilibrium phase in which certain tumour cells that 

have escaped elimination are selected for growth; and 3) escape, during which the tumour is 

able to suppress immune-mediated destruction and thereby able to grow in an uncontrolled 

manner. 

1.5.2 Elimination 

During the elimination phase, cells of the innate and adaptive immune system work together 

to identify and eliminate transformed cells. Due to genomic instability, tumour cells 

upregulate tumour antigens, stress molecules and ligands for NKG2D, which makes these 

tumour cells immunogenic. Upon production of pro-inflammatory signals by the tumour 

microenvironment (TME), cytotoxic cells from the innate immune system, such as NK-, 

NKT- and γδ- T cells will infiltrate the tumour. Here they will eliminate the cancer cells that 

they recognize by binding to NKG2D ligands and by secreting IFNγ 131, 132. Furthermore, 

DCs recruited to the tumour site can take up tumour antigens which are released during the 

destruction of the tumour. These DCs will then migrate to the draining lymph nodes where 

they will present tumour antigens to CD8+ and CD4+ T cells. Subsequently, tumour-specific 

T cells will travel back into the tumour where they will kill the tumour cells by binding 

MHCI-peptide complexes and releasing perforin and granzymes. Furthermore, by binding of 

TRAIL receptors expressed on the tumour, CD8+ T cells and NK cells can induce tumour cell 
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death 133. If the elimination process is successful, the process of cancer immunoediting ends 

here. However, less immunogenic tumour clones might be able to evade elimination by the 

immune system. 

1.5.3 Equilibrium 

During the equilibrium phase, the tumour cells and immune cells are in a dynamic balance in 

which tumour cells are supressed by a strong anti-tumour immunity but they are not fully 

eradicated. Due to immunoediting, a heterogeneous pool of tumour cells evolves that is less 

immunogenic and has required ways to evade immune recognition which can eventually 

switch the balance from elimination to immune escape. However, this stage is thought to be 

the longest and can occur over a long time without any clinical appearances. Tumour-specific 

T cells play an important role in this stage by inducing growth arrest of the tumour cells in the 

presence of TNFα and IFNγ 134, 135. 

1.5.4 Escape 

Tumour cells that are able to escape from the equilibrium phase become unresponsive to the 

host’s immune system and continue to grow uncontrollably, which leads to clinical visibility 

of the tumour. The tumour’s unresponsiveness to the attacking immune cells is the result of a 

combination of many tumour escape mechanisms. There are physical barriers within the 

tumour, such as low oxygen levels resulting in hypoxia, high acidity and low nutrition, 

making the tumour a hostile environment for immune cells. Furthermore, the TME can be 

inhabited by immunosuppressive cells such as Tumour Associated Macrophages (TAM) 136, 

myeloid derived suppressor cells (MDSC), Cancer Associated Fibroblasts (CAF) 137 and 

Tregs, which can secret immunosuppressive cytokines such as TGFβ and IL-10 138, 139. 

Moreover, these cells can secrete EGF and VEGF which promote cancer cell proliferation 

and angiogenesis, respectively. These are just a few of the many tumour escape mechanisms 

that have been described. Three major escape mechanisms relevant to this thesis will be 

discussed in more detail. 

1.5.5  Escape through reduced immune recognition 

In order to kill a tumour cell, CD8+ T cells binds the MHCI-peptide complex expressed on 

the tumour cells with their TCR and CD8 co-receptor. However, tumour clones with reduced 

or absent MHC class I can avoid T cell recognition and thereby escape T cell mediated killing 
140. Furthermore, certain mutations within the cancer cell can result in down-regulation of the 

antigen-presenting machinery, leading to T cell resistance 141. Also epigenetic silencing of the 

antigen processing machinery has been shown as an escape mechanism 142. Due to selection 

pressure by the immune system, MHCI-negative tumour clones will survive and be able to 

continue growing. 

Fortunately, the immune system has a biological backup to counter act this phenomenon: 

MHC class I is a ligand for inhibitory receptors on NK cells. Absence of MHCI on the 

tumours therefore leads to less inhibition of NK cells and thereby making the tumour cells 

more vulnerable to NK cell mediated killing. Yet, tumour cells can also evade NK cell killing 

by downregulating their NK cell activator molecules, such as MIC-A/B, making themselves 

invisible to NK cells. Additionally, tumour cells can take up MHCI molecules from platelets 
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and place it onto their own membrane, avoiding both recognition by CD8 T cell, due to 

absence of tumour peptides, and NK cells 143. 

1.5.6 Escape through inhibitory molecules  

Besides making themselves invisible for T cells, tumour cells can also upregulate 

immunoregulatory molecules, e.g. PD-L1, which can bind co-inhibitory molecules expressed 

on activated T cells and NK cells, including PD-1, TIM-3 and LAG-3. These co-inhibitory 

molecules are frequently referred to as checkpoint receptors, as they are important in 

maintaining immune homeostasis. Indeed, mutations or knock-out models in these genes 

have shown increased autoimmunity phenotypes caused by overreaction of T cells 144. The 

binding of tumour PD-L1 to PD-1 on activated T cells causes inhibition of TCR and CD28 

signalling, leading to reduced T cell activity 145. In addition to the upregulation of immune 

inhibitory molecules, the persistence of tumour cells and the thereby continuous presentation 

of their antigens leads to chronic immune stimulation, triggering T cell exhaustion. Whereas 

normal activated T cells transiently upregulate PD-1, TIM-3 and LAG-3 and show reversible 

inhibition, exhausted T cells express PD-1 permanently and represent stable epigenetic 

differentiated cells that are dysfunctional and fail to proliferate 146, 147.  

In addition to tumour and T cells, also APCs and cells in the TME can upregulate immune 

regulatory molecules. Depending on the tumour model, PD-L1 signalling on APCs appears to 

be more important than tumour PD-L1 expression, as PD-L1 signalling on APCs can inhibit 

T cell activation and diminish T cell trafficking into the tumour 148. Furthermore, the PD-L1 

expression on host’s macrophages in the TME and lymph nodes is also critical for supressed 

anti-tumour immune responses 149. Interestingly, hypoxia within the tumour induces 

upregulation of PD-L1 on TAMs, DCs and MDSCs showing that the immunomodulatory 

functions of host cells can be a direct results of the status of the TME 150.  

1.5.7 Escape through tumour derived Extracellular Vesicles 

Tumour derived EVs have been shown to play an important role in cancer progression and 

especially in metastasis. They can promote tumour growth through remodelling the tumour 

supporting tissue by for example promoting angiogenesis or the differentiation of fibroblasts 

into CAFs 151, 152. Furthermore, it has been shown that they can prepare the metastatic niche, 

which they do in an organ-specific manner based on their integrin expression 41.  

Tumour derived EVs can also modulate immune cells. Although there is some evidence that 

tumour derived EVs can be beneficial, they carry for example tumour antigens, the majority 

of the research indicates that they mainly have an immune inhibitory role. In addition, tumour 

derived EVs can act as decoys: they carry NKG2D ligands which bind to NK cells and 

thereby decrease NK cell cytotoxicity 153. Furthermore, the tumour antigens expressed by the 

EVs can bind anti-tumour antibodies and thereby perform a decoy function, saving the 

tumour cell from CDC and ADCC 154. Moreover, just like the tumour cells themselves, 

tumour derived EVs carry FASL which can bind to FAS on infiltrating T cells and thereby 

inducing apoptosis 155. They can also induce apoptosis of T cells through the galectin-9 – 

Tim-3 pathway 156. Furthermore, tumour derived EVs express PD-L1 and have been shown to 

target PD-1 on tumour-specific CD8+ T cells and thereby inducing immunosuppression and 

promoting tumour escape 157. 
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Besides the induction of apoptosis in immune cells, tumour derived EVs can also attract and 

induce immunosuppressive cells. Indeed, they can generate, expand and activate Treg cells in 

the tumour 158, which subsequently inhibit CD8+ T cell responses by secreting 

immunosuppressive cytokines such as IL-10. In addition, tumour derived EVs can impair DC 

maturation, leading to a reduced anti-tumour response 159. Moreover, numerous research 

show that they can attract and trigger differentiation of MDSCs within the tumour, causing a 

suppressive environment for infiltrating immune cells 160-162. Interestingly, this does not only 

happen in the tumour itself, but also in the periphery. Tumour derived EVs can educate and 

expand bone marrow progenitor cells into a pro-vasculogenic phenotype and recruit these 

cells to the tumour, where they support tumour growth 163, 164. 

 

1.6 CANCER IMMUMOTHERAPY 

With the discovery of the immune system being able to recognize and kill neoplastic cells, 

the idea developed to utilize the immune system to treat cancer, today known as cancer 

immunotherapy. During the last decades, much progress has been made in the field of cancer 

immunotherapy. Nowadays, immunotherapy is applied in patients in combination with 

conventional cancer treatments or even used as front line treatment in some cancer types. The 

field of cancer immunotherapy is comprehensive and diverse but can broadly be divided into 

active and passive immunotherapy, based on the therapy’s ability to activate the immune 

system 165. For example, tumour-targeting antibodies, CAR T cells or adoptively transferred 

T cells are considered passive treatments, while cancer vaccines and immune checkpoint 

blockade (ICB) are active treatments as they only work by engaging the host’s immune 

system.  

One of the obstacles the field currently faces is the specificity of the treatment. As mentioned 

before, the immune system has evolved to respond to non-self entities and danger signals, 

such as bacteria or damaged tissues. Cancer cells, however, are host’s cells that have acquired 

several mutations which have made them proliferating uncontrollably and are therefore often 

not recognized by the immune system. Undoubtedly, the immune system can recognize 

cancerous cells, but this occurs only when the acquired mutations also result in an abnormal 

cell phenotype. This is the case for cancer types that express tumour specific antigens (TSA) 

which are only found on the tumour cells, as opposed to Tumour Associated Antigens (TAA) 

which are also present on healthy cells. Examples for TSAs are alpha-fetoprotein in germ cell 

tumours, viral proteins in virus-induced tumours or neoantigens, which are foreign proteins 

that are formed due to mutations in the cancer’s DNA. Neoantigens form the ideal target as 

they are expressed only by tumour cells. However, neoantigens are often presented in low 

amounts by the tumour and are clone specific, which makes it hard to identify these antigens 
166. Luckily, due to the developments in high-throughput sequencing techniques and 

computational MHC binding prediction it is nowadays possible to identify multiple 

neoantigens. With this opportunity, it is possible to design personalized cancer 

immunotherapy treatments, such as vaccines or tumour-targeting antibodies, that specifically 

target the neoantigen. 
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1.6.1 Immune checkpoint blockade 

ICB are therapeutic antibodies directed to so-called “checkpoint” molecules, which act as a 

brake to regulate immune responses. By blocking these checkpoint molecules, the brakes of 

the immune system are released, resulting in a continuing immune response. Currently, 

checkpoint inhibitors for three targets are approved and used in the clinic: CTLA-4, PD-L1 

and PD-1. While PD-L1 is mainly expressed by DCs and tumour cells, CTLA-4 and PD-1 are 

transiently expressed by activated T cells and CTLA-4 is furthermore permanently expressed 

by Treg cells (Figure 4).  

The first ICB antibody approved is targeted to CTLA-4, a surface molecule that is mainly 

involved in the initiation of T cell responses. When a naïve T cell encounters a DC, it requires 

besides the TCR-MHC signalling (first signal) also signalling through co-stimulatory 

molecules (second signal) to become activated. This second signal is among others mediated 

by CD80 and CD86 on DCs, which bind to CD28 on the T cell. However, to prevent over-

activation of the T cell, intracellular CTLA-4 stored inside the T cell will become expressed 

on the T cell’s surface upon CD28 activation. Subsequently, CD80 and CD86, which have a 

higher affinity for CTLA-4 than for CD28, will bind CTLA-4 on the T cell 167. In contrast to 

CD28, CTLA-4 is an inhibitory molecule and will therefore inhibit further T cell activation. 

By blocking CTLA-4 on the T cell with a therapeutic antibody, the inhibitory signal is 

removed and the T cell will not receive inhibitory signals any longer, resulting in enhanced T 

cell activation. In contrast to effector T cells, Treg cells continuously express CTLA-4 as part 

of their suppressive function. While there is some evidence in mice that anti-CTLA-4 therapy 

also depletes Tregs within tumours through ADCC 168, this effect seems not to occur in 

humans, although it might be dependent on the design of the antibody 169, 170. 

Similar to CTLA-4, binding of PD-1 expressed on T cells to its ligands PD-L1 and PD-L2 on 

DCs results in suppression of T cell responses. Therefore, blocking of PD-1 or PD-L1 results 

in an enhanced T cell activation. Besides being expressed on DCs, PD-L1 can also be highly 

present on tumour cells or on suppressive cells in the TME, where it functions as a 

mechanism of tumour escape. Anti- PD-L1/PD-1 treatment is therefore thought to have a 

main effect in the later part of an immune response, when the activated T cells are infiltrating 

the peripheral tissues. Initially, it was thought that PD-1 expression by effector T cells is a 

sign of exhaustion induced by the tumour. However, PD-1 is also expressed under 

physiological conditions, by for example memory T cells 171. In fact, PD-1 can be seen as a 

marker of T cell activation and can be used to identify tumour-specific T cells 172, 173. 

Furthermore, using PD-1 expressing T cells as opposed to PD-1 negative T cells for adoptive 

T cell transfer resulted in a better anti-tumour response, indicating that PD-1 expressing T 

cells are not terminally exhausted 174, 175. This was confirmed by a following study which 

showed that tumour infiltrating CD8+ T cells expressing PD-1 could be divided in “progenitor 

exhausted” and “terminally exhausted” subpopulations and that only the progenitor exhausted 

T cells were capable to control tumour growth and were responsive to anti-PD-1 treatment 
176. 

Although ICB has resulted in impressive anti-tumour responses in the clinic, only ~20-30% 

of the patients actually respond to it, showing that only a subset of patients benefits ICB 

treatment. In general, it is thought that cancers with a high mutational load, and thereby 
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having a broader repertoire of neoantigens, have more infiltrating CD8+ T cells and more 

cytolytic activity by the these infiltrating CD8+ T cells 177. As a result, tumours with a high 

mutational load respond better to anti- PD-1 and CTLA-4 treatment 178, 179. However, not all 

tumours with a high mutational load respond better to ICB, and this might be due to high 

neoantigen heterogeneity within these tumours. High neoantigen heterogeneity within a 

single tumour, as opposed to more homogenous tumours, might result in lower antigen doses. 

Furthermore, T cells present in these tumours are only reactive to subclonal neoantigens and 

can therefore not target all tumour cells 180. 

 

 
Figure 4. Therapeutic antibodies directed to checkpoint molecules can release the brakes on immune 

cells 

Naïve T cells are being primed in lymph nodes by mature DCs (A). In order for a naïve T cell to 

become activated, its TCR needs to bind to MHC-peptide complexes on DCs (indication 1). 

Furthermore, the naïve T cell needs to receive stimulation through costimulatory markers such as 

CD80 and CD86 expressed on DCs, which bind to CD28 on the T cell (indication 2). However, to 

prevent over activation of T cells, DCs can upregulate PD-L1 which binds to PD-1 on T cells and 

thereby give inhibitory signals to the T cell (indication 3). Moreover, activated T cells start expressing 

CTLA-4 which binds to CD80 and CD86 on the DCs and thereby inducing inhibitory signals to the T 

cell (indication 2). (B) To prevent the inhibitory signals to the T cells, ICB against PD-1, PD-L1 and 

CTLA-4 can be administrated. These antibodies bind to their corresponding molecules and thereby 

release the inhibitory signalling, and as a result the T cell will only receive positive signals from the 

DCs, leading to full activation of the T cell. (C) Activated T cells migrate to the periphery to target 

tumour cells. Upon recognition of the MHC-peptide complex on the tumour cells by the TCR, the T 

cell becomes activated and can kill the tumour cell. However, tumour cells can avoid killing by 

expressing high levels of PD-L1 which binds PD-1 on the activated T cell. Furthermore, the TME is 

often infiltrated by Treg cells which permanently express CTLA-4 and secrete high levels of 

immunosuppressive cytokines such as IL-10 and TGFβ. (D) Administration of ICB can re-activate T 

cells to kill tumour cells. Anti-PD-1/PD-L1 prevents the negative signalling from the tumour to the T 

cells and as a result the T cells remain activated and can kill the tumour cells. Anti-CTLA-4 has been 

shown to bind Treg cells in mice, which will result in depletion of these cells. Figure created with 

Biorender. 
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1.6.2 Dendritic cell therapy 

Being the key initiator of anti-tumour responses, DCs are promising candidates for cell-based 

therapy. Patients’ DCs can be matured and loaded with tumour antigens ex vivo and 

subsequently be injected back into the patient, where the DCs can present the tumour antigens 

to T cells. In addition, tumour antigens can also be directly targeted to DCs in vivo, which 

circumvents the labours work of DC generation in vitro and is more standardisable. 

Moreover, with this strategy cDCs can be targeted which are, in contrast to monocyte-derived 

DCs, superior in cross presentation 85. 

The advantage of using DCs instead of for example tumour-specific CD8+ T cells, is that DCs 

also initiate antigen-specific CD4+ T cell responses. Activation of CD4+ T cells is crucial in 

the induction of a functional immune response as they improve CD8+ T cell expansion and 

differentiation 99. However, although many clinical trials have shown that antigen-loaded 

DCs can induce an anti-tumour immune response, they often don’t generate prolonged 

survival in patients compared to standardized treatment such as chemotherapy 181. 

Nonetheless, most trials have been performed in late stage cancer in which the tumour-

induced suppression is highly prevalent, and therefore hampering the effect of the DC 

vaccination. 

To overcome the immune suppressive effects of the tumour on DCs, combination therapies 

are now being investigated. For example, the combination of chemotherapy, which reduces 

tumour load and also targets suppressive cells in the TME, with DC vaccination appears to be 

promising 182, although the timing of chemotherapy administration appears to be crucial 183. 

Also the combination of ICB with DC vaccination seems encouraging. Tumour carrying mice 

treated with anti-PD-1 and peptide-loaded DCs showed reduced tumour growth as opposed to 

mice treated with anti-PD-1 and peptide vaccination 184. This combination effect was 

completely dependent on CD8+ T cells and not CD4+ T cells 185. The combination of DC 

vaccination with anti-CTLA-4 appears to be less promising as the overall survival was not 

improved in a few trials 186, 187. However, optimization of the DC vaccine might improve the 

combination effect 188. 

 

1.7 EXTRACELLULAR VESICLES IN CANCER IMMUNOTHERAPY 

EVs are gaining increased interest as immunotherapy agents. They have several advantages 

compared to their cellular counterparts. First and foremost, since EVs are not living cells, 

they cannot change their composition and are therefore not susceptible to immune 

suppressive signals, which is a major problem for live-cell based therapy. Furthermore, since 

they are nano-sized vesicles they can penetrate tissues which are normally not reachable for 

live cells, e.g. they can cross the blood-brain-barrier 189. In addition, EVs are very stable 

entities and can be stored for long periods of time, e.g. months to years, without affecting 

their protein or RNA composition 190. Moreover, it was shown that allogeneic EVs can be 

used without inducing any long-term alloimmunity, indicating that HLA matching for EV 

therapy is not necessary 191. Lastly, it is possible to engineer EVs to carry markers of interest 

or desired antigens, which can enhance their natural activity and targeting. 
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1.7.1 Extracellular Vesicles as cancer vaccine platform 

As mentioned in the previous chapter, DC derived EVs can carry both whole antigens or 

peptides, making them naturally suitable as vaccine candidates. These antigens and peptides 

can be loaded directly to the EVs by for example electroporation or direct peptide binding to 

the MHC molecules. Alternatively, they can be indirectly loaded by feeding immature DCs 

with antigens, which will take up the antigens and load them onto their EVs. To enhance the 

efficacy of DC derived EVs several methods have been shown to be successful. For example, 

loading the iNKT cell activator αGC onto the DC derived EVs improved the induction of 

antigen-specific CD8+ T cells and reduced tumour growth in mice 192. Furthermore, 

maturation of antigen-fed immature DCs matured with TLR3 stimulant but not TLR4 or 

TLR9 ligands, resulted in DC derived EVs that induced more antigen-specific CD8+ T cells 

in mice 193. 

Encouraged by the scientific literature, two clinical trials have been performed in which DC 

derived EVs loaded with tumour peptides were administrated to patients 194, 195. These clinical 

trials showed that EVs were safe to use. Unfortunately, the trials were performed with 

immature DC derived EVs, which probably explains the low responses in these trials. Based 

on this data, a third clinical trial was performed in which EVs from IFNγ matured DCs were 

used. Although the results showed that the EVs, loaded with MHC class I and class II 

peptides, could induce NK cell activation, no T cell activation could be detected 196. The lack 

of antigen-specific T cell induction in this trial might have been the result of using peptide 

loading onto the EVs instead of whole protein, as it has been shown that protein loaded EVs 

induce more antigen-specific T cells than peptide loaded EVs 121. 

Besides DC derived EVs also tumour derived EVs are being used in a vaccination setting, 

since these EVs carry tumour antigens. When comparing the immunopeptidome of cells and 

their corresponding EVs, no significant differences could be observed, indicating that no 

editing of the immunopeptidome occurs during EV biogenesis 197. However, there is some 

contradictory data showing that EVs over presented HLA-B complexes and cysteinylated 

proteins 198. Nevertheless, it appears that tumour derived EVs are the preferred sources of 

tumour antigens rather than tumour lysates. Mice vaccinated with DCs that were ex vivo 

pulsed with tumour derived EVs showed improved survival as compared to mice which 

received DCs that were ex vivo pulsed with tumour lysate 199, 200. The efficacy of tumour 

derived EVs could furthermore be enhanced by expressing CD40L on the EVs surface, which 

increased the activation of the recipient DCs 201. 

Also EVs derived from other sources, such as autologous ascites 202 or mesenchymal stem 

cells, are currently being tested in several clinical trials to treat cancer (ClinicalTrials.gov 

Identifier: NCT04313647, NCT03608631). It will be interesting to know how these trials will 

finish and to see if EVs can fulfil the high expectations. 

1.7.2 CAR T cell derived Extracellular Vesicles 

Chimeric antigen receptor (CAR)-based T-cell therapy has shown great efficacy in CD19 

expressing lymphoma’s and leukaemia’s. However, treatment with CAR-T cells often results 

in cytokine release syndrome in patients, leading to mild to severe side effects 203. 

Furthermore, while CAR-T cells work well for liquid cancers, they are less efficient in 

https://clinicaltrials.gov/ct2/show/NCT03608631
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infiltrating solid tumours. Moreover, once they have infiltrated the tumour, they are 

susceptible for TME derived suppressive effects. As mentioned above, EVs can penetrate 

tissue much better than cells due to their size and their functionality cannot be changed by 

immune suppressive effects. Therefore, CAR-T cell derived EVs are now being investigated 

as a potential alternative to CAR-T cells. In vitro, EVs expressing a CD19 targeted CAR can 

specifically induce apoptosis of CD19 positive leukaemia B cells without targeting non 

expressing CD19 cells 204. Furthermore, EVs derived from mesothelin-targeted CAR-T cells 

carry perforin and granzyme B and could reduce tumour growth in a mesothelin tumour 

model, although these results were not compared to regular T cell derived EVs 205. Another 

study confirmed the presence of perforin and granzyme B on CAR T cell derived EVs, and 

interestingly, while CAR T cells expressed high levels of PD-1, their EVs did not carry any 

PD-1. Subsequently, the in vivo effect of CAR T cells was inhibited by administration of 

recombinant PD-L1 but the effect induced by CAR T cell-derived EVs were not 206. 

1.7.3 Extracellular Vesicles as anti-cancer drugs delivery system 

EVs are also tested as anti-cancer drugs delivery systems, which is done in multiple settings. 

For instance, immature DCs were engineered to express the exosomal protein Lamp2b fused 

with an integrin specific peptide. EVs isolated from these DCs carried this fusion protein and 

were subsequently loaded with the chemotherapeutic agent doxorubicin by electroporation. 

When injected in vivo, the EVs specifically targeted the integrin positive cancer cells and 

delivered the doxorubicin, reducing the tumour’s growth 207. Besides carrying cytotoxic 

agents, EVs can also specifically deliver miRNA to tumour cells to inhibit tumour growth. 

Furthermore, EVs derived from HEK cells that were engineered to express an EGFR binding 

peptide, could specifically target EGFR expressing cancer cells and deliver the miRNA let-7a 
208. However, this study, just like many similar studies, was performed in 

immunocompromised mice and it is therefore difficult to speculate if the specific delivery of 

the EVs would still persist in the presence of a complete immune system. 
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2 THESIS AIMS 
 

The general aim of this thesis was to investigate the use of EVs as therapeutic agents to 

induce antigen-specific immune response in vivo. Specifically, EVs were studied in a 

melanoma cancer model to improve anti-cancer immunity. In addition, EV enriched fractions 

isolated by five different isolation methods were analysed in detail to determine isolation 

bias. 

 

Study I 

The aim of this study was to characterise the isolated EV fraction of five principally different 

isolation methods and whether sample type and sample volume would affect the isolation 

efficiency. 

 

Study II 

In this study, the immune stimulatory capabilities of exosomes and microvesicles were 

compared in vivo to determine whether exosomes or microvesicles are the preferred vesicle 

type to induce an antigen-specific immune response. 

 

Study III 

The aim of this study was to investigate the usage of allogeneic EVs as therapeutic agent. 

Allogeneic EVs and autologous EVs were compared in their ability to induce antigen-specific 

immune responses in vivo and the effect of repeated injections of allogeneic exosomes was 

examined. 

 

Study IV 

The objective of this study was to determine whether EV treatment could sensitize a non-

responsive tumour model to anti-PD-L1 and anti-PD-1 treatment. 
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3 MATERIALS AND METHODS 

This part of the thesis serves to deliver a broader overview of the methodology and discusses 

the advantages and disadvantages of the used methods and why certain methods were applied 

in the included studies. For detailed description of the methods, the corresponding papers 

should be consulted. 

3.1 MICE 

All mouse experiments were conducted with the approval of the Stockholm Regional Ethics 

committee. The mice were kept under specific pathogen-free conditions at the Karolinska 

Institute animal facility. Only wild type female mice were used in the described experiments. 

3.1.1 Primary Bone Marrow derived DC cultures  

Just like the dendritic cells that they originate from, DC-derived EVs carry MHC-peptide 

complexes, co-stimulatory and adhesion molecules, which enables them to induce antigen-

specific immune responses in vivo. Unfortunately, whereas primary DCs can sometimes be 

substituted with cell lines and thereby avoiding the use of mice, this is not applicable in the 

experiments described in this thesis. While primary bone-marrow derived dendritic cells 

(BMDCs) can efficiently take up antigen, process them and load them on EVs, this does not 

happen in the dendritic cell lines that we have tested so far (DC2.4 and MuTuDC cell lines, 

unpublished results). Therefore, if indirect loading antigen loading of DC-derived EVs is 

desired, only primary DCs are functional.  

In paper II, III and IV mice were immunized or treated with BMDC derived EVs loaded with 

the model antigen Ovalbumin (OVA) and the CD1d ligand and iNKT stimulator αGC. To 

produce these EVs, bones from female B6 (study II, III and IV) or BALB/c mice (study III) 

were collected and the bone marrow was flushed out. Subsequently, the BM cells were 

cultured with IL-4 and GM-CSF to differentiate them into immature DCs. On day 6 of the 

culture, when the differentiation was completed, the imDCs were loaded with OVA and αGC, 

as imDCs are efficient in antigen sensing and uptake in this state of maturation. The next day, 

the cells were washed and plated out in new culture medium containing FCS that has been 

depleted from EVs, so FCS-contaminating EVs will be minimal during the BMDC-EV 

isolation. Furthermore, LPS was added to the culture to fully mature the DCs, which changes 

the DC function to a reduced antigen uptake ability and to a more efficient antigen 

presentation. The mature DCs were cultured for 2 days, and at day 9 the cell conditioned 

supernatant was collected and EVs in the supernatant were isolated by differential ultra-

centrifugation (described below in section 3.3.1). 

3.1.2 Immunisation models 

In paper II and III, subsets of EVs (paper II) or allogeneic EVs (paper III) were investigated 

and their abilities to induce antigen-specific immune response were determined. To this end, 

B6 mice were injected i.v. twice with either exosomes or microvesicles (MV) (study II) or 

either B6 or BALB/c BMDC-derived EVs (study III) in different immunisation schedules, as 

shown below in figure 5. In the short immunisation model, mice were sacrificed at day 14 

and spleen and blood were collected for the immune read outs. The populations of the 

different immune cells were determined by FACS, while the antigen specifity of the 
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splenocytes was determined by ELISpot. Furthermore, anti-OVA antibody titers in the serum 

were determined by ELISA. In study III, this short immunisation model was performed with 

both OVA loaded EVs and OVA + αGC loaded EVs, since αGC is a potent immune 

stimulator and might overshadow the effect of allogeneicity. One note on this 14-day 

immunisation model is that the boosting injection comes rather fast, seven days after the first 

injection. Since B cells require roughly 14 days to fully complete antibody affinity maturation 

through somatic hypermutation and subsequent clonal selection, it might be more optimal to 

give the booster injection after 14 days, as is done in the longer immunisation model in study 

III. 

 

Figure 5. In vivo immunisation schedules 

In study II and III, C57BL/6 mice were immunised according to the short-term immunisation model. 

In study II, exosomes and/or microvesicles were injected while in study III syngeneic or allogeneic 

exosomes were administrated. Furthermore, in study III a long-term immunisation model was applied. 

In this model, the mice received after roughly three months an i.v. injection of soluble OVA. i.v.: 

intravenous.  Figure created with Biorender. 

 

In the long-term immunisation model in study III, only OVA + αGC loaded EVs were 

included as they showed to be more potent. This model was performed to determine if the use 

of allogeneic EVs would induce a better memory response. To this end, the mice were tail 

bled every two weeks after the EV injections, to follow the anti-OVA IgG titers. Furthermore, 

the mice received an OVA boost at day 103, around the time when these anti-OVA IgG 

serum levels were decreasing. Two weeks after the boosting, the mice were sacrificed and 

similar experiment readouts as in the short term experiments were performed. Moreover, also 

the amount of anti-OVA IgG forming cells (consisting of mainly plasma cells) was 

determined by B cell ELISpot, as high antibody titers are not always the result of many 

antibody forming cells, but could in fact be a result of a few highly successful B cell clones. 

Additionally, not only the anti-OVA IgG serum levels were determined, but also the affinity 

of these antibodies since high affinity is a measure of better antibody quality. 

In addition, as the presence of allogeneic material could potentially induce allo-reactive 

antibodies, the serum was also for screened for these allo-antibodies (study III). To this end, 

thymocytes which express MHC molecules, derived from either B6 (MHC haplotype b) or 

BALB/c (MHC haplotype d) mice were incubated with serum from the EV-immunized mice. 

If there would be any allo-antibodies formed in the mice receiving BALB/c derived EVs, 
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these will bind to the MHCI on the BALB/c thymocytes. Subsequently, these thymocyte 

bound antibodies could be detected by an anti-mouse IgG and analysed by FACS. 

3.1.3 Tumour models 

In paper III and IV the B16 OVA expressing melanoma tumour model was used. In paper III 

the B16-OVA F1 cells expressed OVA through linkage to the transmembrane part of the 

MHCI molecule H-2Db. In contrast, in paper IV we used a cell line where the OVA is 

secreted by the B16-OVA F10 cells. The latter model was chosen in the newer projects as our 

EVs induce a stronger anti-tumour effect in this tumour model. Furthermore, from our 

collaborator’s data it is known that the B16 membrane bound OVA model is sensitive to NK 

cell killing but not T cell killing (M. Karlsson, personal communication). 

In general, the mice were injected subcutaneously with 100,000 tumour cells and 4-5 days 

later, the treatment with EVs started and followed the injection schedules as shown in figure 

6. In paper IV the EV treatment was combined with i.p. injections of anti-PD-1 or anti-PD-L1 

checkpoint blockade. When the tumour reached 1000 mm3 in size or at day 20 (Study IV), the 

mice were sacrificed and blood and tissues of interest were collected. 

 

Figure 6. Tumour models 

In study III, mice were injected with 100,000 cells of B16 melanoma that expresses OVA on its cell 

membrane. Subsequently, mice were immunized with exosomes according to the schedule. Tumour 

growth was measured every 2-3 days and mice were sacrificed when the tumour reached 1000 mm3 in 

size. Spleens, blood and tumours were collected and analysed. In study IV, mice were injected with 

100,000 cells of B16 melanoma that secretes OVA. Subsequently, mice were immunized with 

exosomes and/or anti-PD-1/anti-PD-L1 according to the schedule and tumour growth was measured 

every 2-3 days. Mice were sacrificed either sacrificed at day 20 or when the tumour reached 1000 

mm3 in size. Lastly, in study IV, mice were pre-immunized with exosomes before they were 

administrated with the tumour. Subsequently, the mice received anti-PD-1/anti-PD-L1 treatment. The 

mice were sacrificed when the tumour reached 1000 mm3 in size and spleens, blood and tumours were 

collected and analysed. i.v.: intravenous, i.p.; intraperitoneal, s.c.: subcutaneous. Figure created with 

Biorender. 
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3.2 CELL LINES 

The human Mono-mac-6 (MM6) cell line was cultured and its supernatant was collected to 

compare EV isolation of 5 different commercially available methods (paper I). This cell line 

was chosen since it is a suspension cell line, meaning that, in the same culture flask, it can be 

cultured in denser concentrations than an adherent cell line. However, this cell line does 

require additional growth supplements, e.g. OPI –supplement and sodium-pyruvate, as 

compared to most other cell lines. The conditioned supernatant was spun at 300 x g and 3000 

x g, to remove cells and cell debris respectively. Next, the supernatant was divided in volumes 

of 60 ml which were then upconcentrated to 1 ml on 30 kDa spin-filters. The 1 ml fractions 

were subsequently used for the different EV isolation methods. The MM6 cells were cultured 

according to supplier’s instructions. 

3.3 EV ISOLATION 

The golden standard for EV isolation is differential ultracentrifugation, although other 

methods such as SEC or fast commercial methods are gaining popularity. In the papers II, III 

and IV, the EVs were isolated by ultracentrifugation. For paper I, five different methods were 

compared to determine which method is preferred when isolating EVs from cell culture 

supernatant or plasma. 

3.3.1 Differential Ultracentrifugation 

EV isolation by differential ultracentrifugation was performed in the studies II, III and IV. In 

brief, BMDC derived conditioned supernatant was spun at 300 g for 10 minutes, followed by 

a 3000 g spin for 30 minutes. Next, larger EVs were pelleted at 7,840 x g (study II) or 21,344 

x g (study IV) for 30 minutes in a Ti45 rotor. In paper III the supernatant was filtered over a 

0.22 µm filter instead of removing the larger vesicles by spinning. Lastly, smaller EVs were 

pelleted at 70,560 x g (study II and III) or 110,250 x g (study IV) for two hours and an 

additional wash step was performed with PBS. Differential ultracentrifugation is a popular 

isolation method as you can process relatively large sample volumes, ~360 ml in two rotors, 

in a rather fast and easy way. However, the method has some limitations. The most important 

one being that centrifugation does not completely remove non-EV entities such as 

lipoproteins, RNA-protein complexes or large protein aggregates. Co-isolations of these 

entities might lead to falsely assigned effects and functions of EVs while these actually come 

from the co-isolated entities in the sample. Moreover, it has been suggested that the high 

forces used by ultracentrifugation when pelleting small EVs lead to aggregation and 

membrane deformation of the vesicles. This can alter the morphology of the vesicles and 

thereby affect the bio distribution or function for example. While these two limitations 

certainly should be considered, they can be minor depending on the study. For example, in 

the current studies, EVs are isolated from BMDC-conditioned supernatant. It is known that 

conditioned cell culture supernatant is a less complex source in terms of bio-molecules as 

opposed to plasma for example. Therefore, the co-isolation of non-EV entities is a less 

concerning event, although still relevant. 
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3.3.2 Size Exclusion Chromatography 

In study I, SEC is one of the methods that is evaluated. In our study SEC is used as 

standalone method, but it can be used in combination with for example ultracentrifugation. 

One of the advantages of SEC over differential ultracentrifugation is that SEC does not apply 

any force on the sample and as a result the EVs keep their natural morphology. Furthermore, 

by SEC it is possible to separate smaller non-EV entities from EVs, leading to a generally 

purer EV sample than differential ultracentrifugation. However, it does require some 

optimization of your SEC protocol to achieve purer EV sample: depending on the sample 

volume, the column size needs to be adjusted. Also pore size of the used column can have a 

big impact on the separation of EVs from non-EV entities. Extra caution should be taken 

when EVs are isolated from plasma as it contains lipoproteins that share overlapping size 

with EVs e.g. VLDL and chylomicrons. Therefore, SEC alone is not a suitable method if the 

goal is to separate lipoproteins from your EV population. Other disadvantages of SEC are that 

it can only handle small volumes up (1–10% of the total column volume) and it requires 

much hand on work. 

3.3.3 Commercial isolation methods 

Since both ultracentrifugation and SEC have their disadvantages, much effort has been put 

into developing new, fast and easy methods to isolate EVs. These isolation methods can be 

based on different properties of EVs and a few of these have been investigated in paper I. 

This paper included, among others, isolation methods based on precipitation, membrane 

affinity, density and phosphatidylserine affinity. In general, these methods are faster and 

easier than the traditional isolation methods. However, multiple in depth analysis of what 

these methods exactly are isolating are still lacking. Therefore, many research papers 

applying these methods are received with a lot of caution by the EV field. In paper I we 

aimed to investigate more in depth how efficient some of these commercial methods are in 

isolating EVs. However, since there are still a lot of unknowns about EV biology and EV sub 

populations, it is difficult to come with clear conclusions. As the EV field is still evolving, it 

is likely that in the future it will be easier to distinguish between “good” and “bad” methods, 

but our results also indicate that they also isolate different types of EVs.  

3.4 ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA) 

ELISA is an antibody based technique used to quantify proteins in for example cell culture 

supernatant or serum. The detection antibodies used in ELISA are specific to one antigen, e.g. 

a cytokine or another antibody, making it a highly specific technique. ELISA was used to 

determine OVA levels on the BMDC EVs in studies II, III and IV, in which the EVs were 

directly coated on the plates. Furthermore, ELISA was applied to determine multiple total 

IgG subclasses and anti-OVA specific IgG in mouse serum in the same studies. During these 

experiments, blocking of the ELISA plates with BSA was not performed. Since the mice 

have been injected with BMDC-derived EVs fractions which also co-contain low presence of 

FCS-derived albumin, they have developed anti-bovine albumin antibodies in their serum. If 

the plates would have been blocked with BSA it would create false positive results, since the 

anti-bovine albumin antibodies present in the serum could bind the BSA. 
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Although ELISA is an easy method to quantify protein levels it has a few disadvantages. It 

has technical limitations such as inefficient blocking, antibody instability or too low presence 

of the protein resulting in false positive/negative results. Furthermore, it does not give much 

information about the kinetics of, for example, cytokines. Certain cytokines are produced by 

cells and directly consumed by the same or other cells, so these cytokines would show up as a 

negative result by ELISA, while the cytokine is actually being produced. Furthermore, since 

you measure the total presence of a certain protein in a solution, it is impossible to say if the 

protein is produced by many cells or a few highly active cells. Some of these disadvantages 

can by overcome by applying ELISpot. 

3.5 ENZYME-LINKED IMMUNOSPOT ASSAY (ELISPOT) 

ELISpot is a sensitive method to measure the frequency of cytokines or antibodies secreting 

cells on a single cell level. The principle resembles that of an ELISA, as they both use capture 

and detection antibodies. However, where ELISA is used to determine the concentration of 

the protein of interest in a sample, ELISpot identifies the number of cell that secrete this 

protein of interest. In studies II, III and IV splenocytes were added in a ELISpot plate which 

was coated with anti-IFNγ IgG. Next, the splenocytes were stimulated with different stimuli 

such as OVA or its dominant CD8 peptide SIINFEKL. Cells within the splenocytes 

population that recognized these stimuli secreted IFNγ and thereby forming spots, which 

allowed for counting the amount of OVA responding cells in splenocytes. Furthermore, in 

study III ELISpot was used to count antibody producing cells in the spleen. Instead of coating 

for anti-IFNγ, here the ELISpot plate was coated with anti-mouse IgG. Addition of 

biotinylated OVA after washing the cells away, allowed for the quantification of cells that 

produced OVA specific IgG. 

A disadvantage of ELISpot is that it is difficult to phenotype which cell type has been 

secreting the proteins of interest. By performing intracellular FACS analysis for this protein 

in parallel, it is possible to identify the cell type. Furthermore, it is not possible to determine 

the amount of the secreted cytokine by ELISpot. But this can be overcome by performing an 

ELISA in parallel. 

3.6 FLOW CYTOMETRY 

Flow cytometry was performed to define cell populations as well for characterization of EVs 

(further discussed in 3.7.3). Cells from multiple organs such as spleen and tumour, were 

prepared to a single cell solution and were incubated with Fc-block to reduce unspecific 

binding of the FACS antibodies. The cells were analysed by flow cytometry and cell 

populations were identified according to their lineage markers (studies II, III and IV). Flow 

cytometry offers a great tool for analysing several surface markers on a single cell level. One 

disadvantage of flow cytometry is the loss of tissue architecture. The architecture of an organ 

or tumour can give important information about the relationship between different cell types. 

Moreover, when analysing immune cell infiltration within a tumour, an important question is 

often if immune cells actually can infiltrate into the core of the tumour or whether they 

remain stuck in the outer layer. This question can unfortunately not be answered by flow 

cytometry. Other methods such as immunohistochemistry or spatial transcriptomics can give 

more insight regarding these questions. 
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3.7 EV CHARACTERISATION 

Due to the small and heterogeneous nature of EVs, it is difficult to characterize them by 

conventional methods which are used for cell characterization. Furthermore, as discussed 

above, it is difficult to isolate EVs in a relatively pure preparation. Therefore, most EV 

researchers follow the Minimal Information for Studies of Extracellular Vesicles guidelines, 

which state there is no single perfect method to characterize EVs. Instead, it is recommended 

to use multiple methods and thereby give as much information as possible about the isolated 

EV fraction. For example, it is recommended that at least three positive EV protein markers 

should be shown 44, which can be done by for example western blot or flow cytometry. 

Furthermore, images of single EVs at high resolution are recommended as well as the particle 

number and sizes. 

3.7.1 Nanoparticle tracking analysis (NTA) 

NTA is a microscope based technique which measures the Brownian motion of particles in 

fluid and thereby obtaining the particle size distribution. While it works well for samples 

containing particles of a homogenous size, for example beads, the estimation and particle 

concentration of a heterogeneous sample is less accurate. According to the technical setup of 

the nanosight used in all four studies, it is possible to detect particles ranging from 20 nm to 

1000 nm. However, in reality this is not the case. It is suggested that the actual detection limit 

of NTA in practice is around 30 – 50 nm 209. Furthermore, the user operating the machine has 

to manually select the focus of the microscope and also the detection threshold. This leads 

inevitably of a bias towards a certain particle size and thereby skewing the results. Therefore, 

NTA data should be taken more as a rough indication rather than exact measurement. 

3.7.2 Electron microscopy 

Imaging of EVs in an important step for their characterization as it gives information about 

their morphology, quantity and co-isolated entities. In our studies we have used Transmission 

Electron Microscopy (TEM) with a negative ion capture, meaning that the background is 

stained while the sample remains unstained. A common characteristic of TEM is that, due to 

the sample dehydration and drying of the grid, the EVs show a cup-shaped morphology. 

Application of cryo-EM can circumvent this, as this method retains the vesicles in a more 

native stain. Cryo-EM is performed at low temperatures using liquid nitrogen, which prevents 

water crystal formation and leaves the sample hydrated while imaging and thereby keeping 

the sample in a native state. Cryo-EM also has the advantage that it can visualize membranes. 

While EVs have a lipid bi-layer, lipoproteins are micelles and this difference can be captured 

with cryo-EM as opposed the TEM. 

As mentioned above, EM can help visualizing the EV quantity and the amount and type of 

co-isolated entities. However, it is important to keep in mind that EM can never be used for 

quantification. The different subtypes of vesicles, co-isolated proteins and lipoproteins, all 

have different affinities for binding to the grid. Furthermore, the buffer in which the sample is 

stored can also greatly affect the binding capacity of the sample to the grind. Therefore, it 

does not mean that if something is not visible by EM, that it’s actually absent in the sample. 
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3.7.3 Bead-based flow cytometry 

To identify protein expression on the surface of EVs, flow cytometry can be applied. Since 

EVs are nano-sized, it is difficult to analyse them on a FACS machine. Although it is 

nowadays possible to optimize your FACS machine to detect EVs, it remains challenging to 

detect single EVs and high expertise is necessary. Since the FACS canto II used in our studies 

is not optimized for EV detection, we coated our EVs to latex beads first. These latex beads 

were coated with anti-CD9, anti-CD81 or anti-MHCII antibodies. Subsequently, the EVs 

were added to the latex beads and bound to the capture antibodies. Next, the EVs were 

stained with the detection antibodies of choice. FACS analysis was done by gating on the 

beads, which are visible by flow cytometry. One disadvantage of this method is that it is not 

possible to determine the protein expression of a single EV. Since one bead can bind multiple 

EVs and gating is being done on the beads population, it is impossible to determine if a 

positive signal comes from one or a few EVs, or if all EVs bound to the bead are positive. 

Furthermore, by coating the beads with anti-CD9 or anti-CD81, only EVs expressing these 

markers are being analysed. If your sample would contain an EV population that does not 

express these markers, then this population would be missed by bead-based flow cytometry. 

3.7.4 Western blot 

To identify intravesicular protein, flow cytometry is not applicable since it only identifies 

proteins expressed on the surface. Permeabilization and fixing methods, which are applied to 

stain for intracellular molecules, have been used in the literature to detect intravesicular 

proteins by flow cytometry. Unfortunately, in our hands intravesicular FACS staining never 

managed to succeed. Therefore, western blot was applied to detect intravesicular protein in 

the current studies. To analyse EVs by western blot, they were first lysed with a strong 

detergent, i.e. RIPA buffer, and thereby exposing the intravesicular proteins. Among others, 

OVA levels were determined since it can be carried by the EVs both on their membrane or on 

the inside. A disadvantages of EV analysis by western blot is that, unlike when using cells, 

there is no “housekeeping” protein that can be used to normalize the presence of the proteins. 

One solution could be normalizing the protein expression to the total protein loading on the 

gel, since the pre-casted gels used in these studies allow for total protein quantification by 

applying UV light to the gel.  

3.7.5 Bioanalyzer 

In study I the RNA profiles of the EV samples were characterized using a chip-based 

capillary electrophoresis ran on the bioanalyzer machine. Since exosomes are enriched for 

small RNA, the miRNeasy Mini Kit for was used for RNA isolation. Important to keep in 

mind is that the choice of EV isolation method and different RNA isolation methods greatly 

affects the RNA yield and RNA profile, which makes it difficult to compare results between 

different studies. Furthermore, since the bioanalyzer only measures the amount of RNA and 

the RNA profile, it is not possible to determine whether the RNA comes from the EVs or is 

co-isolated from the FCS or plasma. To address this question, RNA sequencing should be 

applied. 
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3.8 LC-MS/MS 

In study I, the EV samples were analysed by label free quantification LC-MS/MS. A bottom 

up mass spectrometry-based strategy was applied in which the proteins were extracted from 

the sample and digested into peptides. Next, the peptides were separated by liquid 

chromatography and analyzed by mass spectrometry. Lastly, the peptide ions were 

fragmented in the gas phase and their sequence could be construed. 

A major advantage of performing mass spectrometry instead of for example an antibody 

based quantification technique, is that mass spectrometry gives an unbiased detection of the 

proteins within the sample. However, EV samples isolated from most biofluids often have co-

isolated proteins that are highly abundant in the respective biofluid, such as albumin in 

plasma. These co-isolated proteins can reduce the MS sensitivity and hamper a deeper 

identification of the EVs proteome. Furthermore, some proteins, such as CD63, can be highly 

glycosylated, making it hard to detect them by mass spectrometry. 

3.9 DATA ANALYSIS 

Statistical analysis was performed using GraphPad Prism Software (study I – IV). All data 

sets comparing two groups were analysed with the Mann-Whitney U test, a nonparametric 

test to compare differences between two groups. When more than 2 groups were present, the 

data were analysed by Kruskal–Wallis test with Dunn’s test for multiple comparisons. The 

proteomic data analysis in study I was performed in R and the scripts used for analysis are 

made public. To increase the confidence in the proteins identified by mass spectrometry and 

remove falsely detected proteins, only the proteins with a Peptide-Spectrum Match scoring 

above 3 that were present in at least two of the five samples (three plasma donors, two MM6 

cell medium batches) were selected for analysis in the paper. To normalize the expression 

between the proteins, the intensities of the selected proteins were log2 transformed. 
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4 RESULTS AND DISCUSSION 

This part of the thesis provides a short summary of the main findings of each study followed 

by a discussion of these results, how the results compare to other studies and the limitations 

of the study. 

4.1 THE COMPARISON OF FIVE EV ISOLATION METHODS (STUDY I) 

Concept and main findings 

With the expansion of the EV field also the number of different EV isolation methods has 

grown. Much effort has been put into the isolation of pure EV fractions, and different 

isolation methods have been evaluated in their efficiency. These studies have shown that to 

isolate an as pure as possible EV population, a combination of methods is needed47, 52, 61, 210. 

However, a combination of methods is not always feasible depending on the study setup, e.g. 

small sample volume. In addition, the variability of all these isolation methods has led to a 

diverse range of EV isolation protocols in the field. As a result, each EV publication has 

performed different EV isolations, making it difficult to compare results between studies. 

Moreover, different purification principles also render different subtypes of EV, which can 

likely affect the experimental outcome. Fortunately, multiple studies have performed 

comparisons of the distinct methods and their isolated EV fractions45, 60, 64, 211. However, these 

studies are often limited to two or three methods and only use one sample type and often one 

sample volume. 

Therefore, we performed a study in which we compared five different EV isolation methods 

and made a thorough analysis of the isolated EV fractions. We applied each method by its 

own and not in a combination of methods, to ensure that the data is applicable to clinical 

studies. Furthermore, we used two different sample types, i.e. human plasma and conditioned 

cell culture supernatant, to determine whether certain isolation methods would isolate diverse 

EV fractions depending on sample type. Lastly, we also used two volumes of the plasma, i.e. 

3 ml and 250 µl, to determine if the isolation methods are applicable for studies that have low 

sample volumes and to determine whether the sample volume would change the EV yield. 

In this study we found the different isolation methods isolated distinct EV enriched fractions. 

ExoQuick, based on precipitation, isolated significantly more particles than all other methods 

for both sample types. Furthermore, it also enriched for smaller particles (<30 nm) as seen by 

EM, indicating co-isolation of lipoproteins. Interestingly, while for the conditioned medium it 

isolated the fewest EV related proteins compared to the other methods, for the plasma 

samples it isolated on of the highest amounts of EV proteins. This indicates that sample type 

is relevant for the selection of isolation methods. 

ExoEasy, based on membrane affinity, isolated the most distinct EV fraction as the isolated 

particles were larger compared to the vesicles isolated by the other methods. Moreover, EV 

fractions from both sample types isolated by exoEasy separated from the other methods when 

principal component analysis was applied. Furthermore, for the supernatant samples, 

ExoEasy isolated significantly the most amount of RNA. High numbers of EV proteins were 

detected in the isolated EV fraction, but also total amount of protein was the highest in this 

method. Lastly, the proteomic profile of the EV fraction showed enrichment for ER proteins 
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for the medium samples, while the EV fraction from the plasma samples were among others 

associated with the Golgi, indicating that exoEasy might co-enrich for intracellular vesicles. 

The Izon 35 and Izon 70 size exclusion columns both isolated EVs in a broad size range. 

Interestingly, while the EV fraction from Izon 35 showed high tetraspanins levels by flow 

cytometry, the EV fraction from Izon 70 showed only low presence of the tetraspanins. The 

non-EV fractions isolated by both columns also showed presence of tetraspanins for the 

medium samples. In contrast, for the plasma samples, only the non-EV fractions of Izon 70 

contained significantly higher levels of CD9 and CD63 compared to the EV fractions. Both 

columns isolated a high number of proteins for the medium samples, of which many were 

only found in EV fractions of Izon 35. Moreover, Izon 35 clustered separately from the other 

samples on principal component analysis, which is probably a direct result of the presence of 

these many unique proteins.  

Isolation by OptiPrep, based on density gradient, resulted in low vesicle yield for both sample 

types. However, flow cytometry showed presence of tetraspanins in the EV fraction from the 

plasma samples. Furthermore, the isolated total protein amount was similar to Izon columns 

and MagCapture. But the Izon columns and MagCapture isolated a higher number of EV 

proteins, indicating that OptiPrep might co-isolate more non-EV proteins. In contrast, for the 

250 µl plasma samples, OptiPrep isolated a similar number of EV proteins as the other 

methods, but a lower total number of proteins. This indicates that for small plasma volumes, 

Optiprep can isolate EVs without high enrichment of non-EV proteins.  

The MagCapture method, based on affinity isolation of PS, resulted in the lowest number of 

particles for the medium samples. Furthermore, together with OptiPrep, it isolated the lowest 

amount of total proteins. However, when looking at the number of different proteins, 

MagCapture isolated the highest number of different proteins after the two Izon columns. 

Furthermore, together with Izon 35, MagCapture isolated the highest number of EV proteins, 

indicating that MagCapture isolates EVs without many non-EV proteins.  

Discussion 

Since the aim of this study was to compare the EV enriched fractions of five EV isolation 

methods without applying a combination of methods, we used the manufacturer’s protocol 

corresponding for each isolation method. Of note, the OptiPrep method is not a commercially 

available method and the protocol for this method was therefore based on a previous 

publication 52. However, when using the manufacturer’s protocol or a standardised protocol, 

it could be that depending on sample type or volume, the protocol might need to be 

optimised. This especially applies for SEC or density based isolation methods, e.g. Izon and 

OptiPrep, as the sample type and volume can affect in which fractions the EVs will end up. 

For the two Izon columns we have applied the manufacturer’s instruction, but it was shown 

previously that using this protocol, plasma EVs ended up in the non-EV fractions, i.e. fraction 

10 – 12, instead of the EV enriched fractions 7 – 9 212. This forms one of the main discussion 

point of this study. For the two Izon columns and the OptiPrep method, we did not analyse 

each collected fraction separately for the different sample types. It might be that the collected 

EV fractions were not optimal for the used sample type or sample volume, which can affect 

the analysed data. Indeed, in line with the previous published study, we identified high 
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tetraspanin signal in the EV-depleted fractions for the Izon 70 column, and to a lower extent 

in Izon 35, indicating that a large amount of the vesicles was not present in the EV fractions 

but in the non-EV fractions. 

Another discussion point of this study is the quantification of the TEM data. Although TEM 

quantification was performed in our study, the conclusions deducted from the quantification 

were done carefully. In general, EVs are identified by having a cup shaped morphology in 

TEM. However, this cup shape is actually caused by dehydration of the EVs and is therefore 

an artefact of TEM 213. Different sample buffers or sample preparation can affect the 

dehydration and collapse of the vesicles or result in a distinct contrast of the particles, causing 

inconsistency in visualisation by TEM. This is rather clear in the exoEasy samples in which 

the isolated particles show a dark appearance and a high contrast with the grid. Furthermore, 

also the size of a vesicle or lipid composition might affect their displayed morphology by 

TEM, and an isolation method that enriches for a certain EV subtype could therefore show a 

different EV morphology than the ‘expected’ cup shape. As EVs are identified by their cup 

shape, every non-cup shape particle is therefore considered as a lipoprotein. However, as 

discussed above, this criterion is debatable and therefore we applied the criterion that every 

particle below ~30 nm is not an EV. This is based on the principle that particles consisting of 

double membranes cannot be physical smaller than 30 nm 214, as opposed to lipoproteins, 

which are micelles and can therefore be smaller. 

A third discussion point is the interpretation of the NTA and TEM data. Both analyses show 

the size of the particles, but as mentioned above TEM is difficult to quantify. By using NTA 

in combination with TEM, one can achieve visualisation and quantification of the size and 

particle numbers. However, NTA also has its limitations and, depending on which apparatus 

is used, it is generally assumed that it has a detection limit of 30 – 50 nm 209. This flaw of the 

NTA is clearly demonstrated by the data in this study. For example, the EV fraction of the 

plasma samples isolated by ExoQuick show the presence of many particles smaller than 30 

nm in the TEM analysis. In contrast, the NTA data shows a size distribution of 50 – 300 nm 

of the same sample. This clearly shows that a combination of techniques is required to get a 

complete perception of the particle size and concentration. And if only one of the techniques 

is applied, one should be aware of the technique’s limitations and subsequently adjust the 

conclusions appropriately.  

Another interesting discussion point of this study is the identification of ER-, Golgi- and 

other proteins in the isolated EV fractions, while these proteins are normally not considered 

as EV proteins. It would be interesting to determine if these proteins, which were detected by 

mass spectrometry, are actually present on/in the EVs or whether they are co-enriched. By 

applying an extra immunoaffinity isolation step on the EV fractions, one can extract the EVs 

out of the enriched fraction and determine if these proteins are actually associated with the 

EVs. A previous study concluded that ER-, Golgi-, mitochondria- and nucleus-derived 

proteins are not real vesicle-associated proteins, as these proteins were degraded after trypsin 

treatment of the EV sample, showing that these proteins are not inside the EVs 215 However, 

it could be that these proteins are integrated in the outer EV membrane, where they are 

exposed to the trypsin treatment. Multiple studies have actually shown that EVs can contain 

mitochondrial derived proteins, or even whole mitochondria 216, 217. Furthermore, the 

intracellular vesicle trafficking pathways form a complex network, in which vesicles can fuse 
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to and be released by multiple cellular compartments. Since the ER and Golgi can secrete 

vesicles which can fuse with the endosome, it is not unlikely that EVs can carry certain ER or 

Golgi derived membrane proteins 218. 

One last part to consider is that the acquired data of this study comes from human plasma 

samples and the MM6 cell line supernatant. Thereby, it is not guaranteed that the data is 

reproducible with other sample types. Although EV biogenesis is rather conserved, there can 

be small differences between cell types which might affect the isolation capacities of their 

respective EVs. For example, while the tetraspanins CD9, CD63 and CD81 are generally 

considered to be EV markers, their expression can be absent in certain cell lines 219, e.g. CD9 

is absent on mesenchymal stem cell derived EVs 53. So if an affinity based method is applied 

which uses CD9 as a target antigen, then it would seem that mesenchymal stromal cell lines 

produce very little EVs. This is just one example of a very well-studied EV marker. In 

contrast, the lipid composition of EVs for example, remains largely unstudied. Therefore, it 

remains unknown how lipid composition can affect the isolation of EVs by the different 

methods, especially the MagCapture method. Hence, each time using a different sample type, 

it’s recommended to first test a few isolation methods to determine which method fits with 

the desired aims of the study. 

 

4.2 THE COMPARISON OF EXOSOMES AND MICROVESICLES IN VIVO 
(STUDY II) 

Concept and main findings 

Since the discovery that exosomes carry functional peptide-MHC complexes 115, EVs have 

been used to induce antigen-specific immune responses. However, the majority of these 

studies have been using exosomes or total EVs 220, 221, and as a result, the role of MVs in the 

induction of antigen-specific immune responses remains under studied. Since EV subtypes 

could have different functions and stimulatory capacities, it might be that enriched MVs form 

a potential candidate to induce specific immune response. To determine the 

immunostimulatory capacities and antigen delivery abilities of MVs, study II was designed. 

Exosomes and MVs were isolated from supernatant of unloaded or OVA loaded BMDCs and 

injected into mice separately or in combination. After seven days, the mice received a booster 

injection and at day 14, the mice were sacrificed and spleens were analysed for induced 

immune responses. 

First, a thorough characterisation of the two EV subtypes was performed. Exosomes and 

MVs were coated to anti-MHCII expressing beads and were subsequently stained for surface 

markers and analysed by flow cytometry. No significant differences could be detected in 

MHCI and MHCII levels or for the co-stimulatory markers such as CD80, CD86 and CD40. 

The tetraspanin CD81, which previously has been described to be lower on 10k pellet EVs 21, 

appeared to be lower on MVs, although not significant. Next, the size distribution of the two 

EV subtypes was determined with NTA. Both exosomes and MVs showed a broad size 

distribution, with an average size of 153 nm and 170 nm, respectively. The number of 

secreted particles was not significantly different between the two groups. Analysis by EM 
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confirmed the presence of smaller and larger particles in both samples, however there 

appeared to be more of the bigger vesicles in the MV sample, but this data was not quantified. 

Immunization with each EV subtype, both unloaded and OVA-loaded, did not induce any 

change in the T cell, B cell or plasma cell populations in the spleen. However, all exosome 

containing groups, including the unloaded exosomes, induced a higher proportion of GC B 

cells, indicating that exosomes have an intrinsic capacity to promote GC B cell formation. 

When antigen-specific T cells were analysed, only the OVA-loaded exosomes and OVA-

loaded exosomes + MV groups induced significantly higher proportions compared to the 

control group. Furthermore, total IgG, IgG1, IgG2c and IgM levels in the plasma were similar 

between all groups. In contrast, anti-OVA IgG was highly detected in the serum of the OVA-

loaded exosomes and OVA-loaded exosomes + MV groups and low levels were present in 

the OVA-MV group. When splenocytes from the immunized mice were re-stimulated ex vivo 

with the MHCI peptide SIINFEKL, only the cells from the OVA-loaded exosomes and OVA-

loaded exosomes + MV groups secreted significantly more IFNγ compared to the control 

group. Interestingly though, splenocytes from the eight out of twelve mice that were 

immunized with OVA-loaded MVs also secreted IFNγ upon SIINFEKL re-stimulation. Re-

stimulation with whole OVA or the CD4 peptide did not induce IFNγ secretion in any of the 

groups. 

To determine why exosomes induce better OVA-specific immune response, the OVA content 

of both EV subtypes was determined. Both ELISA, for surface levels of OVA, and western 

blot, for surface and intravesicular levels of OVA, showed that exosomes carry significantly 

more OVA than MVs.  

Discussion 

To optimize EVs for therapeutic applications, it is important to understand the characteristics 

and functions of EV subtypes. However, it is not straight forward how to compare them side 

by side. Since different EV subtypes can have different total protein content 21, it would not 

be correct to base the comparisons on protein amount. Moreover, cells can secrete more of 

one EV subtype than the other, so comparisons based on particle count might not be fair 

either. Therefore, in the current study the amount of subtype EVs injected to the mice was 

based on their release from 18 million cells. This allows for a realistic and biologically 

relevant comparison. Based on this comparison, it showed that exosomes are better in 

inducing antigen-specific immune responses in vivo. However, this of course does not 

exclude that if the comparison would be based on for example total protein amount, the MVs 

might induce similar immune responses. 

The size of EV subtypes can also be important to their activity. Vaccine studies have 

provided much data on this topic and have showed that particle size can affect the bio 

distribution, how particles interact with immune cells and their half-life 222. In contrast to a 

previous study 21, we showed that MVs are not significantly larger than exosomes and 

therefore MVs should not have a different immune activation based on their size. However, it 

is important to realize that NTA, which was used to analyse the particle size, is limited in 

measuring polydispersed samples. While exosomes are estimated to have a size range of 30-

150 nm, MVs have a size range of 100-1000 nm and MV samples are therefore much more 
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dispersed. It is possible that NTA might fail to capture the full size range of MVs. When the 

NTA data is compared to the EM pictures, it is quite clear that the MV sample contains many 

particles of 200 nm, while the exosome sample does not contain any particle of roughly 200 

nm. Of course, also EM has its limitations as discussed in paper I and the EM pictures are 

only a snapshot of the sample, but there appears to be some inconsistency between the NTA 

and EM data. 

The data indicate that exosomes are superior in inducing antigen-specific immune responses 

as they promote more antigen-specific T cells and higher anti-OVA IgG levels in the serum. 

However, upon ex vivo re-stimulation with the CD8 peptide, also the splenocytes derived 

from the OVA loaded MV group produced similar levels of IFNγ as to OVA loaded 

exosomes. In addition, OVA loaded MVs were capable to induce low levels of anti-OVA 

IgG. Based on these data, it appears that MVs can induce antigen-specific immune responses. 

It might be that the timing of the performed in vivo immunization is not optimal for MVs. 

Furthermore, now only short-lived plasma cells in the spleen were analysed. The effect on 

long-lived plasma cells, which reside in the BM, might give some interesting leads too. 

The phenotypical comparison between MVs and exosomes showed that they are very similar, 

except for the reversed presence of syntenin-1 and actinin-4. Previously, it was shown that 

exosomes from DCs have higher levels of CD40 and DC-sign compared to MVs 223. 

Blocking of CD40 or DC-sign could reduce the T cell activation effect of exosomes. Also our 

data show that exosomes have slightly higher CD40 expression as compared to MVs. 

Interestingly, CD40 has been shown to be important for presence of Tfh cells in the spleen 
224, which in their turn are indispensable for GC B cell maturation. Our data show that 

exosomes induce significantly higher proportions of GC B cells in the spleen. Although the 

proportion of Tfh cells was not analysed, it is possible that not only the higher levels of OVA 

were important for the superior effect of exosomes, but that also certain markers expressed by 

exosomes might favour their superior function. However, since the exosomes were isolated 

by ultracentrifugation, there are co-isolated bovine proteins present in the exosome fraction, 

which are derived from the FCS. The GC B cell formation could be a response to these 

foreign bovine proteins. So whether the GC B cell formation is actually an effect of the 

exosomes remains to be determined. 

A final point of discussion is the presence of OVA on MVs, although in low levels. When 

feeding OVA antigen to DCs, the main mechanisms to take up the protein is by phagocytosis, 

micropinocytosis and receptor based endocytosis through the mannose receptor 225. All these 

pathways lead to the formation of endosomes, with the OVA being inside the endosome. 

Since exosomes are formed by inward budding of the endosomal membrane, it is not 

surprising that exosomes carry OVA. However, MVs are formed by direct budding of the cell 

membrane, meaning that in order for MVs to contain OVA, the OVA must escape the 

endosome and be released into the cytosol. One option could be that the OVA retains at the 

cell membrane, however, in the BMDC culture protocol the cells are washed after overnight 

OVA loading, making it unlikely that OVA is still present on the cell membrane at the time 

of EV culture. It is more plausible that the high amounts of OVA used in this study cause an 

overload to the DCs protein processing machinery, leading to unprocessed OVA ending up in 

MVs, either by chance or by a way of the DC to remove excessive proteins. 
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4.3 THE COMPARISON OF SYNGENEIC AND ALLOGENEIC EXOSOMES IN 
VIVO (STUDY III) 

Concept and main findings 

To follow up on study II, we next investigated if the application of allogeneic exosomes 

would be equally or even more efficient than syngeneic exosomes in inducing antigen-

specific immune responses. The use of allogeneic exosomes would prevent the need of using 

the patient’s own cells and would furthermore unlock the usage of exosomes derived from 

cell lines. From a previous study it is known that the whole antigen, but not the peptides, on 

the EVs is necessary for in vivo T cell priming, making the MHC molecules on the EVs 

obsolete for this specific purpose 127. Furthermore, it is suggested that allogeneic cells used in 

vaccination strategies promote the activation of antigen-specific T cells through bystander 

activation 226, 227. To compare the immune stimulatory activity of syngeneic and allogeneic 

exosomes, OVA loaded exosomes and OVA/αGC loaded exosomes were isolated from 

BMDCs from B6 and BALB/c mice. Subsequently, these exosomes were administered to B6 

mice and seven days later the mice received a booster injection. At day 14, spleens and serum 

were collected and analysed. 

OVA loaded BALB/c exosomes induced significantly more SIINFEKL specific CD8+ T cells 

in the spleen compared to the PBS control. However, when OVA/ αGC loaded exosomes 

were used, both B6 and BALB/c derived exosomes induced similar proportions of antigen-

specific CD8+ T cells. Although splenocytes from both the OVA-B6 and OVA-BALB/c 

groups produced IFNγ upon ex vivo re-stimulation with the CD8 peptide SIINFEKL, only the 

OVA-BALB/c group produced IFNγ after whole OVA stimulation. Furthermore, mice 

receiving the allogeneic OVA-BALB/c exosomes had higher anti-OVA-IgG levels in their 

serum. 

To further investigate the improved effect of the allogeneic exosomes on the humoral 

responses, GC B cells and Tfh cells in the spleen were analysed. While both groups induced 

significantly more GC B cells compared to the control, only OVA/αGC loaded BALB/c 

exosomes induced significantly more Tfh, which might explain the higher anti-OVA IgG 

levels in the serum. Notably, mice receiving allogeneic exosomes also had allo-antibodies in 

their serum. 

To determine whether allogeneic exosomes also improved long term immune responses, mice 

were injected twice in a 21-day interval. Anti-OVA IgG levels were measured every 2 weeks 

for a period of roughly three months, after which mice received a booster injection of only 

OVA. Interestingly, the improved anti-OVA IgG induction of the allogeneic exosomes over 

B6 exosomes was not detected, suggesting that this effect happens only transiently soon after 

boosting injection. Nevertheless, both OVA/ αGC loaded B6 and BALB/c exosomes induced 

high anti-OVA IgG levels, which decreased over time. Upon boosting with OVA, these 

levels increased rapidly again, including for the group that only received one injection of 

OVA/ αGC loaded BALB/c exosomes. Moreover, the OVA/ αGC loaded BALB/c exosomes 

generated anti-OVA IgG with a higher avidity compared to the OVA/ αGC loaded B6 

exosomes.  
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Lastly, the allogeneic exosomes were tested in an OVA expressing melanoma tumour model. 

No increased anti-tumour response by the OVA/ αGC loaded BALB/c exosomes could be 

detected compared to the OVA/ αGC loaded B6 exosomes. Nonetheless, both exosomes 

group improved survival and induced high proportions of antigen-specific CD8+ T cells in the 

tumour, indicating that allogeneic exosomes are also effective in anti-tumour treatment. 

Discussion 

The use of allogeneic exosomes would greatly enhance EV’s potential as immunotherapeutic 

agents. The current study shows that allogeneic exosomes can be used to induce antigen-

specific immune response without any major initiation of alloimmunity. One limitation of the 

study is however that only BALB/c exosomes were tested as allogeneic exosomes. The 

strength of the allogeneic adjuvant responses induced by the foreign MHC class I and class II 

is dependent on the expression levels of these molecules. Although we showed that the MHC 

class II levels were similar on the BALB/c and B6 derived exosomes, we could not assess the 

MHC class I expression levels. Due to having two different antibody clones directed towards 

the BALB/c or B6 MHC class I, it would be impossible to compare the FACS result, as the 

different antibodies have different affinities causing inaccurate comparison of the results. 

Furthermore, since different inbred mice strains can have diverse immune responses against 

similar antigens 228, it is necessary to test allogeneic exosomes in another mouse strain to be 

confident that the results are not only applying to the B6 mouse strain. One option could be to 

reverse the experimental setting and to administrate BALB/c mice with B6 derived 

exosomes. 

Although the results show that allogeneic exosomes enhance humoral responses transiently, it 

is not clear through which mechanism they do this. From the exosome characterization it is 

clear that the BALB/c and B6 derived exosomes carry similar amounts of OVA. Moreover, if 

the MHC class I expression levels would be different between the two exosome groups, it 

would most likely not affect the antigen-specific immune induction. We have previously 

shown that OVA-peptide loaded onto MHC is not important for the immune responses to 

EVs, but only whole OVA protein carried by the EVs 127. Therefore, it is likely that 

mechanisms other than antigen level dictate the improved immune activation by allogeneic 

exosomes, such as enhanced targeting to APCs or the activation of bystander cells creating a 

favourable environment for activation. Indeed, a previous study showed that allogeneic 

exosomes induced MHC Class II upregulation on DCs to a higher extent than the syngeneic 

exosomes, as early as one hour after injection 127. Another reason could be the formation of 

immune complexes by allogeneic exosomes, leading to better antigen display. As our data 

show, the administration of allogeneic exosomes induces the formation of allo antibodies. 

Upon repeated exosome injection, these allo antibodies might bind to the exosomes and 

thereby form immune complexes. It has been shown that in the spleen, immune complexes 

are recycled and retained on the surface FDCs and thereby prolonging antigen display 229. 

This enhanced antigen retention is import for GC formation and plasma cell production 230 

and the higher levels of anti-OVA-IgG induced by the allogeneic exosomes could be a direct 

result of this. 

In addition to enhanced uptake or prolonged antigen exposure, allogeneic exosomes might 

also induce a bystander effect. To determine if allogeneic exosomes induce general cell 
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activation, we measured IL-6 and TNFα in the serum of mice at day 14 (data not shown). 

However, the cytokines were not detected which is likely due to the late time point of serum 

collection. In addition, the serum cytokine levels of IL-2 and IFNγ were also explored at the 

end day of the memory study (day 117), but again there were no differences in cytokine 

levels in the serum from mice injected with syngeneic or allogeneic exosomes. To determine 

whether allogeneic exosomes might induce earlier bystander effect, naïve splenocytes were 

stimulated in vitro with allogeneic or syngeneic exosomes. This showed that both syngeneic 

and allogeneic exosomes induce IL-6 and TNFα secretion after 48 hours. Since no major 

differences between the B6 and BALB/c exosomes could be detected, we concluded that 

allogeneic exosomes do not induce an acute immune response. This again supports the 

hypothesis that the different immune activation by BALB/c exosomes might come from a 

different cellular uptake instead of the allo-MHC molecules on the exosomes. 

Lastly, although our data show that allogeneic exosomes are functional and safe to use, 

recently some studies have shown that EVs derived from transplanted skin can induce 

alloreactive T and B cells in the host 231, 232. Although we have not determined the formation 

of alloreactive T cells in our study, the potential induction of alloreactive immune cells in our 

study is less relevant, as there is no graft tissue to attack. The lack of long-term presence of 

allo antibodies in our study might be because of differences between study set up. In one of 

these studies it was shown that donor DCs migrate from the skin translate to the draining 

lymph node, where they release EVs containing the allo MHC EVs to host DCs, which could 

subsequently activate T cells 231. Since in our study we directly inject the allogeneic EVs, 

there are no donor DCs present that can migrate and shuttle the allo MHC to host DCs. In the 

second study, it was shown that allogeneic EVs can directly drain from skin transplants can 

drain into the graft draining lymph nodes, where the EVs are taken up by macrophages 232. 

Since we inject our EVs i.v. it might be that they target a different macrophage subset which 

primarily reside in the spleen and that doesn’t have strong immunostimulatory capacities. 

Furthermore, the EV release from the transplanted skin might be much higher and longer than 

our two time EV injection, causing more alloreactive immune cell activation. 

 

4.4 COMBINATION THERAPY OF ANTIGEN-LOADED EVS AND ANTI-PD-
1/PD-L1 TREATMENT (STUDY IV) 

Concept and main findings 

From the previous study, it is clear that EVs can stimulate an anti-tumour response by 

inducing antigen-specific CD8+ T cells and can promote prolonged survival. However, 

clearance of the tumour was not achieved by EV treatment. Notably, treatment with ICB, 

including anti-PD-1 or anti-PD-L1 (from now on referred to as αPD-1 or αPD-L1), has been 

proven to be successful in the clinic by reducing tumour growth or even promote long-term 

survival. Unfortunately, only a portion of patients respond to ICB therapy 233. Causes for 

αPD-1 or αPD-L1 resistance can be low primary T cell activation to cancer antigens 234, low 

immunogenicity of the tumour 235, 236, a suppressive tumour environment 237, 238 and reduced 

T cell infiltration into the tumour 239, 240. Since EVs induce immune activation and generate 
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antigen-specific T cells, we hypothesized that EVs might sensitize the tumour to αPD-1 or 

αPD-L1 treatment. 

Previously, it was shown that OVA/ αGC loaded EVs induce MHC class II on APCs 127, but 

it is not known whether these EVs also upregulate PD-L1 on DCs, which can inhibit T cell 

activation 241. To this end, immature BMDCs were stimulated in vitro with increasing 

amounts of OVA/ αGC loaded EVs. Besides upregulation of CD86, CD1d and ICAM-1 on 

the DCs, PD-L1 was upregulated in a dose-dependent manner, forming a target for ICB. 

To determine whether EVs could induce an effect to αPD-1/ αPD-L1, an OVA expressing 

melanoma insensitive to αPD-1/ αPD-L1 monotherapy was used. Mice carrying this tumour 

were treated with OVA/ αGC loaded EVs in combination with αPD-1/ αPD-L1 and were 

sacrificed at day 20. All mice receiving EVs showed a reduced tumour growth but only the 

combination groups showed a significantly reduced growth compared to the PBS control. 

Furthermore, only mice receiving combination therapy had significantly more antigen-

specific CD8+ T cells in the spleen compared to the control. When splenocytes were re-

stimulated ex vivo, only the combination groups showed significantly higher IFNγ secretion 

upon SIINFEKL peptide or OVA stimulation as compared to the control. Notably, 

splenocytes derived from the combination groups secreted high amounts of IFNγ upon re-

stimulation with the melanoma cells, indicating that the T cells were able to recognize the 

tumour cells. 

As there was an enhanced anti-tumour immune response detected in the combination groups, 

we hypothesized that EV and αPD-1/ αPD-L1 combination treatment might prolong survival. 

To test this, a similar experiment was performed but this time the mice were sacrificed when 

the tumour reached 1000 mm3. Remarkably, although all groups receiving of OVA/ αGC 

loaded EVs showed reduced tumour growth and prolonged survival, no additional effect was 

seen in the combination groups. When analysing the tumours by flow cytometry, all groups 

receiving EVs showed higher proportions of infiltrating CD45+ cells. In addition, these 

groups showed induced significantly higher expression of MHCI and PD-L1 on the tumour 

cells. When the tumour infiltrating immune cells were analysed, the EV + αPD-L1 group had 

a significantly higher CD8+ T cell proportion compared to the PBS group. Furthermore, EVs 

alone and EV + αPD-L1 induced significantly higher SIINFEKL CD8+ T cells. When PD-1 

expression was analysed on the tumour infiltrating T cells, only the EV + αPD-L1 group 

showed significantly upregulated PD-1 expression compared to the control. 

Since the used tumour model grows very rapid it might explain the lack of effect of the 

combination groups, as a T cell response takes a bit more than a week to develop. To prolong 

the tumour model, mice were injected with OVA/ αGC loaded EVs before they were 

inoculated with the tumour. After tumour injection, the mice received αPD-1 or αPD-L1 as 

previously. Interestingly, while all groups receiving EVs showed prolonged survival, the EV 

+ αPD-L1 combination group showed increased survival compared to EVs alone. 

Furthermore, two-thirds of the mice in this group showed no tumour after 60 days. When 

analysing the tumours by flow cytometry, only the combination groups showed significantly 

higher proportions of tumour infiltrating CD45+ cells. In addition, all EV receiving groups 

induced significantly higher expression of MHCI but not PD-L1 on the tumour cells. 

Notably, all EV receiving groups showed similar proportions of CD8+ T cells in the tumour. 
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Furthermore, no remarkable differences between these groups could be detected regarding the 

proportion of SIINFEKL CD8+ T cells or the PD-1 expression on T cells. 

Discussion 

The lack of lasting responses in the majority of patients suggest that ICB is not fully effective 

as monotherapy. EVs hold great potential in cancer treatment as they can carry tumour 

antigens and induce NK, NKT and antigen-specific T cell responses. The current study shows 

that a tumour model that is insensitive to αPD-1/ αPD-L1 treatment can become sensitive to 

ICB by combining αPD-1/ αPD-L1 treatment with antigen-loaded EVs. 

One limitation of this study is that the combination effect of EVs and αPD-1/ αPD-L1 

treatment was tested in only one tumour model. Since the outcome of αPD-1/ αPD-L1 

treatment is dependent on multiple factors, such as immune cell infiltration into the tumour, 

tumour immunogenicity and the tumour microenvironment, it would be good to determine if 

the described results are reproducible in another tumour model. For example, it has been 

shown that in the B16 melanoma, the PD-L1 expression on immune cells is critical for the 

inhibition of anti-tumour immunity. In contrast, for the MC38 tumour model only the PD-L1 

expression on the tumour itself is relevant for the evasion of anti-tumour immunity 242. Since 

our EVs induce PD-L1 on DCs, it might be that this is one of the reasons why we see a 

combination effect in the B16 melanoma. If that would be the case, then upregulation of PD-

L1 on DCs by EVs would not improve the combination treatment in the MC38 model, since 

this model is only sensitive to αPD-L1 treatment through the expression of tumour PD-L1. 

Furthermore, other tumour models such as RENCA, 4T1 and CT26, have much higher 

immune cell infiltration as compared to the B16 model 243, 244. Our results also show that EVs 

promote immune cell infiltration into the tumour, which is beneficial for the effect of αPD-1/ 

αPD-L1 239, 240. It would be interesting to determine if there would still be an increased effect 

of αPD-1/ αPD-L1 when combined with EVs in tumour models that already have a high 

immune cell infiltrate. 

A major question of this study remains why an increased survival is observed for the 

combination groups in the longer prophylactic tumour model but not in the therapeutic 

treatment model. It might have to do with the timing of the administration of αPD-1/ αPD-L1. 

The hypothesis of this study, i.e. that EVs can promote anti-tumour immune responses which 

then can be prevented from inhibition by αPD-1/ αPD-L1 treatment, includes that EVs induce 

the formation of antigen-specific CD8+ T cells. However, a fully matured antigen-specific 

immune response can take up to 6 – 10 days 245. Furthermore, there is even evidence that in 

combination therapy concurrent administration of αPD-1 can even reduce the anti-tumour 

effect 246. So in order for the αPD-1/ αPD-L1 treatment to be most efficient, it would be more 

rational to administrate the ICB after the EV treatment, when cellular responses are matured 

and not at the same time as the EVs, as it is done currently in the study. Based on this idea, 

we administrated B16 melanoma carrying mice with EVs on day 5 and 12 and subsequently 

with αPD-1/ αPD-L1 on day 20, 23 and 26 (Figure 7). However, no increased survival was 

observed in the combination groups as compared to EVs alone. It might be that the ICB 

administration was too late as at the time of administration the tumour starts growing 

uncontrollably. Since no immune cell analyses were performed in this experiment, it is not 
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possible to determine whether the delayed injection of αPD-1/ αPD-L1 had a favourable 

effect on the T cell expansion. 

Since the therapeutic tumour model is rather short and therefore might prevent the 

observation of a combination effect, we utilized a longer tumour model by prophylactically 

immunizing the mice with EVs before administrating the tumour. In this model, an increased 

survival is observed for the EVs + αPD-L1 group as compared to EVs alone group. However, 

it remains unclear how the EVs + αPD-L1 combination promote prolonged survival, as the 

immune cell analyses do not show any major differences of this group and the other EV 

treated groups. Important to keep in mind is that only the tumours of non-surviving mice 

were analysed, meaning that the data only shows the cases with a “defeated” immune 

response. When analysing the spleens of the surviving mice, we saw an increased T cell 

population in the combination groups. It would be very interesting to compare the immune 

response of the different treatment groups at a fixed time, such as done in the first in vivo 

experiment of this study. This might give insight in why the EVs + αPD-L1 combination 

promotes survival. 

The last discussion point of this study is the role of tumour derived EVs, which has not been 

investigated here. It is well established that tumour derived EVs carry PD-L1 which can 

supress CD8+ T cells, and high levels of PD-L1 on EVs in plasma correlate to 

unresponsiveness to αPD-1 treatment 247. In addition, a well performed study showed that T 

cell priming with tumour peptides needs to happen in the absence of tumour-derived 

exosomes carrying PD-L1, and that if T cells see tumour peptides for the first time in the 

presence of tumour-derived exosomal PD-L1, they become non-functional 157. Based on these 

data, it cannot be excluded that the prolonged survival of the EVs + αPD-L1 group in the 

prophylactic tumour model is due to that the T cells are primed with the OVA antigen in the 

absence of tumour-derived exosomal PD-L1. In contrast, in the therapeutic tumour model, the 

tumour-derived exosomes carrying PD-L1 are already present before the T cells are primed 

by the OVA/ αGC loaded EVs, and might therefore be turned into a non-functional state and 

subsequently be not responsive to αPD-1/ αPD-L1 treatment.  

 

Figure 7. Delayed anti-PD-1/PD-L1 treatment 

(A) Mice with OVA expressing B16 melanoma tumor were treated i.v. with EVs followed by i.p. 

αPD-1/ αPD-L1 treatment as indicated. (B) Graph represents tumor growth in mice after tumor 

inoculation. Tumors were measured every 2-3 days and mice were sacrificed when the tumor reached 

1000 mm3 in size. Results represent the mean size of tumors in mice in each group. i.v.: intravenous, 

i.p.; intraperitoneal. 
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5 CONCLUSIONS AND FUTURE PERSPECTIVES  
 

The field of EVs has matured over the past decade and has firmly established that EVs play 

an important role in many processes, both in physiological and pathological conditions. The 

findings of this thesis have provided insight in EV isolation procedures and have extended the 

knowledge of application of DC derived EVs in a therapeutic setting. 

 

In particular, in study I we determined the purity and molecular profile of EV fractions 

isolated by five different EV isolation methods. We showed that different isolation methods 

enrich for EVs but with different molecular characteristics and with different purities. Most 

distinctive were the EV fractions isolated by the ExoQuick and exoEasy method. The EV 

fractions isolated by ExoQuick contained many small particles, which are most likely 

lipoproteins. Although this method was not preferred for cell medium samples, for the small 

volume plasma samples it isolated many EV related proteins. In contrast, exoEasy isolated, 

besides many small particles, also very large and visually different particles. Proteomic 

analysis showed that certain proteins enriched in exoEasy derived EV fractions were related 

to Golgi and ER, indicating that this method isolates a different subset of vesicles compared 

to other methods. Although we have performed a thorough analysis of all the EV fractions 

isolated by different methods, it remains unknown whether the found differences also have 

functional effect in vitro and in vivo. This is important to determine as certain experimental 

effects might actually be induced by the co-enriched entities as opposed to EVs themselves. 

 

In study II we showed that DC derived exosomes significantly induce more antigen-specific 

T and B cell responses as compared to DC derived MVs, in vivo. This effect was most likely 

caused by the different OVA levels in or on the vesicles, as OVA was almost absent on MVs. 

Although these data indicate that exosomes are the preferred vesicle type for inducing 

antigen-specific immune responses, it does not necessarily mean that MVs cannot be used in 

therapeutic applications. Since the study was optimized for exosome isolation, e.g. EVs were 

loaded by OVA feeding to the BMDCs, it might be that MVs show better results with a 

different antigen loading setup. Furthermore, in this study we only investigated the immune-

stimulatory capacities of the EV subtypes. In future studies, it would be good to determine if 

exosomes and MVs might have different capacities in different experimental settings, such as 

an immunomodulatory setting. 

 

In study III we found that allogeneic exosomes could induce antigen-specific T cells to the 

same extent as syngeneic exosomes when injected in mice. Moreover, a two-times injection 

protocol with allogeneic exosomes promoted significantly more Tfh cells and antigen-

specific IgG in the serum as compared to syngeneic exosomes. However, long-term memory 

induced by allogeneic or syngeneic exosomes was similar. Interestingly, no long-term allo 

antibody formation could be detected in mice injected with the allogeneic exosomes. This 

indicates that allogeneic exosomes are safe to use for therapeutic applications and this would 

greatly improve the potential of exosomes as “off the shelf” therapy. However, some studies 

show the opposite that allogeneic EVs can induce B or T cell allosensitization in mice. Future 

studies are necessary to determine if allogeneic EVs are actually safe to use and different 

variables such as injection route and EV amount need to be evaluated. 
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In study IV we showed that DC derived EVs loaded with OVA and αGC upregulate 

immunostimulatory molecules on DCs but also PD-L1 in vitro. Furthermore, they can induce 

antigen-specific T cell infiltration in the B16 melanoma model and prolong survival. 

Moreover, they upregulated MHCI and PD-L1 expression on the tumour cells. These data 

indicate that EVs can promote the tumour’s sensitization towards anti-PD-1 and anti-PD-L1 

treatment. When tested in the treatment model, we didn’t observe an increased survival of the 

EV and anti-PD-1/PD-L1 combination treatment. In contrast, the combination treatment of 

EVs and anti-PD-L1 resulted in significant survival in the longer prophylactic tumour model. 

These results indicate that EVs can turn a non-sensitive tumour model into an anti-PD-L1 

responsive tumour. Whether these results are also applicable to other tumour models needs to 

be determined in following studies.  

 

Taken together, EVs show a high potential as immunomodulators in multiple therapeutic 

settings. Better knowledge and understanding of EV isolation methods will help to isolate 

purer and/or desired EV subsets, which will improve the efficiency of EVs in therapeutic 

settings. Furthermore, by determining the potential of the different EV subsets, it will be 

possible to use the most appropriate EV subtype for different applications. Lastly, the use of 

allogeneic EVs and the use of EVs in combination therapy greatly enhance the potential of 

EVs in the clinic. 
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