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1. INTRODUCTION 

‘Liquid biopsy’ is an all-encompassing term used to describe the testing of body 

fluids, for example blood. It can be used to identify a wide range of biomolecular 

features and has the potential to give an indication of disease status (Connal et al., 

2023). For liquid biopsy, circulating extracellular nucleic acids (cell free DNA, 

cfDNA; circulating tumor DNA, ctDNA; cell free RNA, cfRNA; circulating 

tumor RNA, ctRNA), extracellular vesicles, autoantibodies and protein detection 

could be used (Nikanjam et al., 2022; Connal et al., 2023; Elkon & Casali, 2008; 

Landegren & Hammond, 2021). Blood is a uniquely ubiquitous intersecting tissue 

that interacts with all other tissues and organs. It contains a diverse set of proteins 

that reached here by secretion, apoptosis or enzymatic cleavage (Yurkovich & 

Hood, 2019). Plasma, the fluid portion of blood, contains electrolytes, nutrients, 

metabolic products, vitamins, gases and proteins. When blood clots, fibrinogen 

in plasma is used up and the remaining fluid is referred to as ‘serum’ (Silbernagl 

& Lang, 2009). 

Melanoma is skin cancer that is caused by malignant melanocytes (Ahmed 

et al., 2020). Currently, when the incidence of many tumor types is decreasing, 

melanoma incidence continues to increase (MacKie et al., 2009). Melanoma diag-

nosis is made through clinical assessment. Architectural features of malignant 

melanoma include asymmetry, confluence of growth, marked cellularity, and 

poor circumscription by histopathology (Ahmed et al., 2020). Reliable detection 

of melanoma is a challenge due to the diversity of surface marker expression and 

thus inspires the use of different detection methods (Xu et al., 2016). These in-

clude different liquid biopsy markers such as autoantibodies and extracellular 

vesicles. 

Cancer-testis antigens (CTAs) are a group of proteins that have restricted 

expression to testis, ovaries and placenta, and are aberrantly re-expressed in can-

cer where they have potential to be immunogenic (Simpson et al., 2005). Auto-

antibodies have been found as a response to over-expressed, mutated, misfolded, 

or aberrantly degraded tumor self-proteins. These autoantibodies could serve as 

pioneer reporters of tumorigenesis as their formation occurs several months or 

years earlier than the onset of clinical symptoms of cancer (Yao et al., 2012). 

Serum profiling of circulating auto-antibodies is considered an attractive method 

in the diagnosis of cancer at early stages (Chen et al., 2012). The Melanoma 

Antigen Gene (MAGE) protein family is a large, highly conserved group of 

proteins that share a common MAGE homology domain (MHD) (Weon & Potts, 

2015). MAGE proteins comprise a super-family of more than 60 genes in humans 

with a subset of these >40 human proteins are classified as cancer-testis antigens 

(Chomez et al., 2001; Simpson et al., 2005). 

Extracellular vesicles (EVs) are a group of heterogeneous nano-sized cell-

derived vesicles, which have attracted great interest as a target for liquid biopsy. 

EVs inherit bioactive components from parent cells and are able to transfer their 

contents to recipient cells (Huang et al., 2021). Many EV subtypes tend to overlap 
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in size, surface proteome, and cargo, making EVs broadly heterogeneous in 

nature. Additionally, biofluids of interest for EV isolation contain varying com-

positions of proteins and non-EV lipid particles that contribute to the hetero-

geneity, complexity, and viscosity of the biofluid. Both low cell-type abundance 

and low basal EV secretion rates make some cell-type specific EVs difficult to 

isolate using conventional technologies due to their low relative concentrations 

in biofluids (Shami-shah et al., 2023). 

Atherosclerosis is the most frequent underlying cause of coronary, carotid, 

and peripheral arterial disease. It is a multifocal, smoldering, immunoinflam-

matory disease of medium-sized and large arteries fuelled by lipids with endo-

thelial cells, leukocytes, and intimal smooth muscle cells being the major players 

in its development (Falk, 2006). Despite effective interventions for the control of 

LDL, blood pressure and other traditional risk factors, a considerable residual risk 

remains for atherosclerotic cardiovascular disease (Ridker, 2017). Circulating 

microvesicles (MVs) are small phospholipid-rich vesicles that contribute to the 

atherothrombotic process. MVs can be used as biomarkers of cardiovascular 

disease (CVD) burden and progression (Chiva-Blanch et al., 2020). 

This dissertation focuses on the possibility of using an autoimmune response 

against MAGEA4 and MAGEA10 as well as extracellular vesicles purified from 

melanoma patient’s blood serum as markers for melanoma diagnostics. It also 

aims to show that extracellular vesicles themselves can take part in disease devel-

opment by comparing healthy controls and patients after myocardial infarction 

extracellular vesicle count and properties.  
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2. LITERATURE REVIEW 

2.1 Liquid Biopsy 

Liquid biopsies are minimally invasive methods that can be used to obtain cell-

derived information from body fluids (Nikanjam et al., 2022). ‘Liquid biopsy’ is 

an all-encompassing term used to describe testing body fluids including blood, 

urine, cerebrospinal fluid (CSF), and saliva. It can identify a wide range of 

biomolecular features and has the potential to give an indication of disease status 

(Connal et al., 2023). Over the last decade, liquid biopsy has gained much atten-

tion as a powerful tool in personalized medicine, since it enables, for example, 

monitoring of cancer evolution and follow-up of cancer patients in real time 

(Markou et al., 2022). 

Liquid biopsy testing is a straightforward process requiring no more than a 

blood draw and transportation to the local laboratory or central testing center with 

a shorter turnaround time than that for tumor tissue genotyping. In some cases, 

liquid biopsy results can return while a specimen is still undergoing diagnostic 

workup or can inform an established nonspecific diagnosis (Sholl et al., 2020). 

 

2.1.1 Liquid biopsy versus classical biopsy 

Surgical tissue biopsies are considered the gold standard for solid tumor diagnosis 

(Corcoran & Chabner, 2018). A biopsy can be obtained in several ways de-

pending on tumor location and surgical treatment. In excisional biopsy, the entire 

area of abnormal cells is removed, whereas in incisional biopsy just a part of the 

abnormal area is removed. Open surgical biopsies enable more precise resections, 

but carry increased risk of complications, such as infections or bleeding (Connal 

et al., 2023). The surgical biopsy procedure is also constrained by accessibility, 

repeatability, patient age, cost, time, and some surgical biopsies might even cause 

harmful clinical complications (Yu et al., 2021). For some cancers, surgical tissue 

biopsies are not attainable due to the high risk associated with the procedure. One 

of the main issues related to tissue biopsies is the inability to capture tumor 

heterogeneity and its clonal evolution (Connal et al., 2023). Furthermore, tumor 

tissue handling is an operationally complex process requiring infrastructure for 

sample acquisition and histologic processing that often adds a week or more to 

the molecular test turnaround time (Sholl et al., 2020). 

There are several benefits of liquid biopsy over conventional surgical tissue 

biopsy such as lower procedural costs, easy repeatability and increased reliability. 

Liquid biopsies are also not contaminated from the use of preservatives, whereas 

tissue sections are generally preserved for immunohistochemistry by processes 

such as fixation, embedding and freezing (Connal et al., 2023). As such, they 

provide a fresh source of reliable tumor-derived components and materials 

(Arneth, 2018). Furthermore, liquid biopsies can be carried out rapidly, provide 

genomic, proteomic and metabolomics information, and are less invasive (Adashek 

et al., 2021; Arneth, 2018).  
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Although liquid biopsy has the potential to disrupt the field of medical diag-

nosis, it is met by various challenges such as limited tumor-derived components, 

lower specificity, and inadequate advancement in methods to isolate biomarkers 

(Adhit et al., 2023). The Accelerating Anticancer Agent Development Workshop 

expert panel has outlined some these issues in a session entitled “Liquid Biopsy: 

State of the Science and Future Directions.” The panel identified challenges such 

as standardization of liquid biopsy assessments and analyte validation, as well as 

regulatory considerations for their use as a biomarker in clinical trials (Narayan 

et al., 2020). 

 

2.1.2 Different marker types measured in liquid biopsy 

For liquid biopsy, circulating extracellular nucleic acids (cell free DNA, cfDNA; 

circulating tumor DNA, ctDNA; cell free RNA, cfRNA; circulating tumor RNA, 

ctRNA), extracellular vesicles, autoantibodies and proteins detection could be 

used (Connal et al., 2023; Elkon & Casali, 2008; Landegren & Hammond, 2021; 

Nikanjam et al., 2022). 

 

2.1.2.1 Nucleic acid-based biomarkers 

Circulating cell-free DNA (cfDNA) was first described by Mandel and Metais 

in 1948 (Mandel & Metais, 1948). CfDNA can be found in many body fluids, such 

as blood plasma (Metais & Mandel, 1948), serum, urine, saliva and cerebrospinal 

fluid, and is present in both healthy and diseased patients (Connal et al., 2023). It 

is found at low levels in plasma from healthy cells ,~ 10–15 ng/mL; however, it 

has been reported that cfDNA concentration can increase upon tissue stress 

induced by inflammation, surgery and acute trauma (Wan et al., 2017). Also, 

cfDNA presence can also result from physiological cell functions, such as 

secretion, apoptosis, or necrosis (Stroun et al., 2001). It forms a protein-complex 

and its length ranges from 18 to 10,000 bp (Zhang et al., 2019a).  

Since its discovery, cfDNA has become an appealing biomarker, and the 

analysis of cfDNA has been utilized in a range of medical technologies, such as 

prenatal testing, detecting immune diseases, monitoring the effect tiveness of an 

organ transplants, and detecting the presence of cancer (Yan et al., 2021). It has 

been found to be a good source of information about specific mutations and gene 

alterations (Kamińska et al., 2021).  

Cancer-derived cfDNA has been referred to as circulating tumor DNA 

(ctDNA) and cancer patients exhibit a higher level of this type of cfDNA in blood 

than healthy controls. As such, ctDNA has attracted significant research attention 

(Kamińska et al., 2021). Compared to cfDNA, ctDNA is shorter, being around 

134–144 bp (Underhill et al., 2016). Usually it is fragmented and appears as nucleo-

somal single, double, or triple complexes (Kamińska et al., 2021).  

Tumor-DNA is released into the bloodstream through apoptosis, necrosis, and 

active cellular secretion (Diaz & Bardelli, 2014). In cancer patients, ctDNA 
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accounts for around 1 to 2% of the overall cfDNA (Wyatt et al., 2017; Zhao et al., 

2021). As blood collection is minimally invasive, ctDNA samples could be 

collected to examine changes in their quantity and composition over time, being 

a useful tool for cancer detection and monitoring (Phallen et al., 2017). The 

biggest hurdle is that ctDNA is quickly degraded by nucleases, with a half-life of 

less than 2 h (Sacher et al., 2016). 

CtDNA can be distinguished from normal cfDNA fragments through the pre-

sence of epigenetic or genetic alterations including tumor-specific methylation 

markers and somatic mutations (Ramirez-Garrastacho et al., 2022). It could be 

used as a marker for treatment selection, to estimate prognosis, identify residual 

disease, and indicate potential risk of relapse. One study reported that ctDNA 

assays were able to detect residual disease faster than radiologic imaging by 

several weeks (Chen & Zhao, 2019). 

Cell free RNA (cfRNA) refers to RNA fragments that are degraded and 

released into the bloodstream mainly by necrotic or apoptotic cells (Martinez-

Dominguez et al., 2021). Circulating tumor RNA (ctRNA) refers to the fraction 

of circulating cell-free RNA derived from cancer cells (Connal et al., 2023). 

RNA, in comparison to DNA, is regarded as an unstable molecule with a ‘naked’ 

half-life in plasma of approximately only 15 s (De Rubis et al., 2019). The lack 

of stability is one of the major limitations associated with ctRNAs, and an optimal 

extraction method has yet to be identified (Connal et al., 2023).  

Cell–free messenger RNA (mRNA) was first confirmed in the bloodstream 

of cancer patients in 1999, leading to mRNA being identified as a potential cancer 

biomarker with prognostic and diagnostic value (Martinez-Dominguez et al., 

2021). MicroRNAs (miRNAs) are a large family of small noncoding RNAs that 

regulate post-transcriptional target gene expression. They play an important role 

in various diseases (Zeng et al., 2021). MicroRNAs have gained the most interest 

due to their stability. Moreover, in most human cancers the miRNA levels are 

altered, and its expression is tissue specific (Drokow et al., 2019). MiRNAs are 

able to regulate the expression of multiple targets by binding to the 3′-untrans-

lated regions of genes. Emerging evidence suggests that miRNAs are involved in 

critical biological processes, including development, differentiation, apoptosis, 

proliferation and antiviral defense (Bartel, 2004). Most importantly, aberrant 

expression of miRNAs appears to be causatively linked cancer pathogenesis 

(Cho, 2007). MicroRNA can be detected not only in tissue samples but also in 

serum and urine using minimally invasive techniques (Drokow et al., 2019). 

Thus, miRNAs have potential as risk biomarkers, particularly following thera-

peutic intervention (Pfeffer et al., 2015). 

However, there are some limitations of liquid biopsy markers based on 

nucleic acid detection. E.g ctDNA/cfDNA can be shed in only small amounts and 

not all patients will have detectable levels, especially with low tumor burden. 

Because of the small amount of material shed in the circulation, sequencing can 

be difficult and expensive. Standardization across laboratories and vendors is 

needed to ensure reproducibility. Moreover, not all ctDNA/cfDNA is equally 

shed from the primary tumor and metastases, so it is unclear if the alterations 
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detected accurately represent tumor heterogeneity (Nikanjam et al., 2022). In 

addition, not all detectable cfDNA alterations are cancer-related. For example, in 

invasive gliomas post treatment, cfDNA may be confounded by the mutations 

derived from clonal hematopoiesis of indeterminate potential, especially in elder 

people (Okamura et al., 2021). In addition, shedding ctDNA can be suppressed 

by treatment and may be limited at certain disease sites (Adashek et al., 2021). 

 

2.1.2.2 Proteins 

Liquid biopsies based on the detection of protein biomarkers have great potential 

for cancer detection and monitoring of disease progression (Landegren & 

Hammond, 2021). Proteins carry out many cellular functions within cells, 

therefore proteomic data may be able to aid novel biomarker identification and 

clinical implementation (Ding et al., 2022). However, current protein assays fail 

to reach the required diagnostic accuracy. Research into different methods to 

enhance the diagnostic accuracy and subsequently reduce the number of false 

positives and negatives include the use of panels or biosignatures comprising of 

more than one protein (De Rubis et al., 2019) or using a combination of protein 

and DNA biomarkers (Landegren & Hammond, 2021). 

For example, prostate-specific antigen (PSA) is a protein biomarker, which is 

currently used for the identification of prostate cancer. There are several factors 

such as age, race, body mass index, medication as well as others which must be 

considered before determining what ‘elevated’ PSA levels are (Connal et al., 

2023). Elevated PSA levels are not specific to prostate cancer; common condi-

tions such as prostatitis and benign prostatic hyperplasia can impact the levels 

observed (Lin et al., 2008). As another example, cancer antigen-125 (CA125) is 

a tumor biomarker, which has been utilized as the primary ovarian cancer bio-

marker during the last four decades. Techniques used to detect CA-125 lack the 

sensitivity and specificity required to be used in a general-population screening 

program for detection of ovarian cancer (Charkhchi et al., 2020). CA125 is also 

not specific to ovarian cancer with elevated serum CA-125 levels also observed 

in menstruation, endometriosis and pregnancy, so false positive for cancer 

remains an issue (Dochez et al., 2019). 

Natural antibodies or autoantibodies are antibodies that react with self-mole-

cules. These self-antigens can be exclusive for a specific cell type or can be found 

against proteins found in all cell types, such as chromatin or the centromere. They 

have been shown to be useful disease biomarkers that give information about 

inflammation in autoimmune diseases patients (Elkon & Casali, 2008). Research 

around tumor-associated autoantibodies is still a developing field and more 

understanding surrounding their complex molecular response against cancer 

antigens is required (de Jonge et al., 2021).  
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2.1.2.3 Circulating tumor cells 

Circulating tumor cells (CTCs) were first described by Ashworth in 1869 

(IJzerman et al., 2021). CTCs are cells that are shed into the blood from tumors 

and usually last only for 1–2.5 h in the circulation prior to destruction by the 

immune system. However, a small fraction can survive and seed distant 

metastatic sites (Nikanjam et al., 2022). CTCs occur at very low concentrations, 

< 10 CTCs per mL of blood, even in patients with metastatic cancer (Wu et al., 

2020) and have different molecular markers depending on the type of cancer (Lin 

et al., 2021). Nevertheless, since most cancers are of epithelial origin, there is a 

‘universal’ epithelial molecular marker, EpCAM, which can be used for CTCs 

detection. The expression of EpCAM varies with different cancer types and is 

mainly applied to cancers which strongly express EpCAM such as breast and 

prostate cancer (Connal et al., 2023).  

Utility of CTCs as a method for early detection of cancer is limited. The 

number of CTCs present in blood samples has been correlated with clinical 

staging, with the highest numbers generally found in patients with late-stage 

aggressive cancer, but the CTCs amount can still be very low (Mohan et al., 

2017). CTCs could be protected in the bloodstream by platelets, which are con-

sidered to play an important role in the systemic and local responses to tumor 

growth (Markou et al., 2022). 

Clinical significance of CTC detection has been evaluated in many types of 

solid tumors (Lianidou et al., 2014). But CTCs are not yet established in the daily 

clinical practice even if their enumeration and molecular characterization provide 

valuable information to guide therapeutic strategy and management of patients 

(Markou et al., 2022). In addition, the isolation of CTCs remains technologically 

challenging, and the number of CTCs isolated can be method dependent. Surface 

markers may be downregulated in certain tumors, which can limit the ability to 

detect CTCs (Su & Nieva, 2017). Also, it is unclear if the CTCs are uniformly 

shed from all areas of the primary tumor and metastases; thus, the CTCs isolation 

may not provide a full portfolio of tumor heterogeneity (Plaks et al., 2013). 

 

2.1.2.4 Extracellular vesicles 

Extracellular vesicles (EVs) are small membranous particles, which can be found 

in the majority of body fluids. They are fundamental mediators of intercellular 

communication as well as regulators of pathological and physiological processes 

(Connal et al., 2023). EVs have advantages over ctDNA and CTCs as a tool for 

liquid biopsy as they have a double-layered membrane structure, which makes 

them less easily degradable than nucleic acids. As such, they maintain the original 

source of cellular biological information (Xie et al., 2019).  

EVs can work either for or against cancer. They have the ability to promote 

the spread of cancer cells, to create a suitable environment for cancer metastasis, 

and to aid cancer development and progression (Xie et al., 2019). However, 

assisting in the occurrence and spread of cancer also reveals the existence of 
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cancer and so EVs have become an effective way for both diagnosing and treating 

the disease. EV-based blood biomarker classifiers based on EV protein profiles 

have already been used to detect stage I and II pancreatic, ovarian and bladder 

cancer (Hinestrosa et al., 2022). 

Limitations surrounding the clinical suitability of EVs are related to the lack 

of standardized protocols and the variability between different isolation techni-

ques (Connal et al., 2023). Moreover, obtaining blood derived EVs with high 

purity is difficult, as they can be obscured by other components in blood such as 

cells, lipoproteins and cfDNA (Ramirez-Garrastacho et al., 2022).   

 

2.1.3 Diagnostic tests 

To make clinical decisions and guide patient care, providers must comprehend 

the likelihood of a patient having a disease (Bartol, 2015). Sensitivity and specifi-

city are essential indicators of test accuracy and allow healthcare providers to 

determine the appropriateness of the diagnostic tool (Glaros & Kline, 1988).  

Sensitivity is the proportion of true positive tests out of all patients with a 

condition (Bolin & Lam, 2013). As such, it shows that the subject that has that 

disease (Glaros & Kline, 1988). Specificity is the percentage of true negative tests 

out of all subjects who do not have a disease or condition (Bolin & Lam, 2013). 

In essence, it shows that if a patients test results are within the normal range, they 

do not have a disease (Glaros & Kline, 1988). Sensitivity and specificity are in-

versely related – as sensitivity increases, specificity tends to decrease, and vice 

versa (Parikh et al., 2008). Highly sensitive tests will lead to positive findings for 

patients with a disease, whereas highly specific tests will show patients without 

a finding having no disease (Naeger et al., 2013). Sensitivity and specificity 

should always merit consideration together to provide a holistic picture of a 

diagnostic test (Obuchowski & Bullen, 2018). 

 

 

2.2 Blood and blood constituents 

Blood is a uniquely ubiquitous intersecting tissue that interacts with all other tissues 

and organs. It is home to vital immune cells like lymphocytes, macrophages, and 

leukocytes; and plays host to a variety of small molecules, from metabolites to 

cell-free DNA and RNA. Blood contains a diverse set of proteins that get there 

by secretion, apoptosis or enzymatic cleavage. These proteins can serve as sen-

sors for the state of their organs of origin. Overall, blood contains far more infor-

mation than can be extrapolated from the proteome alone. In addition to immune 

cells and secreted proteins, blood plays host to cell-free nucleic acids, many types 

of vesicles, and metabolites. These metabolites arise from tissues and cells all 

over the body, as well as the microbiota in the gut (Yurkovich & Hood, 2019). 

Total blood volume correlates with the fat free body mass and averages 3.6 L 

in women and 4.5 L in men. Blood contains both a cell and a fluid fraction. The 

blood cell fraction can be divided into red blood cells, white blood cells and 
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platelets. The ratio of blood cell volume to total blood volume is called hematocrit. 

More than 99% of hematocrit is made up of red blood cells, also known as 

erythrocytes, which are responsible for O2 and part of CO2 transport as well as 

pH buffering. Among the white blood cells, also called leukocytes, neutrophils 

are responsible for nonspecific immune defenses, and monocytes and lympho-

cytes for specific immune reactions. Eosinophils and basophils are involved in 

allergic reactions. The third blood cell subtype, platelets, also known as thrombo-

cytes, are important for hemostasis (Silbernagl & Lang, 2009). 

Plasma, the fluid portion of blood, contains electrolytes, nutrients, metabolic 

products, vitamins, gases and proteins. Plasma proteins take part in the humoral 

immune defense, maintenance of colloidal osmotic pressure, transport of water 

insoluble materials, and protection of various substances against their breakdown 

in blood and their excretion by kidneys. Coupling of hormones, drugs and toxins 

to plasma proteins reduces their signaling, therapeutic, or toxic actions; while at 

the same time prevent their rapid excretion. Numerous plasma proteins participate 

in blood clotting and fibrinolysis. During blood clotting, fibrinogen in plasma is 

used up and the remaining fluid is referred to as ‘serum’ (Silbernagl & Lang, 2009). 

In a cohort of 5457 individuals >65 years of age whose complete genome se-

quence had been determined, a total of 4137 blood serum proteins were profiled. 

This blood protein network consisted of 27 coregulatory modules that included 

85% of the measured proteins. Several of these modules – representing functional 

protein groups – were enriched for tissue-specific signatures and were found to 

be associated with cardiovascular and metabolic disease (Emilsson et al., 2018). 

Complex diseases are not the result of a single change in the network, but rather 

a coordinated change in ≥1 biological networks that gives rise to differing func-

tions. These changes may to stem from a single change to a node involved in 

multiple networks, or from multiple changes to nodes in multiple networks. 

Proteins primarily synthesized in one organ and released into blood serve as direct 

reporters for network changes in their originating organ (Yurkovich & Hood, 

2019). 

 

 

2.3 Extracellular vesicles 

Extracellular vesicles (EVs), are a group of heterogeneous nano-sized cell-

derived vesicles, which have attracted great interest as targets used for liquid 

biopsy. Because EVs inherit bioactive components from parent cells and are able 

to transfer their contents to recipient cells, EVs also hold great promise as 

potential cell-free therapeutics and drug delivery systems. However, the develop-

ment of EV-based diagnostics, therapeutics or drug delivery systems has been 

challenging due to the diversity of EVs in biogenesis, size and cellular origin, the 

lack of standardized isolation and purification methods, as well as low yield 

(Huang et al., 2021). As a generalization, EVs are small, heterogenous, phospho-

lipid-rich vesicles that are secreted by all cells into the extracellular space (Shami-

shah et al., 2023). 
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Wolf first observed extracellular vesicles in plasma in 1960s. At first, they 

were considered to be “platelet dust” (Wolf, 1967). By now, all biological fluids 

that have been tested have shown to contain EVs. Also, in vitro grown cell lines 

have also been shown to release EVs (Hessvik & Llorente, 2018). These nano-

scale vesicles are involved in various biological processes in virtually all orga-

nisms including bacteria, plants and mammals (Huang et al., 2021).  

Recently, all types of vesicles found in the extracellular space have been 

recommended to be termed as “extracellular vesicles” by the International 

Society for Extracellular Vesicles (Yin et al., 2015). At first, different EV 

subtypes had been characterized based on their diverse sizes spanning the range 

of 20–2000 nm, such as apoptotic bodies (500–2000 nm), microvesicles (100–

1000 nm), and exosomes (20–100 nm) (Minciacchi et al., 2015a). In recent years, 

multiple other EV subtypes with unique formation pathways have also been 

described (Ma et al., 2015; Minciacchi et al., 2015a). An overview of different 

extracellular vesicle subtypes is shown in figure 1. Although live cells were 

initially thought to shed exosomes and microvesicles, recent developments have 

identified novel EV subtypes including exomeres (secretory nanoparticles that 

are less than 50 nm in size with their mode of biogenesis currently unknown) and 

migrasomes (referred to as migarsomes in the figure), whereas cancer cells also 

partake in secretion of large oncosomes. On the contrary, apoptotic cells which 

were long though to shed only apoptotic bodies (apoBD), are now known to 

secrete other EV subtypes including apoptotic microvesicles (apoMV) and 

apoptotic exosomes (apoExo). Various EV subtypes shed by live or apoptotic 

cells are distinct in their biogenesis, cargo, origin, and size (Sanwlani & Gangoda, 

2021). 

Figure 1. Schematic representation of EV subtypes identified in eukaryotic cells 

(Sanwlani & Gangoda, 2021)  
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EVs play a key role in intercellular communication as they can transport a variety 

of biomolecules, such as proteins, lipids, and nucleic acids, between cells (Shami-

shah et al., 2023). Vesicles mediate the exchange of intricate intercellular mes-

sages comprised of classical soluble and insoluble signaling factors, structural 

proteins, nucleic acids, and lipids (Minciacchi et al., 2015a). EVs can travel 

through body fluids, thus conveying functional information to distant sites in vivo 

(Peinado et al., 2012) and also can have a role in immunity as microvesicles. 

Exosomes released by immune cells can elicit an immune response by presenting 

antigens to other immune cells and initiating immune infiltration (Robbins & 

Morelli, 2014). Extracellular vesicles that originate from cancer cells are 

emerging as important regulators of tumor progression (Redzic et al., 2014). For 

example, exosomes have been shown to play a role in the spread of cancer cells, 

as they can transport oncogenic proteins and RNA to other cells leading to tissue 

invasion and metastasis (Shami-shah et al., 2023).  

Despite many challenges in EV isolation and characterization, it is now clear 

that several types of EVs can be released from a single cell. Currently it is not 

possible to selectively differentiate one EV population from another to fully study 

them individually. Current methods of purification often result in mixtures of 

particles (Minciacchi et al., 2015a).  

Despite the above limitations, the notion that EVs are products of many – and 

possibly all – cells, and are actively shed in a finely regulated manner, has com-

pletely ruled out the possibility that they represent an artifact of purification 

(Cocucci et al., 2009). As such, EVs can be isolated from different biological 

fluids such as blood, urine, and cerebrospinal fluid, and their biomolecular con-

tent can be analyzed to monitor the progression of certain diseases (Shami-shah 

et al., 2023). 

 

2.3.1 Extracellular vesicle subtypes 

2.3.1.1 Exosomes 

Exosomes are the smallest type of EVs that usually range from 30–100 nm. These 

EVs are formed by endosomal cell sorting pathways in a carefully orchestrated 

packing, budding, and fusion process (Shami-shah et al., 2023). Multivesicular 

bodies (MVBs) and late endosomes are a subset of specialised endosomal com-

partments rich in intraluminal vesicles (ILVs), which sequester specific proteins, 

lipids and cytosolic components (Gurung et al., 2021). ILVs are generated by the 

inward budding of endosomal membranes (Pan & Johnstone, 1983). MVBs are 

transported to the plasma membrane via the cytoskeletal and microtubule network 

(Colombo et al., 2014). After that, MVBs containing ILVs can either fuse with 

the plasma membrane for exosome release into extracellular space or fuse with 

lysosomes for degradation (Buschow et al., 2009; Minciacchi et al., 2015a). This 

last step, the fusion of the MVBs with the plasma membrane with consequent 

release of the EVs into the extracellular space, is the least characterized 

(Minciacchi et al., 2015a). The soluble NSF-attachment protein receptor complex 
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(SNARE) has been shown to take part in this process; and the Ca2+-regulated 

vesicle-associated membrane protein 7 (VAMP7) seems to be necessary for MVB 

fusion with the plasma membrane in leukemic cells (Fader et al., 2009). After 

MVBs fuse with the cell surface, ILVs are secreted as exosomes (Colombo et al., 

2014).  

The endosomal-sorting complex required for transport (ESCRT) is respon-

sible for the accumulation and sorting of molecules channeled into the ILVs 

(Adell et al., 2014; Morvan et al., 2012). Two proteins, called Alix and the tumor 

susceptibility gene 101 (Tsg101) are involved in this mechanism (Kowal et al., 

2014). Other membrane bound and cytosolic proteins that are incorporated into 

exosomes are members of the tetraspanin family (CD9, CD63 and CD81), 

integrins, heat shock proteins (Hsp), actin and flotillins (Gurung et al., 2021). 

Proteins frequently found involved in exosome biogenesis, such as Tsg101, 

have been used as exosome markers in benign and cancer models (Minciacchi 

et al., 2015a). Nevertheless, the ESCRT machinery is not the only mediator of ILV 

cargo sorting and formation. Other ESCRT-independent processes also seem to 

functionally participate in exosome biogenesis (Marsh & van Meer, 2008). 

Involvement of sphingomyelinase activity has been shown both by the high levels 

of ceramide found within purified exosomes, and by the reduction of EVs release 

upon inhibition of sphingomyelinases (Trajkovic et al., 2008). Two lipids, choles-

terol (Chol) and phosphatidic acid (PA), have also been shown to participate in 

this process (Minciacchi et al., 2015a). Furthermore, evidence suggests that 

syntenin can promote exosome formation in collaboration with the GTP-binding 

protein ADP-ribosylation factor 6 (ARF6) and its effector phospholipase D2 

(PLD2) (Baietti et al., 2012; Ghossoub et al., 2014). The involvement of the Rab 

family of small GTPases in vesicle trafficking and fusion with the plasma mem-

brane suggests that there is also a role for these proteins in exosome release 

(Minciacchi et al., 2015a). While the importance of these proteins as a class in 

the regulation of exosome shedding is undenied, specific roles for each of the Rab 

family members in the process are still unclear (Ostrowski et al., 2010). For 

example, Rab27a appears to play a more specific function than Rab27b in regu-

lating exosome release from metastatic tumor cells (Bobrie et al., 2012). 

Exosome cargoes can include proteins, nucleic acids and metabolites (Bobrie 

et al., 2011) reflecting the nature of donor cell and its physiological state (Zamani 

et al., 2019). They can be selectively taken up by neighboring or distant cells far 

from their release, reprogramming the recipient cells upon their bioactive com-

pounds (Zhang et al., 2019b). It is now evident that exosomes can be produced 

by most organisms, including bacteria, and can be identified in diverse eco-

systems, including in the ocean (Biller et al., 2014). 

Totally, in the human body, exosomes can be produced by all cell types 

examined so far (Minciacchi et al., 2015a). They are found in large quantities in 

most body fluids (Rashed et al., 2017; Vlassov et al., 2012). Exosomes and other 

EVs play important functions dictated by their cell of origin and their content 

(Cocucci et al., 2009) and are continuously released by all living cells (Skog et al., 

2008). They are a natural carrier system, which transports mRNA, miRNA, protein, 
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and DNA from donor to recipient cells, where they target gene expression regu-

lation (Lu et al., 2019). 

Exosomes have appeared to play important roles in normal physiological 

intercellular communication, for example in cardiac development and myocardia 

angiogenesis (Emanueli et al., 2015). They are also involved in vascular leakage 

in pre-metastatic sites, which plays an important role in the formation of the pre-

metastatic niche (Isola et al., 2016). Although the distinction between tumor 

derived and physiological exosomes is very hard, it is believed that cancer 

patients present higher content of exosomes, which could serve as a reliable bio-

marker for tumor management (Nanou et al., 2020). Additional studies have 

indicated that the release of small EVs containing genomic DNA is driven by 

specific oncogenes. This functionally active DNA is transferred to target cells via 

EVs (Lee et al., 2014). 

 

2.3.1.2 Migrasomes 

Migrasomes are extracellular vesicles, which transport multivesicular cyto-

plasmic content during cell migration. During cell migration, vesicles with dia-

meters up to 3 μm grow on the tips or at the intersections of retraction fibers. 

These vesicles, which have been named “migrasomes”, contain numerous smaller 

vesicles, with diameters of about 50–100 nm. During migrasome biogenesis, 

there is an initial phase of rapid growth, followed by a relatively stable period. 

Eventually, retraction fibers break and migrasomes are released into the medium 

or directly taken up by surrounding cells. As such, migracytosis is cell migration-

dependent and the formation of migrasomes is dependent on both migration and 

actin polymerization. Migracytosis and migrasomes are present in many cell 

types and can occur in cells grown in a 3D matrix or on top of other cells. Trans-

mission electron microscopy (TEM) analysis has revealed that migrasome-like 

structures are present in various tissues (Ma et al., 2015). 

 

2.3.1.3 Microvesicles 

Microvesicles (MVs) are 100–1000 nm sized cell blebs that are rich in phospho-

lipids. They are shed from almost all cell types. This process is enhanced when 

cells are injured or activated, therefore reflecting the state of the cell from which 

they originate (Badimon et al., 2018). MVs contribute to coagulation and throm-

bus formation through the externalization of the procoagulant anionic phospho-

lipid phosphatidylserine (PS), provide binding sites for the assembly of coagu-

lation enzymes, induce tissue factor CD142 activity, and promote thrombin 

generation and thrombus formation (Chiva-Blanch et al., 2020). The surface of 

some MVs contains tissue factor (TF) which is one of the main triggers of 

coagulation (Suades et al., 2012). Overall, MVs exposing PS may have up to 50– 

to 100-fold higher specific procoagulant activity than activated platelets (Sinau-

ridze et al., 2007).
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Unlike exosomes, MVs seem to originate directly from the plasma membrane, 

and they are often classified as ectosomes (Minciacchi et al., 2015a). Their for-

mation starts from the formation of outward buds in specific sites of the mem-

brane followed by fission and subsequent release of the vesicle into the extra-

cellular space (Muralidharan-Chari et al., 2010; Ratajczak et al., 2006). The 

plasma membrane undergoes several molecular rearrangements at the sites of 

MVs origin, which result in membrane budding, including changes in lipid and 

protein composition (Piccin et al., 2007) and in Ca2+ levels (Pap et al., 2009). The 

altered levels of Ca2+ result in the recruitment and activation of calcium-depen-

dent enzymes like scramblase and floppase with subsequent modification of the 

plasma membrane lipid composition (Piccin et al., 2007). Externalization of PS 

appears to be one of the main features of MVs (Lima et al., 2009) but the secretion 

of PS-negative MVs has also been reported (Barteneva et al., 2013). Moreover, 

lipid raft domains seem to be abundant in MVs, and MV formation can be 

impaired by cholesterol depletion (del Conde et al., 2005). 

In addition to rearrangements in the plasma membrane composition, proteins 

responsible for cell shape maintenance may be involved in MVs biogenesis by 

regulating actin dynamics (D’Souza-Schorey & Di Vizio, 2014; Minciacchi et al., 

2015a). RhoA, a member of the small GTPases family, has been identified 

together with its downstream targets Rho-associated coiled coil containing pro-

tein kinase (ROCK) and the LIM kinase (LIMK) as a regulator of MVs release 

(Li et al., 2012). Calpain, a calcium dependent enzyme, which regulates cyto-

skeletal proteins, has also been reported as a component of the MVs biogenesis 

machinery in platelets (Crespin et al., 2009). In addition to this, the D'souza-

Schorey group has demonstrated that ARF6 is a key protein in MVs formation 

and shedding (Muralidharan-Chari et al., 2009) and the ARF6-regulated endo-

somal complex seems to play an important role in the selective incorporation of 

molecular cargo into MVs (D’Souza-Schorey & Chavrier, 2006).  

ARF6 downstream targets include extracellular signal-regulated kinases (ERK) 

and myosin light-chain kinase (MLCK), which are two key regulators of actin 

polymerization and myosin activity. As a result, MVs release in the extracellular 

space can be reduced by the inhibition of either ARF6 activity or activity of ARF6 

targets (Muralidharan-Chari et al., 2009). In the case of MVs, an important role 

in the cargo selection seems to be directed by the ARF6-regulated recycling path-

way (Muralidharan-Chari et al., 2009, 2010). This process can regulate the 

inclusion of proteins such as major histocompatibility complex (MHC) class I, 

β1 integrin receptors, vesicle associated protein 3 (VAMP3), and membrane type 

1 matrix metalloproteinase (MT1MMP) (Muralidharan-Chari et al., 2009). 

 

2.3.1.4 Apoptotic bodies 

Apoptotic bodies (apoBD) are a EV type sized 1–5 µm which are formed during 

apoptosis when the plasma membrane of dying cells becomes blebbed and forms 

vesicles (van Niel et al., 2018). This kind of blebbing during apoptosis has long 

been known to produce microvesicles in the form of apoptotic bodies (Hristov 

et al., 2004). 
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The analysis of platelets with identical settings of the FACScan has shown 

that apoptotic bodies are of similar size as platelets at 1–4 μm. Apoptotic bodies, 

as well as microparticles, stain positively with annexin V, which demonstrates 

their origin from apoptotic cells. Furthermore, apoptotic bodies contain DNA as 

demonstrated by staining with DAPI or PI (Hristov et al., 2004). Data has also 

shown that somatic cells may rescue and reuse DNA from apoptotic bodies. For 

example, apoptotic bodies derived from EBV-carrying B lymphocytes may serve 

as the source of viral transfer to cells that lack receptors for the EBV virus in vivo 

(Holmgren et al., 1999). 

 

2.3.1.5 Oncosomes 

Large oncosomes (LO) are cancer-derived extracellular vesicles that are atypi-

cally large at a size range of 1–10 µm diameter. They originate from the shedding 

of membrane blebs and associate with advanced disease (Minciacchi et al., 

2015b). Janus Rak’s group first used the term ‘oncosome’ in 2008 to describe, in 

the context of brain tumors, the existence of EVs released from glioma cells and 

expressing EGFRvIII. These vesicles were shown to be capable of transferring 

the oncoprotein EGFRvIII to the membrane of tumor cells lacking this receptor, 

thus propagating tumor-promoting material and inducing transformation (Al-

Nedawi et al., 2008). These ‘oncosomes’ are capable of transferring oncogenic 

signals and protein complexes across cell boundaries (Di Vizio et al., 2009). 

Oncosome exchange is markedly different from paracrine effects induced by 

soluble ligands (Al-Nedawi et al., 2008). Although this process resembles para-

crine signaling, it involves inter-cellular transfer of a membrane-bound micro-

organelle rather than a soluble protein such as a growth factor or cytokine. Onco-

somes might also be vectors of certain cancer progression markers that are de-

tectable in the circulation (Di Vizio et al., 2009).  

Vizio et al. demonstrated that prostate cancer cells shed membrane-bound 

vesicles in response to signal transducers. These structures were large, in a size 

range of 500 to 5000 nm, originated from non-apoptotic blebs in response to sig-

naling cues, and had biological activity in their free-floating state. They identified 

the formin homology protein, DRF3/Dia2, as a protein that appeared to functio-

nally inhibit oncosome formation. It was shown that oncosomes transfer between 

tumor cells, or between tumor and stroma, could play a role in propagation of 

aggressive behavior within the tumor microenvironment (Di Vizio et al., 2009). 

It has also been shown that oncosomes isolated from prostate cancer cells and 

patient plasma are an EVs population that is enriched in chromosomal DNA, 

including large fragments up to 2 million base pair long. While oncosomes and 

exosomes isolated from the same cells contained similar amounts of protein, the 

DNA was more abundant in oncosomes, despite exosomes being more numerous 

(Vagner et al., 2018). 

Large oncosomes harbor abundant bioactive molecules, including signaling 

factors involved in cell metabolism, mRNA processing and cell growth and 

motility (Di Vizio et al., 2009). They also contain miRNAs, metalloproteinases, 
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and caveolin-1 (Cav-1) (Di Vizio et al., 2012). Cav-1 is a serum biomarker of 

metastatic prostate cancer (Tahir et al., 2003). Interestingly the presence of large 

oncosomes containing Cav-1 discriminates patients with metastatic disease from 

patients with organ-confined prostate cancer (Morello et al., 2013). Oncosomes 

also potently stimulate expression of metastasis-associated factors, such as brain-

derived neurotrophic factor (BDNF), C-X-C motif chemokine 12 (CXCL12), and 

osteopontin, in stromal cells (Di Vizio et al., 2012). Larger EVs including large 

oncosomes might contain more abundant miRNA molecules, thus serving as an 

enriched source of biomarkers and for the identification of functionally relevant 

EVs cargo (Minciacchi et al., 2015a). 

 

2.3.2 Content of extracellular vesicles 

EV content is highly heterogeneous as EVs can accommodate proteins, nucleic 

acids and lipids, and protein cargo that includes both surface molecules and intra-

vesicular molecules (D’Asti et al., 2012). EV cargo is not merely a reflection of 

the donor cell composition but rather the result of a regulated, but still largely 

unresolved, sorting mechanism (Minciacchi et al., 2015a). What seems to be 

clear, is that there is some kind of selection mechanism, which allows the dis-

crimination between molecules meant to be included in EVs to be delivered and 

those that are not (Valadi et al., 2007).  

The nature and abundance of the molecular cargo is often influenced by the 

type and physiological or pathological condition of the donor cell, the stimuli that 

modulate EV production and release, and, most likely, the pathways that lead to 

the formation of different EV types. These different layers of regulation explain, 

at least in part, how the EV message can be precisely modulated. EVs can carry 

and consequently transfer into recipient cells tumor-derived molecules, for 

example epidermal growth factor receptor vIII (EGFRvIII) and mutant Ras 

family members or c-Met, a receptor tyrosine kinase (RTK) that consists of an 

extracellular alpha chain and a beta subunit. Also, other proteins or transcripts 

with oncogenic functions that are currently being proposed as biomarkers in 

cancer (Minciacchi et al., 2015a). 

Large-scale profiling experiments are generating valuable information on dif-

ferent types of EV populations originating from single cell systems and on single 

classes of EVs from different cell types. These include mass spectrometry, 

miRNA arrays and sequencing. On the other hand, lipidomics characterizations 

are still lagging behind. However, the resulting datasets have been collected into 

three main databases: Exocarta, Vesiclepedia and EVpedia. These resources 

contain information on protein, mRNA and miRNA identified in at least one 

EV population. EVpedia contains integrated datasets from prokaryotic and 

eukaryotic EVs. This information can be used as a means of comparison with new 

datasets and as a valuable resource for computational studies to identify new 

candidate markers that can facilitate the understanding of EVs origin and function 

(Minciacchi et al., 2015a). 
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2.3.2.1 Proteins 

A recent report that analyzed 16 different mass spectrometry studies identified 

almost 800 common vesicular proteins in exosomes (Choi et al., 2015; D’Souza-

Schorey & Di Vizio, 2014). Another report that looked at over 110 human plasma 

samples showed the presence of 4500 proteins and 829 lipids in small extra-

cellular vesicles (Rai et al., 2024).  

The selection of the proteins exported in EVs is not only affected by the status 

of the donor cell but also depends on the subcellular compartment of origin. This 

choice influences both the intercellular interactions and the message delivered by 

these EVs. Proteins, which are frequently used as exosome markers, are often 

also involved in exosome biogenesis. These include Alix, Tgs101, ceramide, 

flotillin, Rab and tetraspanin family members (Minciacchi et al., 2015a). In parti-

cular, CD9, CD81 and CD63 have been shown to participate in endosomal vesicle 

trafficking (Abache et al., 2007; Pols & Klumperman, 2009). A panel of 182 

proteins including ADAM10, STEAP23, STX7, and 52 lipids including PS, PIPs, 

Hex2Cer, PAS, have been shown to be intrinsically linked to EVs. ADAM10 and 

PS (36:1) have been named as conserved EV biological markers that precisely 

differentiate between EV and non-EV particles (Rai et al., 2024). 

 

2.3.2.2 Nucleic acids 

Exosomes can export miRNAs, long non-coding and other non-coding RNAs, 

and mRNA. Importantly, EVs might represent a vehicle in which these nucleic 

acids can be preserved and analyzed in biological fluids, as well as delivered to 

their target cells without being degraded in the extracellular space. This is parti-

cularly important for mRNA, which is sensitive to RNAses. Once taken up by 

recipient cells, mRNAs could play specific functions upon translation into protein 

products (Minciacchi et al., 2015a).  

The first demonstration that exosomes can carry single-stranded DNA (ssDNA) 

and retrotransposones was reported by Balaj et al. in 2011 (Balaj et al., 2011). 

More recently, two independent studies have shown that exosomes also contain 

double-stranded DNA (dsDNA) which can be profiled in circulation using next 

generation sequencing (NGS) technologies (Kahlert et al., 2014; Thakur et al., 

2014). However, whether the DNA contained in EVs is representative of the 

originating tumor cells has not been fully demonstrated. This finding opens up 

the opportunity to use the dsDNA derived from exosomes and potentially other 

EVs as an alternative, more concentrated and better preserved source of cancer-

derived genomic material, than circulating DNA (Minciacchi et al., 2015a). 

 

2.3.3 Main functions of EVs 

The interaction of EVs with their target cells is not only mediated by membrane-

membrane contact, but often results in EV uptake with subsequent transfer of EV 

cargo. Both, fusion and active endocytosis, have been proposed as mechanisms 
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for exosome uptake (Chen et al., 2014a; Minciacchi et al., 2015a; Tadokoro et al., 

2013). Exosome and MV binding and internalization can be regulated by 

adhesion molecules (Morelli et al., 2004). For example, the interaction between 

diverse combinations of tetraspanin complexes, highly represented on exosome 

membranes, and integrins on the target cell, might influence the selection of the 

recipient cell (Wei et al., 2014). EV-cell interactions can also be mediated by the 

PS and TIM4 expressed on EVs (Feng et al., 2010). Finally, a relevant role in EV 

internalization seems to be played by heparan sulfate proteoglycans residing on 

the plasma membrane of the target cell (Christianson et al., 2013). Whether these 

processes are truly selective or can occur randomly is still largely unclear 

(Minciacchi et al., 2015a). 

The EV-target cell interaction is the first step of EV uptake, and seems to be 

unavoidably followed by fusion or endocytosis (Mulcahy et al., 2014). Fusion is 

considered a more passive event in which the membrane of the exosome and the 

membrane of the recipient cell melt together, thereby forming a continuous 

structure after the merging of the two distinct lipid bilayers. Endocytosis is an 

active process but the regulatory features of this active uptake is still largely 

undefined, although phagocytosis (Feng et al., 2010) as well as a lipid raft-

dependent endocytosis, positively regulated by ERK1/2 and inhibited by Cav-1, 

might occur (Svensson et al., 2013). Once inside the recipient cell, exosomes can 

either release their content through fusion with the endosome membrane or can 

be targeted to lysosomes for degradation (Minciacchi et al., 2015a).  

EVs participate in cell-to-cell communication. They may mediate the transfer 

of nucleic acids, including mutated genetic material (Minciacchi et al., 2015a). 

This might occur through direct transfer of DNA (Lee et al., 2014). Oncogene 

transcripts can be propagated through EV transfer and then translated into pro-

teins in the recipient cells (Skog et al., 2008). Analogously, EV enclosed miRNAs 

can regulate gene expression, thus altering the behavior of the recipient cells 

(Chen et al., 2014a; Josson et al., 2015; Tadokoro et al., 2013). 

EVs play a part in extracellular matrix (ECM) remodeling. The matrix 

metalloproteinase (MMP) family of proteins are implicated in ECM remodeling 

and in cancer cell protease-dependent migration and invasion. MT1-MMP, 

MMP9 and MMP2 or a disintegrin and metalloproteinase domain-containing 

protein 10 (ADAM10) have been identified in different EV types (Minciacchi et 

al., 2015a). MMPs can be found inside or on the EV membrane and they are also 

functionally active. For example, the MT1-MMP ability to remodel the ECM has 

been shown in melanoma derived exosomes (Hakulinen et al., 2008). Because 

MT1-MMP is a proteolytic activator of MMP9 and MMP2, and these three 

proteins are not always identified in the same type of EV, it might be possible 

that different EVs release different molecules that then regulate each other’s 

activity in the extracellular milieu (Minciacchi et al., 2015a). 

EVs modify fibroblast functionality. Tumor derived EVs can functionally 

modify fibroblasts by reprogramming them to cancer associated fibroblasts (CAFs) 

that exhibit a myofibroblastic differentiation (Castellana et al., 2009). Webber et 

al. demonstrated that exosomes can release an EV specific form of transforming 
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growth factor beta1 (TGF-β1) that induces myofibroblast differentiation and 

actively promotes tumor progression (Webber et al., 2010, 2015). Disruption of 

EV mediated interactions of tumor cells with the surrounding stroma in vivo 

significantly reduces tumor growth by impairing either EV dependent signaling 

activation in target cells or exosome production (Webber et al., 2015).  

Antonyak et al. have demonstrated in multiple studies that MVs released from 

breast cancer or glioblastoma cell lines can induce transformation of fibroblasts. 

This process is mediated by fibronectin1 (FN1) and tissue transglutaminase (tTG) 

(Antonyak et al., 2011). Along with the notion that CAFs might release soluble 

factors that induce epithelial-mesenchymal transition (EMT) or stemness in 

cancer cells, it is becoming evident that these processes might be also regulated 

by CAF-derived EVs (Minciacchi et al., 2015a). Wrana’s group has demonstrated 

the ability of exosomes released by fibroblasts to enhance breast cancer cell 

invasion (Luga et al., 2012). Cancer cell motility is also induced by exosomes 

released from CAFs silenced for tissue inhibitor of metalloproteinases (Timp). In 

this system, Timp knock down resulted in increased expression of ADAM10 in 

the exosomes (Shimoda et al., 2014). Fibroblast-derived exosome miRNA has 

also been shown to induce EMT in cancer cells (Josson et al., 2015). 

EVs have roles in angiogenesis. Cancer cell-derived EVs contain interleukin-6 

(IL-6) and vascular endothelial growth factor (VEGF) which are both potent pro-

angiogenic factors, as well as other molecules able to enhance endothelial 

cell invasion and organization in tubule-like structures (Skog et al., 2008); 

(Thompson et al., 2013). Exosomes expressing the neutral sphingomyelinase 2 

(nSMase 2) can induce tubule formation and migration of HUVEC cells and 

promote tumor progression through in vivo stimulation of angiogenesis (Kosaka 

et al., 2013). Angiogenesis is strongly stimulated by hypoxia, in which an in-

creased release of exosomes stimulates tubule formation in different tumor types 

(Tadokoro et al., 2013). In addition to the direct transfer of pro-angiogenic 

proteins, recent studies are identifying novel EV-enclosed molecules that partici-

pate in angiogenesis (Minciacchi et al., 2015a). These include EGFR (Al-Nedawi 

et al., 2009), miR-210 (Tadokoro et al., 2013) and miR-9 (Zhuang et al., 2012).  

EVs are involved in immune response modification. Tumor cells can acquire 

immunotolerance either through induction of T regulatory cell proliferation or 

cytotoxic T cell death. Both of these mechanisms can be mediated by EVs (Taylor 

& Gercel-Taylor, 2011). Ovarian cancer-derived EVs can enhance regulatory 

T cell proliferation and activity (Szajnik et al., 2010). EVs originating from tumor 

cell lines can induce a FasL or TNF-related apoptosis-inducing ligand (TRAIL) 

dependent cell death in CD8+ T cells (Abusamra et al., 2005; Huber et al., 2005). 

EV-mediated immunotolerance can also be seen as EVs containing TGF-β can 

impair Natural Killer and T cells activation (Clayton et al., 2008). 

EVs take part in drug resistence. Breast cancer cell EVs as well as EVs from 

other tumor types can transfer resistance to docetaxel in cells that are sensitive to 

the drug (Choi et al., 2014; Lv et al., 2014). In breast cancer, this process seems 

to be specifically mediated by P-glycoprotein (Lv et al., 2014), or by its activator 

transient receptor potential channel 5 (TrpC5) (Ma et al., 2014). Transfer of the 
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prosurvival Akt/mTOR complex in EVs can propagate resistance to gefitinib in 

non-small cell lung carcinoma cells (Choi et al., 2014). 

EVs are involved in creating the metastatic niche. Peinado et al. have shown 

that melanoma-derived exosomes can condition a metastatic niche within the 

bone marrow (Peinado et al., 2012). CD105 positive MVs, which can promote 

angiogenesis in vitro, may stimulate lung metastasis in vivo in renal cancer 

(Grange et al., 2011). 

 

2.3.4 Purification of EVs 

EVs can be isolated from biological fluids such as blood, cerebrospinal fluid, 

urine, saliva, and breast milk (Doyle & Wang, 2019). They can also be isolated 

from conditioned media of cultured cells as well as blood derivatives, and other 

fluids such as ascites and bronchoalveolar lavage (Minciacchi et al., 2015a). To 

be effectively utilized for biomedical applications, high-quality EV isolation 

techniques are required. The heterogeneity of EV size and their relatively low 

abundance compared to other contaminants in biological fluids make high-quality 

EV isolation a difficult challenge (Doyle & Wang, 2019). Despite the numerous 

reports published on comparative methods for EV isolation, we are still far from 

having standard protocols applicable to clinical practice (Minciacchi et al., 2015a).  

Many techniques have been developed for the isolation and characterization 

of EVs, including reduced solubility approaches, ultracentrifugation, density 

gradient separation, size-exclusion chromatography, microfluidics, and magnetic 

bead-based methods (Konoshenko et al., 2018).  

Overview of some of the different isolation techniques used has been shown 

in figure 2, which is modified from the work of Carnino et al. EVs can be isolated 

via several methods including ultrafiltration, size-exclusion chromatography, 

differential and density gradient ultracentrifugation, precipitation and immuno-

affinity capture. Often, samples are first centrifuged to remove cells and cellular 

debris. For ultrafiltration and size-exclusion chromatography, EVs are isolated 

through nanomembrane filters based on their sizes. In ultracentrifugation and 

density gradient centrifugation, different EV types are sequentially isolated based 

on physical properties such as density and sedimentation rate. For precipitation-

based methods, the addition of water-insoluble polymers force and concentrate 

the EVs from the other components in the samples. Immunoaffinity capture 

method involves isolating particular EV types based on the use of magnetic beads 

coupled with antibodies that bind specifically to a known EV-specific surface 

marker for separation (Carnino et al., 2021). 

 



33 

Figure 2. EV isolation, modified from Carnino et al (Carnino et al., 2021).  

 

2.3.4.1 EV isolation challenges 

2.3.4.1.1 Overall challenges 

Many EV subtypes tend to overlap in size, surface proteome, and cargo, making 

EVs broadly heterogeneous in nature. Additionally, biofluids of interest for EV 

isolation contain varying compositions of proteins and non-EV lipid particles that 

contribute to the heterogeneity, complexity, and viscosity of the biofluid. For 

instance, analysis of blood serum and plasma estimates that there are roughly 

1011 EVs and up to 1016 lipoproteins per mL of blood plasma. Furthermore, many 

biofluids, including blood plasma, serum, and cerebrospinal fluid, have a high 

abundance of albumin and matrix proteins. The lower relative abundance of EVs 

in these complex matrices can make high-purity EV isolation difficult, as both 

proteins and lipoproteins can co-isolate with the EVs (Shami-shah et al., 2023).  

Many technical challenges persist that can also impact the overall yield and 

purity of EVs (Lee, 1971). EV losses can reach (51 ± 3%) when cell-culture-

derived EVs are stored for 48 h at +4 °C in polypropylene Eppendorf tubes. Such 

significant EV loss could be reduced to 18–21% by using Eppendorf Protein 

LoBind tubes or surface blocking with protein blockers (Evtushenko et al., 2020). 

Although EV counts seem to remain consistent over time in undisturbed samples, 

mild agitation designed to simulate blood handling during transportation results 

in a notable and artificial discharge of EVs derived from platelets (Ramirez et al., 

2018). Moreover, EVs tend to form EV-blood cell clusters over time, which can 

further impact EV isolation (Shami-shah et al., 2023).   

Purification effectiveness can be evaluated by the presence of markers specific 

for endosomal plasma membrane and cytoplasmic components enclosed within 

vesicles, as well as a simultaneous absence of contaminants like albumin, A1/2 

and B apolipoproteins (Théry et al., 2018). 
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2.3.4.1.2 Challenges to isolate cell specific EVs 

One of the major barriers to cell-type specific EV isolation is the rare and very 

low abundance of cell- and tissue-type specific EVs in human biofluids as blood 

plasma is a repository of EVs from many different cells and tissues (Shami-shah 

et al., 2023). Totally, around 99% of EVs in healthy blood plasma originate from 

platelets, red blood cells and white blood cells. Less than 1% originates from solid 

tissues. There are 0.13 ± 0.1 erythrocyte-derived EVs per erythrocyte to 

(1.9 ± 1.3) × 103 monocyte-derived EVs per monocyte (Auber & Svenningsen, 

2022). EVs originating from tissues have been estimated to account for less than 

1% of all EVs, as opposed to the 99.8% generated from hematopoietic cells (Li 

et al., 2020). 

Given that every cell type in the human body secretes EVs into biofluids, 

relative proportions of cell-type specific EVs can depend partly on the abundance 

of that cell type (Shami-shah et al., 2023). Additionally, EV secretion rate has 

been shown to differ drastically between cell types in cultured cells (Auber & 

Svenningsen, 2022). Both low cell-type abundance and low basal EV secretion 

rates make some cell-type specific EVs difficult to isolate using conventional 

technologies due to their low relative concentrations in biofluids (Shami-shah 

et al., 2023). 

 

2.3.4.2 EV isolation techniques 

2.3.4.2.1 Ultracentrifugation 

Ultracentrifugation (UC) has been one of the most widely used methods for EV 

isolation from complex biological samples (Gudbergsson et al., 2016). UC is 

based on the principle of sedimentation, where EVs are separated from other bio-

molecules based on their shape, size, and density (Konoshenko et al., 2018).  

Ultracentrifugation involves first centrifuging a sample at a low speed of up 

to 2,000 xg to remove large debris and dead cells (Gudbergsson et al., 2016). 

To purify MVs, apoptotic bodies and large oncosomes, centrifugation at  

10,000–20,000 × g is needed (Cvjetkovic et al., 2014). This is why the resulting 

supernatant from the first low speed centrifugation is then centrifuged at 

16,500 xg or less (Gudbergsson et al., 2016). After that, the supernatant is placed 

in an ultracentrifuge and spun at high speeds, typically around 100,000 xg or 

greater, for several hours (Kowal et al., 2017). This step is meant to gather exo-

somes which require 100,000–120,000 xg to be separated from other EV subtypes 

(Cvjetkovic et al., 2014). Overall, the high g-force generated from the centri-

fugation separates different components of the biofluid with the EVs pelleting at 

the bottom of the tube. The pellet can be washed and resuspended in a buffer for 

downstream analyses or long-term storage (Shami-shah et al., 2023). 

Overall, ultracentrifugation has been a broadly used technique for EV iso-

lation due to several advantages – particularly its adaptability to large volumes of 

samples. This helps to increase EV yield and makes the approach well suited for 

studies where large sample volumes are available, such as cell culture media or 
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easily accessible biofluids. Ultracentrifugation is also relatively inexpensive com-

pared to other methods, such as immunoaffinity isolation (Shami-shah et al., 2023).  

There are also several limitations to this method. Many studies have high-

lighted that this kind of differential centrifugation is known to result in hetero-

geneous preparations and is not sufficient to isolate pure populations of EVs 

(Tauro et al., 2013). In addition, ultracentrifugation may result in partial EV 

aggregation and degradation as the high centrifugal force required may lead to 

artificial fusion of smaller EVs and fission of larger EVs (Shami-shah et al., 

2023). This not only limits the ability of ultracentrifugation to isolate EVs of 

uniform size, but can also lead to the loss of some of their original biomolecular 

contents (Momen-Heravi, 2017). Co-sedimentation of non-EV biomolecules, 

such as lipoproteins and protein aggregates with similar buoyancy, can cause 

yield and purity problems (Konoshenko et al., 2018). These disadvantages are 

only amplified when attempting to isolate EVs from sample matrices with higher 

viscosities, making ultracentrifugation a less viable option in some biofluids such 

as plasma. Moreover, lengthier spin times also make this technique less efficient 

and translatable to a clinical setting (Shami-shah et al., 2023). 

 

2.3.4.2.2 Density gradient 

Density gradient centrifugation (DGC) is a method that is commonly used in 

conjunction with ultracentrifugation (Shami-shah et al., 2023). It involves the use 

of a density gradient, which is created by layering solutions with a range of 

different densities, such as sucrose or iodixanol (OptiPrep, which contains 60% 

water), in a tube (Onódi et al., 2018). EVs can be purified and cleared from free 

proteins and protein complexes or other contaminants better. DGC has been 

typically used to separate different intracellular organelles based on their sedi-

mentation coefficient (Tauro et al., 2013). 

The process starts by filtering or centrifuging the samples to remove debris 

and large particles that could interfere with EV isolation. This process also dilutes 

the samples allowing them to pass through the thick gradient during prolonged 

centrifugation times. The sample is then layered on top of the density gradient 

and centrifuged at high speed for many hours, depending on the type of biofluid, 

to separate the different components of the samples (Shami-shah et al., 2023). 

Post centrifugation, samples are collected from each density fraction of the 

gradient and EVs are found in the denser fractions (Norman et al., 2021). For 

example, exosomes have a characteristic buoyant density of 1.10–1.19 g/mL on 

sucrose density gradients (Rosado et al., 2019).   

However, DGC does have some limitations for EV isolation (Konoshenko 

et al., 2018). DGC requires specialized equipment and can be expensive, low 

throughput, and time intensive with more than 18-hour spin needed to reach 

density equilibrium (Shami-shah et al., 2023). Because of the long time required, 

it is not highly applicable to use in a clinical setting or efficient enough for 

biomarker discovery (Ter-Ovanesyan et al., 2021). While DGC yields EVs with 

a relatively high purity compared to ultracentrifugation, higher-order protein 
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aggregates and lipoproteins with similar densities to EVs can be found as 

contaminants (Shami-shah et al., 2023). For example, while potassium bromide-

density gradient ultracentrifugation on plasma successfully removes very-low-

density lipoproteins (VLDLs) from EV fractions, while high density lipoproteins 

(HDLs) persist. The ratio of EVs to HDLs has been estimated to be as high as 

1:100 by TEM (Yuana et al., 2014). Impurities can also arise due to the improper 

setting up of the gradient, causing intermixing of the gradient interfaces and 

fractions. All these issues can contribute to an overall low yield and EV con-

tamination, which should be considered when optimizing DGC isolation 

(Konoshenko et al., 2018).  

 

2.3.4.2.3 Filtration 

Size exclusion methods based on the use of filters with specific pore size are often 

used in combination with other isolation techniques. This is frequently the first 

step in exosome purification from serum and plasma (Witwer et al., 2013). Filters 

can also be combined with other methods. To improve enrichment via ultra-

centrifugation it can be preceded by a filtration step using a 0.22 μm filter. This 

will remove cell debris, protein aggregates, and lipoproteins before downstream 

methods are used (Sidhom et al., 2020). 

 

2.3.4.2.4 Size exclusion chromatography 

Size Exclusion Chromatography (SEC), also referred to as gel filtration, is a 

method for isolating EVs based on their hydrodynamic radius. EVs can be 

separated from soluble proteins based on their ability to be excluded or to pass 

through pores of different sizes in a chromatography column. To isolate EVs 

using SEC, sample is passed through the stationary phase of a chromatography 

column that is packed with beads of a porous material, such as agarose 

(Sepharose), allyl dextran (Sephacryl), or cross-linked dextran (Sephadex). The 

beads have pores of different sizes, and as the sample passes through the column 

with the flow of the mobile phase, the EVs are separated based on their size. 

Smaller EVs are trapped in the pores of the resin for longer times, so they are 

eluted from the column later. Larger EVs avoid the pores of the resin and mostly 

pass through the larger channels, so they are eluted earlier. The separated EVs 

are collected in fractions and can then be analyzed or used for further experi-

mentation (Shami-shah et al., 2023).  

The separation of EVs from various biological fluids, including CSF and 

plasma, can be optimized based on the column length, size, type of resin, and 

flow rate of the mobile phase (Ter-Ovanesyan et al., 2021). These parameters can 

further influence the yield and purity of the isolated EVs (Shami-shah et al., 

2023). For example, SEC has been adapted as a single-step isolation system and 

modified over the years for greater purity and yield (Sidhom et al., 2020). Overall, 

SEC aids in separating small from large EVs and from non-EV soluble protein 

contaminants in samples. With an average 20 min processing time, it results in 

time and cost-effective, pure, intact, and functional EV retrieval. SEC can also be 
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scaled up and automated, making it a high-throughput method for EV isolation. 

It can be performed with varying sample volumes, making it useful for isolating 

EVs from samples with limited volume availability. Additionally, due to the use 

of gravity as an isolation principle for SEC rather than high g-forces for ultra-

centrifugation or DGC, the isolated EVs are of superior integrity with intact 

vesicular properties and higher quality (Shami-shah et al., 2023).  

A key drawback to this technique is that SEC cannot effectively differentiate 

between microvesicles and exosomes of similar size (Sidhom et al., 2020). 

Furthermore, limitations include the need for specialized resins, columns, and co-

elution of similarly sized lipoproteins and large protein aggregates (Taylor & 

Shah, 2015). Additionally, the dilution of sample created by the mobile phase of 

SEC makes isolating subpopulations of EVs from low-concentration and small-

volume samples a challenging task (Shami-shah et al., 2023).  

Despite this limitation, SEC has been shown to outperform the ultracentri-

fugation and precipitation method in terms of purity and yield in both plasma and 

CSF, making it a powerful isolation technique for EV research (Ter-Ovanesyan 

et al., 2021). Shu et al. combined ultrafiltration and size exclusion chromato-

graphy, which allowed more exosomes to be isolated than in any of the individual 

approaches (La Shu et al., 2020). 

 

2.3.4.2.5 Immunoaffinity 

Another isolation method is based on immunoaffinity. This method directly 

retrieves exosomes expressing different markers on their surface, for example 

CD9, CD63, or CD81. Reagents for such isolation are currently available as com-

mercial kits using columns or microbeads, for example ExoTEST®. Obtained 

exosomes can be subjected to further research. However, its disadvantages 

include a small test sample volume used and that its effectiveness is dependent 

on the presence of specific markers (Zhang et al., 2017a).  

For example, microbeads coated with glycoprotein A33 and epithelial cell 

adhesion molecule precursor, EpCAM, have been successfully used to immuno-

capture different EVs from colon cancer cells (Minciacchi et al., 2015a). How-

ever, several markers that have been considered exosome-specific, including 

CD63, CD81, CD9 are now being identified in other types of EVs. At the same 

time, proteins such as Alix and Tsg101 appear to be more consistent exosome 

markers (Yoshioka et al., 2013). PS, ARF6 and Rho family members have been 

proposed as MV markers (Minciacchi et al., 2015a). All of this can significantly 

limit the utility of this approach, as EVs have been found to be heterogeneous, 

with particular surface markers shared among various EVs subtypes (Kalluri & 

LeBleu, 2020). This especially undermines the use of a single marker (Kang et al., 

2019).  

Some methods combine immunoaffinity marker capture with magnetic beads. 

There are several magnetic bead-based approaches for EV isolation, including 

magnetic bead-based immunoaffinity chromatography and magnetic bead-based 

ligand affinity chromatography. In magnetic bead-based immunoaffinity 
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chromatography, magnetic beads are coated with antibodies that bind to specific 

proteins or other biomolecules on the surface of the EVs (Shami-shah et al., 

2023). The sample is then incubated with the magnetic beads, and the beads, 

through specific binding interactions, capture the EVs. For instance, antibodies 

against generic EV surface markers, specifically the tetraspanins CD9, CD63, and 

CD81, have been used conventionally to perform bulk immunoaffinity EV iso-

lation (Sidhom et al., 2020). In magnetic bead-based ligand affinity chromato-

graphy, the magnetic beads are coated with ligands that specifically bind to 

receptors or lipids, such as PS, on the surface of the EVs. The sample is incubated 

with the magnetic beads, and the EVs are affinity captured by the beads through 

ligand-receptor interactions. In both cases, the magnetic beads containing the 

captured EVs are then separated from the rest of the biomolecules in the sample 

using a magnetic field. The beads are then washed with buffers to reduce non-

specific interactions and the EVs on the beads can be subjected to further down-

stream analysis (Shami-shah et al., 2023).  

There are several advantages to using magnetic bead-based methods for iso-

lating EVs. Magnetic bead-based immunoaffinity isolation allows for the capture 

of EVs based on specific biomolecules or receptors, which is useful for isolating 

subpopulations of cell-type specific EVs (Shami-shah et al., 2023). Additionally, 

magnetic bead-based methods may be automated to achieve high throughput EV 

isolation, and can also be useful for isolating EVs from a low sample volume 

because the approach is highly targeted (Greening et al., 2015).  

However, these methods can have some limitations including the requirement 

for specialized equipment; the high cost of antibodies; and the requirement for 

high-affinity antibodies or ligands to immunocapture certain populations of EVs. 

Additionally, because this is a targeted approach, a lack of high-quality antibodies 

could be a bottleneck for the successful use of this method. Nonspecific binding 

is another major drawback of magnetic bead capture. Both the adhesion of sample 

contents to the magnetic bead’s surface and off-target antibody binding can result 

in impurities and can lead to false conclusions about the contents of EVs in 

downstream analyses (Shami-shah et al., 2023). Especially, as lipids on the EV 

surface tend to adhere to surfaces nonspecifically (Evtushenko et al., 2020).  

Additionally, there are many challenges associated with verifying the low of 

abundance internal cargo biomolecules detected after immunocapture of EVs. 

Hence, nonspecific binding is especially problematic when attempting to isolate 

low-abundance EV subpopulations. Therefore, careful reagent validation and 

optimization of bead surface chemistry is a crucial step for bead-based immuno-

capture of EVs (Shami-shah et al., 2023). 

 

2.3.4.2.6 PEG percipitation 

EV precipitation by attenuating solubility is one of the earliest conventional 

approaches used to isolate EVs from a variety of complex biofluids. One such 

method includes using hydrophilic polymers, such as dextran or polyethylene 

glycol (PEG) (Weng et al., 2016). When added to a sample containing EVs, these 
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polymers will form a complex with EVs due to their negative charge. The 

complex can then be precipitated by adding a neutralizing agent. The EVs can 

then be recovered from the precipitate by centrifugation at a low speed, <1500 xg, 

or by filtration (Shami-shah et al., 2023).  

There are several commercial PEG-based EV precipitation kits available, 

including ExoQuick®, ExoQuick® ULTRA (System Biosciences), ExoPrep™ 

(HansaBioMed), Total Exosome Isolation Kit (Invitrogen), and miRCURY™ 

(Qiagen) that can be used based on the application, type, and volume of biofluid 

being used as a starting material (Konoshenko et al., 2018). 

When utilizing these reduced solubility approaches, bulk sample yields may 

be higher relative to other isolation techniques but purity is often compromised 

(Shami-shah et al., 2023). For example, PEG-based EV precipitation methods 

have led to the highest yield for both precipitated EVs and proteins (García-

Romero et al., 2019). PEG-based polymers are nonspecific reagents for EV pre-

cipitation, so they are often accompanied by other non-EV precipitants such as 

albumin, lipoproteins, and immunoglobulins. These limitations make reduced 

solubility approaches ineffective for cell-type specific EV isolation. However, 

efficient processing time, simplicity, and low cost make this method particularly 

attractive for crude and rapid EV isolation (Shami-shah et al., 2023). 

 

2.3.5 Visualization methods 

A range of imaging methodologies have been applied to EVs, contributing to the 

conclusion that EVs are discrete, particulate structures with a lipid bilayer 

(Minciacchi et al., 2015a). In the nanoparticle tracking analysis system (NTA) 

light scattered by the particles can be captured and analyzed by computer soft-

ware, resulting in a measurement of the size distribution and concentration of the 

EVs in the samples (Wright, 2012). This method is not suitable for quantitative 

analysis of EVs larger than 400 nm (Minciacchi et al., 2015a). On the other hand, 

dynamic light scatter (DLS) is a newer system, based on dynamic as well as 

electrophoretic and static light scattering, which seems to allow quantitative 

analysis of EVs of several microns in diameter (Kang et al., 2014).  

Flow cytometry analysis is often employed for EV detection, although most 

instruments cannot analyze particles smaller than 500 nm (Minciacchi et al., 

2015a). However, it has been demonstrated that nano-sized particles can be 

accurately quantified (van der Vlist et al., 2012). Recent studies have further 

demonstrated that nano-sized EVs can be enumerated by flow cytometry with the 

support of antibody-coated beads larger than exosomes (Minciacchi et al., 2015a). 

To be visualized, nano-sized EVs and MVs require the resolution power of 

electron microscopy (Minciacchi et al., 2015a). The most common methods used 

are scanning or transmission electron microscopy (SEM or TEM), or atomic force 

microscopy (AFM) (Rupert et al., 2017). In SEM, the EV surface is scanned with 

a focused beam of electrons, and EV topography image is generated (Ma et al., 

2019). TEM has higher resolution compared to SEM. In TEM a focused beam of 

electrons are transmitted through samples to generate images (Hakulinen et al., 
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2008; Ma et al., 2019). In AFM, a metal probe is used for scanning EV surface to 

provide surface topography, local stiffness and adhesion information (Sharma 

et al., 2010). 

Larger EVs, such as large oncosomes, can be visualized by confocal or optical 

microscopy in tissue plasma membranes, and measured using imaging software 

(Minciacchi et al., 2015a). Immunofluorescence imaging has also allowed the 

identification of large oncosomes in cell media and body fluids (Di Vizio et al., 

2012; Morello et al., 2013). 

 

 

2.4 Autoimmunity 

Immune tolerance is a state of immune system unresponsiveness to self-tissues 

that the same time retains the ability to identify and respond against non-self and 

dangerous antigens. Specialized cell subsets, such as regulatory T and B cells, 

tolerogenic dendritic cells, and M2 macrophages, participate in keeping the 

balance between tolerance and activation. However, genetic predispositions and 

epigenetic modifications combined with exposure to environmental factors can 

disrupt this status, resulting in the development of autoimmunity (Sakowska 

et al., 2022).  

 

2.4.1 Autoimmune diseases 

Autoimmune diseases are caused by dysregulated immune responses against self-

antigens. Close to 5% of the general population in Western countries develops 

some form of autoimmunity. These diseases have common mechanisms and are 

caused by both genetic and non-genetic risk factors (Alriyami & Polychronakos, 

2021).  

Antibodies have a central role in immune response. They represent a key 

defense mechanism against infectious diseases, recognizing molecules of exo-

genous microorganisms as non-self (de Jonge et al., 2021). Natural antibodies or 

autoantibodies are antibodies that react with self-molecules (Elkon & Casali, 

2008). This kind of autoantibody effect is detrimental when they start targeting 

host tissues. In these pathological conditions, auto-antibodies can cause inflam-

mation in joints, such as in rheumatoid arthritis (RA) or can affect the lungs, 

blood cells, nerves, and kidneys for example in systemic lupus erythematosus 

(SLE), or intestines, such as in inflammatory bowel disease (IBD) (de Jonge 

et al., 2021). A dysregulated inflammatory response against self-antigens, e.g. 

against the pancreatic insulin-producing beta cells causes type 1 diabetes (T1D), 

against the myelin sheath causes multiple sclerosis (MS), and against chromatin 

leads to SLE (Alriyami & Polychronakos, 2021). 

It is worth noting that patients affected by these diseases have a significantly 

modified risk to develop cancer (Vlagea et al., 2018). This risk is often increased 

in SLE, RA, Sjögren syndrome, IBD, and systemic sclerosis, resulting in frequent 

occurrence of several types of cancers (Valencia et al., 2019). 
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2.4.2 Immunity and cancer development 

For years, autoimmunity and cancer have been considered as two separate fields 

of research that do not have a lot in common. Autoimmune disease results from 

an immune response against self-antigens, while cancer develops when the 

immune system does not respond to malignant cells. One of the hallmarks of 

cancer is attracting tolerogenic cell subsets while evading the immune response. 

Malignant cells express immune checkpoint proteins to show impaired antigen 

presentation, undergo epithelial-to-mesenchymal transition, or present alterations 

in RNA editing. However, the discovery of immune checkpoints and the develop-

ment of anti-cancer drugs targeting programmed cell death receptor 1 (PD-1) and 

cytotoxic T lymphocyte antigen 4 (CTLA-4) pathways proved that studying 

autoimmune diseases can be extremely helpful in the development of novel anti-

cancer drugs (Sakowska et al., 2022). 

Multiple approaches have been made to break cancer tolerance and awaken 

the immune system to fight against it. These strategies have been based on 

monoclonal antibodies, adoptive cell therapies, or therapeutic anti-cancer vacci-

nes. Nevertheless, there is still a lack of full understanding of the complex net-

work of mechanisms leading to tolerance induction or its breakdown (Sakowska 

et al., 2022). It is possible that pre-existing auto-antibodies could directly contri-

bute to promote or suppress cancer progression (de Jonge et al., 2021).  

 

2.4.3 Autoimmunity against cancer 

Numerous studies have demonstrated that metabolites and other proteins released 

from tumor cells can trigger humoral immune responses in patients (Finn, 2005). 

Tumors themselves consist of a complex mixture of both germline-encoded and 

novel somatically generated antigens. Germline encoded antigens typically 

derive from proteins that are not antigenic in normal cells. However, when tumor 

cells start expressing them well above normal levels, or in places where they 

become exposed to the immune system, they can become so called tumor-

associated antigens (TAAs). Somatically generated novel antigens are derived 

from normal genes by somatic mutation, deletion, or epigenetic modifications 

and are called tumor-specific antigens (TSAs) (de Jonge et al., 2021). Classi-

fication of tumor antigens has been shown in figure 3 (Feola et al., 2020). 

One promising approach for early detection of cancer is to look for the 

immune response against cancer. The immune system is especially well adapted 

to detect very low levels of antigen and to respond to these minute amounts by 

generating very-high-affinity T cells and antibodies. This kind of immune 

response is generated locally after small amounts of TSA or TAA proteins, which 

originate in only a few tumor cells, are processed by antigen-presenting cells. 

After processing, they are displayed to lymphocytes in the lymph node that drains 

the site of a developing tumor. As a response, antibodies and T cells, that can 

enter circulation, are generated (Finn, 2005). These autoantibodies could serve as 

pioneer reporters of tumorigenesis as their formation occurs several months or 
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years earlier than the onset of clinical symptoms of cancer (Yao et al., 2012). 

Autoantibodies against cancer could be detected even at early stages of cancer 

development (Chen et al., 2014b). However, the presence of a TSA or TAA does 

not elicit immune responses to malignant cells themselves (Bates et al., 2018).  

Figure 3. Classification of tumor antigens. Tumor antigens can generally be categorized 

into tumor-associated antigens (TAAs) and tumor-specific antigens (TSAs) based on the 

expression pattern of the parental gene. TAAs are self-proteins expressed in cancer cells 

that appear upon malignant transformation due to the overexpression of normal proteins 

(gene overexpressed), the expression of proteins with tissue-specific gene patterns 

(differentiation antigens), or the expression of proteins derived from gene expression 

restricted to the testes (cancer testis antigens, CTAs). TSAs are proteins expressed by 

tumor cells and can arise from mutations (neoantigens), from viruses being involved in 

the oncogenic transformation (oncoviral antigens), or from the expression of tumor-

specific endogenous retroviruses (Feola et al., 2020). 

 

One set of antibodies may tell us that a tumor is developing (diagnosis), whereas 

another set might tell us that the tumor has been or is likely to be destroyed 

(prognosis) (Mintz et al., 2003). Autoantibodies circulate for a longer time than 

other polypeptides, since they are stable in the serum and are often produced in 

large amounts. Therefore, serum profiling of circulating autoantibodies is con-

sidered an attractive method in the diagnosis of cancer at early stages (Chen et al., 

2012). 
 

2.4.4 Cancer testis antigens (CTA) 

Cancer-testis antigens (CTAs) are a group of proteins that have restricted 

expression to testis, ovaries and placenta, and are aberrantly re-expressed in can-

cer where they have the potential to be immunogenic (Simpson et al., 2005). 

CTAs commonly share multiple characteristics including a highly tissue-

restricted expression profile, existence as multigene families, frequent mapping 

to chromosome X, heterogeneous protein expression in cancer, likely correlation 

with tumor progression, induction of expression by hypomethylation and/or 

histone acetylation, and immunogenicity in cancer patients. By 2002, 20 CTA 

genes or gene families had been identified (Scanlan. et al., 2002). By 2020, there 

were over 270 distinguished CTAs (Danilova et al., 2020). 
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Some antigens, including MAGE antigens, are represented by multi-antigen 

families of related antigens. Each gene in the gene family is located in the same 

chromosome locus and is governed by the same enhancer. As such, members of 

one family are almost always co-expressed with the same level of expression. 

Moreover, there is high gemology of gene family members in the structure and 

function, and they also share immunogenic properties. On the other hand, some 

families consist of only one member, for example SCP1 (Danilova et al., 2020). 

CTAs play a role during embryonic development and in stem cell self-renewal 

(Costa et al., 2007). For example, N-RAGE, NY-ESO, MAGE-A1, and SSX are 

expressed in human bone marrow mesenchymal stem cells (Cronwright et al., 

2005). CTA expression is dependent on the maintenance of an undifferentiated 

phenotype in stem cells. In tumor tissues, they are heterogeneously expressed in 

only a few cells within the tumor mass (Costa et al., 2007).  

Emerging evidence shows that a number of CTAs promote epithelial mesen-

chymal transition and genesis of cancer stem like cells. This escalates tumori-

genesis, invasion, and metastasis. CTAs such as SSX, MAGE-D4B, CAGE, 

Piwil2, and CT45A1, upregulate EMT and metastatic genes, promoting tumor 

dissemination. In addition, certain members of CTAs, including Piwil2, DNAJB8, 

CT45A1, MAGE-A, GAGE, and SPANX, are implicated in the initiation or 

maintenance of cancer stem-like cells, promote tumorigenesis and malignant 

progression. Clinically CTAs are closely associated with poor prognosis in cancer 

patients (Yang et al., 2015). 

CTAs are generally upregulated in response to DNA hypomethylation, which 

is a common feature of cancer cells. Treating cells with the DNA methyltrans-

ferase inhibitor decitabine, also known as 5-aza-2′-deoxycytidine, in vitro results 

in a dramatic upregulation of most, if not all, CTAs. A correlation between CTA 

expression and promoter methylation status in tissue samples has been shown in 

several different types of cancer (Kulkarni et al., 2012). 

 

2.4.4.1 MAGE-A family 

The Melanoma Antigen Gene (MAGE) protein family is a large, highly con-

served group of proteins that share a common MAGE homology domain (MHD) 

(Weon & Potts, 2015). MAGE proteins comprise a super-family of more than 60 

genes in humans (Chomez et al., 2001; Simpson et al., 2005). The MAGE family 

has garnered growing interest as biomarkers in cancer as well as immunotherapy 

targets. A subset of these >40 human proteins are classified as cancer-testis anti-

gens (Simpson et al., 2005). 

First member of the human MAGE family was identified as a gene encoding 

a tumor-specific antigen in 1991 (van der Bruggen et al., 1991). This gene was 

later found to belong to a cluster of 12 MAGE-A genes located in the q28 region 

of the X chromosome (De Plaen et al., 1994; Rogner et al., 1995). Sequencing 

the human Xp21 region led to the discovery of a second cluster that was 

named MAGE-B (Lucas et al., 1998; Lurquin et al., 1997; Muscatelli et al., 
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1995). At the end of 1990s, the MAGE-C cluster was identified in Xq26–27 

(Lucas et al., 1998, 2000). 

Overall, MAGE family members can be divided into two categories based on 

tissue expression pattern. Type I MAGEs are considered CTAs and include 

MAGE-A, -B, and -C subfamilies (Barker & Salehi, 2002; Simpson et al., 2005). 

Genes belonging to the MAGE-A, -B, and -C subfamilies are characterized by a 

large terminal exon encoding the entire protein (Rosenberg, 2000). Excluding 

pseudo-genes, there are eleven genes in the MAGE-A family [termed MAGE-A1 

to -A12 (MAGE-A7 is a pseudogene)], nine in MAGE-B and four in MAGE-C 

(Chomez et al., 2001). Type II MAGEs include MAGE-D, -E, -F, -G, -H, -L 

subfamilies and Necdin, which are expressed throughout many tissues and are 

not restricted to the X chromosome (Barker & Salehi, 2002). 

Both type I and type II MAGEs contain a MAGE homology domain that is 

approximately 170 amino acids long and on average 46% conserved amongst all 

human MAGE proteins (Weon & Potts, 2015). The sequence encoding the 

MAGE conserved domain is entirely in a single exon in MAGE-A, -B, and  

-C genes (Chomez et al., 2001). Other regions of the proteins, especially N-termini, 

are completely different from one sub-family to another and could therefore 

reflect differences in functional specificity. In the MAGE-A family, the MHD 

encompasses as much as 70% of the protein. The high conservation of the MHD 

suggests that MAGE proteins may share common structure and function that can 

contribute to both their normal physiology and to the development of cancer 

(Meek & Marcar, 2012). 

The large number of MAGE genes that can be expressed in cancers means that 

it is extremely difficult to assess the expression of all the relevant genes in all 

cancers. However, cancer cells generally tend to co-express combinations of two 

or more MAGE-A, or other CTAs, antigens in a manner that is unlikely to be 

random (Meek & Marcar, 2012). For example, combinations frequently include 

MAGE-A3 or MAGE-C2 suggesting a possible selection for these proteins. 

Additionally, MAGE-A expression is observed mainly in cancers that have 

acquired malignant phenotypes, for example invasiveness or metastasis (Simpson 

et al., 2005). MAGE detection also correlates with poor prognosis in cancer 

patients, underpinning the idea that MAGE proteins may contribute actively 

towards malignancy (Meek & Marcar, 2012). 

 

2.4.4.1.1 MAGE-A in cancer development 

MAGE family proteins function during embryonic development. After that, these 

genes are subsequently deactivated, perhaps by the epigenetic mechanisms in-

cluding DNA methylation and histone deacetylation. During neoplastic trans-

formation, these genes are re-activated, expressed, and may become antigenic 

targets that are recognized and attacked by the immune system (Sang et al., 2011).  

A defining biochemical function of MAGE proteins is their ability to bind to 

specific E3 RING ubiquitin ligases through their MHDs (Doyle et al., 2010). As 

such, MAGE proteins can regulate the ubiquitination of proteins. This includes 
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enhancing general ligase activity, binding to and specifying novel substrates for 

ubiquitination by the E3 ligase complex, and altering the subcellular localization 

of E3 ligases to dictate substrates (Doyle et al., 2010; Hao et al., 2013; Pineda 

et al., 2015). As such, aberrant expression of MAGE proteins in tumor cells can 

lead to alterations in cellular processes and signaling pathways through ubiqui-

tination and potentially other activities to contribute to tumorigenesis (Weon & 

Potts, 2015). MAGE-A proteins are also established regulators of certain cancer-

associated transcription factors, for example p53 (Marcar et al., 2015). 

As another mechanism, degradation of a master cellular energy sensor and 

regulator (AMPK) by MAGEA-TRIM28 results in significantly reduced auto-

phagy and changes in cellular metabolism. Overall, expression of MAGE-A3 (or 

MAGE-A6) and degradation of AMPK is sufficient to induce transformation of 

normal cells and promote multiple hallmarks of cancer (Pineda & Potts, 2015). 

 

2.4.4.1.2 MAGE-A in cancer diagnostics 

Due to a high degree of homology of many MAGE family members and the lack 

of antibodies recognizing specific MAGE family members, the expression of 

MAGEs in tumors has only been analyzed for a few MAGE antigens by immuno-

histochemistry and Western-blot analysis (Sang et al., 2011). One of the best tools 

to determine MAGE-A protein expression has been the anti-MAGE-A1 antibody 

6C1, which cross-reacts with MAGE-A1, -A2, -A3, -A4, -A6, -A10, and -A12; 

and the anti-MAGE-A3 antibody 57B, which cross-reacts with MAGE-A1, -A4, 

-A6, and -A12. Both antibodies are regarded as multi-MAGE antibodies (Busam 

et al., 2000; Rimoldi et al., 2000). Another diagnostic problem, is that due to the 

high similarity in the sequences of MAGE-A1, -A2, -A3, -A4 and -A6, it is dif-

ficult to design a unique primer to detect the different genes in different poly-

merase chain reaction (PCR) based applications (Liu et al., 2020a). 

Cancers also show significant variation in nuclear versus cytoplasmic distri-

bution of MAGE-A (Sang et al., 2011). This could be either due to different 

MAGE-A family members exhibiting differential localization, or that the mecha-

nisms controlling localization are tumor cell-specific. Localization could be a 

factor in defining the outcome of MAGE-A expression. At the same time, 

MAGE-A expression depends on the localization of relevant MAGE-A target- or 

interacting proteins as well (Meek & Marcar, 2012). Most investigations have 

showed that higher frequency of MAGE expression has often been associated 

with poor outcome. However, there are some exceptions reported concerning 

MAGE-A4 (Bandić et al., 2006). Higher grade and metastatic tumors have also 

been found to have more frequent MAGEs expression than primary tumors 

(Bergeron et al., 2009; Brasseur et al., 1995). As another diagnostic complication, 

MAGE‑A proteins are expressed only in a portion of cancer cells; different works 

have shown that the amount of expressing cells is between 25 and 50% (Barrow 

et al., 2006; Busam et al., 2000).  

Overexpression of MAGE-A subfamily members has been linked to poor 

prognosis in multiple cancers. In 2020, the first comprehensive meta-analysis 
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evaluating the prognostic utility of MAGE-A members in different cancers, was 

conducted. It included 44 eligible studies consisting of 7428 patients from 11 

countries. Univariate and multivariate analysis for overall survival, progression-

free survival, and disease-free survival showed a significant association between 

high MAGE-A expression and various cancers. Additionally, subgroup analysis 

demonstrated that high MAGE-A expression was significantly associated with 

poor prognosis for lung, gastrointestinal, breast, and ovarian cancer (Poojary et al., 

2020). However, tumor cells very often express more than one MAGE-A protein. 

For example, simultaneous expression of five or more MAGE-A proteins occurs 

in more than half of oral squamous cell carcinomas (Brisam et al., 2016). Simul-

taneous expression of MAGE-A1 and MAGE-A4 expression occurs in 60‑70% 

of melanomas (Barrow et al., 2006).  

Expression of these antigens may be highly heterogeneous in a variety of tumors 

of different histological origin, with percentages of positive cells ranging between 

5 and 60% (Schultz-Thater et al., 2011). For example, MAGE-A10 has been shown 

to be expressed in 38% of malignant melanomas (Schultz-Thater et al., 2011). In 

the case of MAGE-A10, it has also been suggested to be the most immunogenic 

antigen of the MAGE-A family (Bricard et al., 2005; Groeper et al., 2007; 

Valmori et al., 2001). 

 

2.4.4.1.3 MAGE-A and cancer progression 

Several studies have shown that MAGE-A proteins are associated with or 

contribute to solid malignancies. As such, MAGE‑A expression is considered to 

be an important predictor of malignant transformation (Laban et al., 2014). 

MAGE-A4 is expressed in 9% of primary tumors, but reaching to 44% in distant 

metastasis (Barrow et al., 2006). In case of melanomas, MAGE-A1 expression 

has been found in 16% of primary melanomas and 48% of metastatic melanomas 

(Brasseur et al., 1995b; Tan et al., 2019; Xu et al., 2019a). However, in another 

study no correlation was observed, and MAGE-A3/4 protein was present in 25% 

of primary invasive and metastatic tumors, but not in in situ melanomas (Busam 

et al., 2000). Previous studies have shown that MAGE-A4 is rarely lost when once 

acquired. Barrow et al showed no loss of MAGE-A4 in the 2006 study, where 

MAGE-A4 expression was studied in primary melanomas, lymph node, sub-

cutaneous and distant metastases. Only 2% of patients showed its presence to be 

lower in subsequent samples than in the original one (Barrow et al., 2006). 

 

2.4.4.1.4 MAGE-A in liquid biopsy 

The expression of MAGE-A genes could be used as a CTC biomarker in colo-

rectal, breast and gastric cancer. In colorectal cancer patients, positive expression 

levels of MAGE-A1/A6 were significantly higher in stages T3 and T4 compared 

with in stages T1 and T2 (Kim et al., 2017), where T stage stands for tumor stage 

(Mohr et al., 2009). Expression of serum and serum exosome MAGE-A3 and 

MAGE-A4 mRNA have been shown to be significantly higher in lung adeno-

carcinoma patients than in healthy donors. MAGE-A3 mRNA has been associated 
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with tumor diameter, TMN stage, and NSE, whereby MAGE-A3 mRNA has been 

correlated with N stage in serum-derived exosomes. Serum MAGE-A3 protein 

levels have been found to be elevated in lung adenocarcinoma patients, and were 

closely related to stage and NSE levels (Gan et al., 2024). 

 

2.4.5 Autoantibodies in cancer 

Autoantibodies against different cancers have been investigated in multiple 

studies. When looking at different cancer types, antigens have been shown to be 

immunogenic in multiple cancers and multiple antigens are immunogenic in each 

cancer type. For example, when looking at blood antibodies against a panel of 

more than 8000 human antigens, 202 antigens were identified to be immunogenic 

in ovarian cancer and 29 in pancreatic cancer (Gnjatic et al., 2010). In some studies 

a lower antibody level has also been related to cancer development (Liu et al., 

2020b; Tan et al., 2019; Xu et al., 2019a). 

Some tumor antigens are expressed in such a high percentage of tumors that 

they are called “universal antigens”. Examples of antigens expressed in more than 

50% of tumor types that are able to induce an immune response are p53, NY-

ESO-1, survivin, and MART-1 (de Jonge et al., 2021). For example, serum p53 

antibody has been shown to be a valuable prognostic factor for carcinomas that 

correlates with nodal involvement, TNM stage, histological type in lung cancer 

or tumor size in gastric cancer (Yu et al., 2011). Adding anti-p53 antibodies to 

conventional markers has also improved the overall detection rates of esophageal 

and colorectal cancers (Yajima et al., 2021).  

However, the diagnostic performance of different autoantibody markers can 

vary greatly across studies, even for the markers examined in more than one 

study. The discrepancy could be explained by diverse definition of the cutoff 

value for blood autoantibody levels as a lower cutoff values result in higher sensi-

tivity and lower specificity, and vice versa. In addition, diverse detection methods 

used with different study designs and diverse study populations could lead to 

differences between studies. Also as another problem, sample sizes of many stu-

dies have also been rather small (Chen et al., 2014b).  

Even though most individual autoantibody markers lack the sensitivity and 

specificity required for cancer screening and diagnosis, promising performance 

has been reported for several marker combinations. For example, in colorectal 

cancers, the low sensitivity of individual autoantibody markers most likely ref-

lects the diversity of colorectal cancers, and combinations of multiple markers 

could ensure detection of major subtypes. Sensitivity might be further enhanced 

by combination with other blood based markers, such as CEA, microRNAs, or 

metabolic markers (Chen et al., 2014b)
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 2.5 Melanoma 

Melanoma is a type of skin cancer that is caused by malignant melanocytes. It 

can be cutaneous, ocular, gastrointestinal, mucosal, leptomeningeal, geni-

tourinary or lymphatic. It is the fifth most common type of cancer in men and the 

sixth most common in women in the world. Melanoma diagnosis is made through 

clinical assessment. Architectural features of malignant melanoma include asym-

metry, confluence of growth, marked cellularity, and poor circumscription 

(Ahmed et al., 2020). In 1985, the ABCDE acronym was adopted to characterize 

the early clinical presentation of melanoma (Rastrelli et al., 2014). 

 

2.5.1 Epidemiology 

Currently, when the incidence of many tumor types is decreasing, melanoma 

incidence continues to increase (MacKie et al., 2009). The incidence of malignant 

melanoma has resulted in an important socio-economic problem (Rastrelli et al., 

2014). From being a rare cancer one century ago, the average lifetime risk for 

melanoma has now reached 1 in 50 in many Western populations (Meyle & Guld-

berg, 2009). Currently, 1 in 63 Americans will develop melanoma during their 

lifetime (Markovic et al., 2007).  

In Europe, there is a gradient in incidence rates with the highest rates in Northern 

countries and the lowest in the Southern countries. The incidence of melanoma 

in Italy is equal to 5–7 cases per 100,000 inhabitants per year (Lasithiotakis et al., 

2006). Starting from 1960s, the incidence has increased in Caucasian populations 

and, thus, melanoma has become one of the most frequent cancers in fair-skinned 

populations (Caini et al., 2009). The white population has an approximately 10-

fold greater risk of developing cutaneous melanoma than black, Asian or 

Hispanic populations (Lasithiotakis et al., 2006).  

Unlike other solid tumors, melanoma mostly affects young and middle-aged 

people. The median age at the time of diagnosis is 57 years. Incidence of mela-

noma increases linearly after age 25 until age 50 and then slows (Rastrelli et al., 

2014). From 2003 to 2007, the median age of death for malignant melanoma was 

68 years. There is a greater mortality rate in men compared to women of the same 

age in the U.S. (Rigel, 2010). The distribution of favored sites of occurrence is 

sex-dependent: the most common areas are the back for men and the arms and 

legs for women (Markovic et al., 2007). Although the 5-year survival rate of 

patients with early stage localized melanoma is greater than 90%, survival rates 

drop to less than 20% once the melanoma has metastasized to distant sites (Jemal 

et al., 2008). A schematic overview of melanoma progression from benign nevus 

to metastatic stage is shown in figure 4 (Puglisi et al., 2021). 
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Figure 4. Schematic picture of melanoma progression from benign nevus to metastatic 

stage, modified from the work of Puglisi et al (Puglisi et al., 2021). 

 

2.5.2 Risk factors 

2.5.2.1 Clinical parameters 

Clinical parameters such as age, sex, skin color, pigmentation status of the tumor 

and site of the primary tumor play an important role for the outcome of patients. 

Particularly high-risk sites include the back, upper arm, neck, and scalp. Known 

risk factors are multiple atypical nevi, positive family and/or personal history, 

immune suppressive diseases or treatments, and fair skin phenotype (Dimitriou 

et al., 2018). Certain phenotypic characteristics such as red hair, fair skin, numer-

ous freckles, light eyes, sun sensitivity and an inability to tan, raise the risk of 

developing melanoma by approximately 50% (Titus-Ernstoff et al., 2005). Patients 

with an underlying genetic predisposition to develop melanoma usually show 

occurrence at a younger age, under 40 years, multiple primary melanomas or a 

history of precursor lesions such as dysplastic nevi, and are more likely to 

have tumors that are superficially invasive and have a better prognosis (Rastrelli 

et al., 2014). 

 

2.5.2.2 Moles 

Melanocytic nevi, also known as moles, are benign accumulations of melanocytes 

or nevus cells and may be congenital or acquired (Rastrelli et al., 2014). Approxi-

mately 25% of melanoma cases occur in conjunction with a pre-existing nevus 

(Bevona et al., 2003). Moreover, the total nevus count is positively correlated 

with melanoma risk and it varies on the basis of number, size and type of nevi 

(Rastrelli et al., 2014). Patients with more than 100 nevi have a 7-fold increased 

risk for melanoma (Friedman et al., 1985; Gandini et al., 2005). Regarding the 

size, larger (>5 mm) and giant (>20 cm) nevi are associated with a significantly 

higher risk of melanoma (Watt et al., 2004).  
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In addition, the presence of even a single nevus with atypical features 

enhances the risk. The presence of five atypical nevi give a six-fold increase for 

melanoma development (Rastrelli et al., 2014). Melanomas, which develop in the 

setting of previous nevi, are usually located on the trunk in younger patients and 

belong to the superficial spreading variety (Purdue et al., 2005). 

 

2.5.2.3 UV radiation 

The most important and potentially modifiable environmental risk factor for 

developing malignant melanoma is the exposure to ultraviolet (UV) rays 

(Rastrelli et al., 2014). Intermittent sun exposure and sunburn history have been 

shown to play considerable roles as risk factors for melanoma (Gandini et al., 

2005). Sunburn history may be a marker of intense intermittent sun exposure. A 

history of sunburns in childhood is associated with the highest risk (Elwood & 

Jopson, 1997). Artificial UV exposure may play a role in the development of 

melanoma. The amount of UVA occurring in a typical tanning bed session is 

significantly higher in comparison to the exposure during ordinary outdoor 

activities or even during sunbathing [The International Agency for Research on 

Cancer Working Group on artificial ultraviolet (UV) light and skin cancer, 2007].   

 

2.5.3 Classification 

Majority of cutaneous melanomas arise from melanocytes in the epidermis. Most 

of them evolve through two major stages of tumor progression, the radial growth 

phase (RGP) and the vertical growth phase (VGP) (Bobos, 2021). The RGP 

melanoma lesions may be recognized as pigmented patches or plaques, which 

expand more or less along the radius of an imperfect circle in the horizontal axis 

within the skin. In the next stage of progression, in VGP, a tumor is formed and 

it may infiltrate the dermis or elevate the epidermis to form a nodule whose net 

direction of growth includes the vertical axis (Elder et al., 2020).  

Based on the presence or absence of the RGP (Elder et al., 2018), as well as 

clinical and histological features (Rastrelli et al., 2014) three major categories of 

melanoma are recognized: nodular melanoma (NM), superficial spreading mela-

noma (SSM), and lentigo maligna melanoma (LMM). 

Superficial spreading melanoma is the most common type of melanoma ac-

counting for approximately 70% of cases. It is related to intermittent sun exposure 

and localizes most often on the back of the legs of women and on the backs of 

men. SMMs may arise de novo or in association with a nevus. Nodular melanoma 

accounts for 5% of melanomas and most often occurs on the trunk and limbs of 

patients in the fifth or sixth decade of life. It is more common in males than 

females. NMs are often ulcerated. It does not have a radial growth phase; it only 

has a vertical growth phase correlated with more rapid growth and higher rate of 

metastasis. Lentigo maligna melanoma accounts for 4% to 15% of cutaneous 

melanomas and, unlike NM and SSM, correlates with long-term sun exposure 
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and increasing age. This cancer may evolve for decades before invading into the 

dermis (Markovic et al., 2007). 

In addition, acral lentiginous melanoma (ALM) can be found. ALM is un-

common, accounting for 5% of melanomas in white people but it is the most 

common type of melanoma among Asian, Hispanic and African patients. 

Typically, it affects elderly patients, with a female predominance. ALM is mainly 

localized on skin and adjacent skin of digits, palms and soles. It usually involves 

the nail bed of the great toe or thumb (Markovic et al., 2007). As a rarer subtype, 

desmoplastic melanoma (DM) exists. Desmoplastic melanoma often occurs in 

individuals between the age of 60 and 70 years. It rises on the head and neck but 

can occur on a variety of cutaneous and mucosal areas. It is slightly more common 

in men. Clinically DM may be amelanotic and it can present as an erythematous, 

pale, or flash-colored nodule or plaque arising in sun-damaged skin. This cancer 

is positive for S100 and it may be difficult to differentiate desmoplastic mela-

noma from scars tissue as S100-positive cells can also be seen in dermal scars 

(Markovic et al., 2007). 

 

2.5.4 Stages 

Most cancers can be classified according to the stage of disease. Stages are a mea-

sure of how widely cancer has spread in the primary organ and beyond. Stages  

0-I-II are localized disease, where cancer is contained in the place where it started 

with no signs of spreading. Stages II–III is regional disease, where cancer has 

spread to nearby organs, tissues or lymph nodes. Stage IV refers to distant 

disease, also known as metastatic cancer. Cancer metastasis is the spread of can-

cerous cells to organs and tissues beyond the primary tumor site leading to the 

possible formation of secondary tumors (Connal et al., 2023).  

Metastatic lesions are the leading cause of death in cancer patients, accounting 

for 90% of all cancer-related deaths (Guan, 2015). Other factors such as tumor 

size, location, type, and number of metastatic lesions, also impact survival. The 

general trend shows a decreasing survival rate with increasing cancer stage 

(Connal et al., 2023). 

For melanoma, staging of tumors is done according to the American Joint 

Committee on Cancer (AJCC) guidelines (table 2 and 3). These take into account 

tumor thickness (Breslows thickness), ulceration, microsatellites, regional lymph 

node metastasis, extranodal extensions, distant metastatic sites, primary tumor 

mitotic rate, anatomic level of invasions (Clark level of invasion), tumor in-

filtrating lymphocytes, lymphovascular invasion, neurotropism and melanoma 

tumor burden in sentinel nodes to divide melanomas into five different stages 

with multiple substages (Amin et al., 2017).  
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Table 2. Tumor classification system. Based on Mohr et al., 2009. 

Tumour classification (T) 

Tx Primary tumor which cannot be assessed  

Tis Melanoma in situ 

T1 ≤1.00 mm tumor size 

  T1a Without ulceration or level II/III invasion 

  T1b With ulceration or level IV or V invasion 

T2 1.01–2.00 mm tumor size 

  T2a Without ulceration 

  T2b With ulceration 

T3 2.01–4.00 mm tumor size 

  T3a Without ulceration 

  T3b With ulceration 

T4 >4.00 mm tumor size 

  T4a Without ulceration 

  T4b With ulceration 

Node classification (N) 

N1 One lymph node contains tumor cells 

  N1a 

Micrometastases (clinically not seen), diagnosed after elective or sentinel 

lymphadenectomy 

  N1b Macrometastases (clinically apparent) 

N2 Two to three lymph nodes contain tumor cells 

  N2a 

Micrometastases (clinically not seen), diagnosed after elective or sentinel 

lymphadenectomy 

  N2b Macrometastases (clinically apparent) 

  N2c In-transit satellite without metastatic lymph nodes 

N3 

Tumor cells in four or more lymph nodes, metastatic, or in-transit 

satellite without metastatic lymph nodes 

Metastasis classification (M) 

M0 No metastasis 

M1a Distant skin, subcutaneous or lymph node metastases, normal LDH 

M1b Lung metastases, normal LDH 

M1c 

All other visceral metastases, normal LDH; any distant metastases, 

elevated LDH 
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Table 3. Cutaneous melanoma staging system. Referenced from Mohr et al., 2009. 

Stage Description Stage grouping 

0 
Melanoma in situ, no lymph node involvement, no 

metastasis  Tis, N0, M0 

I 
Patients with low-risk primary melanomas without  

evidence of regional or distant metastases 

  Ia 
Primary lesions ≤1 mm thick, without ulceration of the 

overlying epithelium or invasion   T1a, N0, M0 

  Ib 
Primary lesions ≤1 mm thick with epithelial ulceration or 

invasion 

T1b or T2a, N0, 

M0 

II 
High-risk primary tumors, without evidence of lymphatic  

disease or distant metastases 

  IIa 
Lesions >1 mm and ≤2 mm thick with ulceration; and >2 

mm and ≤4 mm thick without epithelial ulceration 

T2a or T3a, N0, 

M0 

  IIb 
Thickness between >2 mm and ≤4 mm with epithelial 

ulceration or >4 mm without ulceration 

T3b or T4a, N0, 

M0 

  IIc Thickness >4 mm with epithelial ulceration T4b, N0, M0 

III 

Lesions with pathologically documented involvement of  

regional lymph nodes or presence of in-transit or satellite  

metastases 

  

IIIa 
One to three microscopically involved lymph nodes and 

with a non-ulcerated primary tumor 

T1 to 4a, N1a or 

N2a, M0 

IIIb 
One to three microscopically involved lymph nodes with 

an ulcerated primary tumor 

T1-4a to 4b, N1a 

to N2c, M0 

  IIIc 
Four or more affected lymph nodes or metastases or 

satellite lesions or ulceration 

T1 to 4b, N2b or 

N3, M0 

IV 
presence of distant metastases 

any T, any N, 

any M 
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2.5.5 Genetic markers 

Cutaneous melanoma is regarded as a tumor of high tumor mutation burden 

(Alexandrov et al., 2013). Genes subjected to somatic mutation testing include 

BRAF, CDK4, GNAQ, JAK2, KRAS, MAP2K1, NF1, NRAS, and STAT1 

(Forschner et al., 2019) with most commonly detected mutations affecting BRAF 

(V600E/K/R, L597R/S), NRAS (Q61K/L/R, G12D), and KIT (L576P). Among 

them, the most common is the BRAF oncogenic driver V600 mutation, that is 

found in 40–50% of cutaneous melanomas (Hodis et al., 2012).  

The most common mutations in melanoma arising due to high cumulative sun 

damage are associated with NF1, NRAS, BRAF, or KIT genes. In turn, BRAF 

mutations are the dominating genetic causative factor in superficial spreading 

melanoma (Shain & Bastian, 2016). For acral melanoma, typical mutations can 

be found in the BRAF, NRAS, KIT, and NF1 genes (Hall & Rapini, 2024). 

Hypermethylation of MGMT, RASSF1A, and DAPK has been shown to be 

significantly lower in primary melanomas compared to metastatic melanomas. 

However, hyper methylation of RAR-beta2 has been shown 70% in both primary 

and metastatic melanomas (Hoon et al., 2004).  

 

2.5.6 Melanoma and the immune system 

In 1953 Sumner first described regression in melanoma (Sumner, 1953) and it 

remains the most contentious of all dermatopathologic and clinical features in 

melanoma diagnosis (Ribero et al., 2016a). Histological regression in primary 

cutaneous melanoma occurs in 10–35% of cases (Blessing et al., 1990). Reg-

ression has traditionally been considered as a marker of poor prognosis, because 

it hampers the real evaluation of the initial thickness of the melanoma (Ribero et 

al., 2016a). However, the presence of histological regression has also been 

demonstrated to improve the patients’ prognosis (Ribero et al., 2016b). It has 

been suggested that a host immunological response to tumor could be the basis 

of regression. This phenomenon could reflect the role of immunologic system 

against primary tumor and its presence should be considered prognostically 

favourable (Ribero et al., 2016a). For example, Ma et al. showed that the immune 

profile of the primary melanoma predicts metastatic involvement and that the 

presence of primary tumor regression results from a T-cell immune response (Ma 

et al., 2012). 

 

2.5.7 Current diagnostics 

Early detection of malignant melanoma remains the key factor in lowering 

mortality. In melanoma diagnostics, timely recognition, detection, and rapid 

treatment of melanoma remain critical. Malignant melanoma, compared to other 

cancers, has the advantage of the cutaneous location, which permits its early 

detection through non-invasive approaches (Rastrelli et al., 2014). The “gold 
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standard” for melanoma diagnosis continues to be histopathology, in conjunction 

with clinical characteristics. Sometimes immunohistochemistry is also needed 

(Bobos, 2021). 

 

2.5.7.1 Skin examination 

Skin self-examination has great potential as a simple, convenient method of 

screening for melanoma and precancerous lesions (Rastrelli et al., 2014). Before 

the 1980s, melanomas were often recognized by identifying clinically macro-

scopic features. Melanomas were often detected in an advanced stage when they 

appeared large, ulcerated and fungating (Montella et al., 2009).  

Since then, there has been a need to educate physicians and the public to 

recognize melanoma in its early clinical presentation and the “ABCD” criteria 

was developed in 1985. The ABCD acronym stands for Asymmetry, Border 

irregularity, Color variation, Diameter >6 mm. Later the letter “E” was added for 

Evolving, which is especially important for the diagnosis of nodular melanomas 

(Friedman et al., 1985; Robinson & Turrisi, 2006). With the ABCD(E) criteria, 

the sensitivity of self-skin examination ranges from 57% to 90% (Rastrelli et al., 

2014). Other clinical approaches have been developed to enhance early diagnosis, 

such as the Glasgow 7-point checklist, which includes 3 major criteria: change in 

size, shape, color; and 4 minor criteria: sensory change, diameter of 7 mm or 

greater, the presence of inflammation, and crusting or bleeding (MacKie, 1990). 

Dermatoscopy is a non-invasive diagnostic technique for in vivo observation 

of the skin. A dermatoscope uses optic magnification to permit visualization of 

morphological structures that are not visible to the naked eye. Dermatoscopy has 

increased the accuracy of melanoma detection since this approach renders early 

signs of the disease visible in the pigmented lesions much earlier. The dermato-

scopic criteria for melanoma diagnosis are atypical pigment network, irregular 

dots/globules, irregular streaks, irregular pigmentation, regression structure, 

blue-whitish veil, and changed vascular pattern (Neila & Soyer, 2011). 

 

2.5.7.2 Histopathology 

A biopsy must be taken to diagnose a melanoma lesion (Kaiser et al., 2014). 

Tissue biopsies are regarded as the “gold standard” for tumor profiling in cancer 

diagnostics (Corcoran & Chabner, 2018). First, a hematoxylin and eosin (H&E) 

stain will be done. H&E stain is essential for recognizing various tissue types and 

the morphologic changes (Fischer et al., 2008).The cytological features of malig-

nant melanoma include an irregular and thick nuclear membrane and prominent 

nucleoli (Ahmed et al., 2020).  

After an H&E stain, immunohistochemistry (IHC) is done. IHC is the most 

common ancillary technique used by pathologists to assist melanoma diagnostics, 

as it is readily available in most laboratories, relatively inexpensive, reliable, and 

reproducible. The use of IHC for the diagnosis of melanoma has significantly 

increased over the last 20 years (Kim & Meehan, 2017). There are several 
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melanocytic markers that provide robust support for melanocytic origin. These 

include Melan-A/MART-1, HMB-45, MITF, tyrosinase, S100 and SOX10 (Davis 

et al., 2019; Mohamed et al., 2013; Ohsie et al., 2008). Proliferation markers such 

as Ki-67 are also looked at. Proliferation markers are used to determine the 

number of cells in the cell cycle in a given lesion, with benign melanocytic tumors 

expected to have low proliferative indices (Davis et al., 2019). 

 

2.5.7.3 Biochemistry 

2.5.7.3.1 S100 and LDH 

The S100 protein family consists of 21 structurally similar but functionally dif-

ferent proteins whose abnormal expression is characteristic for melanoma 

(Mandel & Metais, 1948). The presence of S100 proteins confirms cancer cells 

participating in malignant invasion, making S100 proteins useful in disease 

monitoring and prognosis (Cayrefourcq et al., 2019). Serum S100 levels are 

correlated with clinical stage of disease: the proportion of patients with serum 

S100 levels above a set cut‐off increases from AJCC stage I–II patients, 0–9%; 

through stage III patients, 5–98%; to be highest in stage IV patients, 40–100%. 

Serum S100 levels have also been found to correlate with the extent of metastatic 

spread, disease activity, active disease/symptoms, disease relapse/progression 

and survival. The highest S100 levels have been observed in patients with liver 

and/or skeletal metastasis, while the proportion of S100‐positive patients is lower 

in those with cutaneous metastases. Some authors have found that S100 levels 

are of prognostic significance independent of clinical stage (Brochez & Naeyaert, 

2000). 

Lactate dehydrogenase (LDH) is a crucial enzyme in glycolysis, facilitating 

the conversion of pyruvate to lactate. It also serves as an indicator of tissue and 

organ hypoperfusion (Tian et al., 2020). Elevated serum LDH levels are assumed 

to reflect tumor cell turnover and tumor burden. Several studies have reported 

serum LDH levels as an independent prognostic factor in patients with stage IV 

disease (Brochez & Naeyaert, 2000). 

Serum S100β and LDH levels have been highly correlated. LDH has the 

highest value to discriminate between progressive and non‐progressive disease in 

stage IV patients after treatment, while S100β levels before therapy have been 

shown to be most discriminative in predicting outcome (Deichmann et al., 1999). 

 

2.5.7.3.2 Other serum markers 

Some other proteins have also been shown to have relevance in melanoma diag-

nosis. Elevated serum levels of several cytokines such as interleukins IL‐6, IL‐8, 

IL‐10; the soluble IL‐2 receptor (sIL‐2R), soluble cell adhesion molecules such 

as soluble intercellular adhesion molecule 1 (sVCAM‐1) and P‐selectin have been 

demonstrated to be elevated in melanoma patients (Brochez & Naeyaert, 2000).  

Increased serum levels of IL‐6 and IL‐8 have been observed in stage IV 

patients and have been shown to correlate with tumor burden. Serum levels of  
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IL‐6 were also higher in patients who were non‐responsive to therapy, regardless 

of tumor burden (Brochez & Naeyaert, 2000). In a group of stage I–III melanoma 

patients, serum sIL‐2R levels were observed to be elevated in over half of patients 

developing distant metastatic disease (Boyano et al., 2009). It has been found that 

sVCAM‐1 could be an independent prognostic factor. Based on the presence or 

absence of elevated sVCAM‐1 and LDH levels patients could be classified into 

different risk categories (Franzke et al., 1998). Glypican-3 (GPC3) has also been 

shown to be overexpressed in melanoma and its serum concentration could serve 

as an early stage melanoma diagnostic marker (Shimbo et al., 2010).  

A correlation between serum neuron-specific enolase (NSE) and tumor burden 

has been reported in melanoma patients, especially in stage IV patients. However, 

elevated NSE levels have low sensitivity, and hence are of limited value in the 

individual patient (Brochez & Naeyaert, 2000). Serum NSE levels were observed 

to correlate with S100 levels, especially in stage III and IV melanoma patients. 

The overall sensitivity of both markers in melanoma patients is comparable, but 

elevated serum S100 levels have been shown to have a higher sensitivity in 

stage IV patients. NSE seems to be less specific to discriminate stage III and IV 

patients from stage I and II (Brochez & Naeyaert, 2000). Lipid‐bound sialic acid 

(LASA‐P) is a sialo glycolipid bound to the membranes of a variety of tumor 

cells. Sensitivity of LASA‐P exceeds that of NSE but not that of S100β, while the 

specificity is comparable with that of NSE (Hauschild, 2009). 

 

2.5.8 Liquid biopsy in melanoma diagnostics 

Reliable detection of melanoma is a challenge due to the diversity of surface 

marker expression and thus inspires the use of different detection methods (Xu 

et al., 2016). These include different liquid biopsy markers such as circulating 

tumor cells, circulating DNA and extracellular vesicles. 

Circulating melanoma cells (CMCs) were first described in the early 1990s 

(Cayrefourcq et al., 2019). Like all circulating tumor cells, CMCs descend from 

the primary tumor (Weight & Viator, 2014). CMCs occur mostly individually in 

melanoma patient bloodstream (De Giorgi et al., 2010) and express a variety of 

surface antigens, including melanoma cell markers, like MCAM, also known as 

MUC18/CD146, (Rapanotti et al., 2017), MART-1 (Ma & Frank, 2015), MAGE-

A3, PAX3, HMW-MAA (Campoli et al., 2004), and GM2/GD2 (Bennaceur et al., 

2006).  

A disadvantage for using CMCs is the relatively low number of CMCs in 

peripheral blood, with 1–3 CMCs corresponding to 5 billion blood cells (Rapa-

notti et al., 2017). Thus, an enrichment stage increasing the concentration is highly 

recommended for an optimized CMCs detection (Alix-Panabières et al., 2012). 

Antigen-based detection technologies carry the risk of non-specific staining, and 

results need to be analyzed in relation to clinical data (Kamińska et al., 2021). 

After purifying CMCs, reverse transcriptase PCR (RT-PCR) methods are 

frequently used for indirect detection of CMCs, through amplification of tyrosi-
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nase, Melan-A, MART-1, PAX mRNA (Rodic et al., 2014). For example, tyrosi-

nase expression is typical for melanoma cells and melanocytes that is not found 

in healthy patients’ blood (Kamińska et al., 2021). DNA sequencing is another 

option that gives the possibility to detect genetic changes characteristic for 

melanoma. Certain abnormalities occur solely in cancer cells and might therefore 

be considered tumor markers, with their tracking enabled via PCR or next-gene-

ration sequencing (NGS) methods (Forthun et al., 2019); (Perkins et al., 2017).  

The amount of ctDNA present in the circulation of melanoma patients at the 

onset of disease is small and accompanied by DNA from non-cancerous cells. As 

such, proper identification of disease in its early stage is often hampered (Postel 

et al., 2018). A higher concentration of ctDNA is often detected in the plasma of 

patients with progressive disease. Destruction of cancer cells during initiation of 

therapy may also lead to elevated ctDNA levels (Spindler et al., 2014).  

Apart from total ctDNA concentration, specific mutation analysis in ctDNA 

can also be performed (Haselmann et al., 2018). Following tumor characteriza-

tion and pre-identification of gene targets, isolated ctDNA can be subjected to 

PCR followed by targeted and nontargeted sequencing methods (O’Leary et al., 

2019). Currently developed approaches are focused on the successful detection 

of mutations and epigenetic changes in ctDNA of low concentration (Kamińska 

et al., 2021). 

Importantly, ctDNA as a time-dependent variable has been shown to be 

superior to LDH testing predicting 12-month survival (Lee et al., 2017). CtDNA 

has also been found to be a better prognostic factor than LDH (Chang et al., 2016) 

as well as S100 (Váraljai et al., 2021). 

Epigenetic changes in cfDNA may also serve as diagnostic markers in mela-

noma (Eslami-S et al., 2020). CtDNA can be applied for non-typical melanoma 

mutation detection (Váraljai et al., 2021), tumor-specific gene methylation 

detection and be used for early diagnosis of melanoma (Diefenbach et al., 2019). 

Analysis of preoperative melanoma patients’ plasma has demonstrated circu-

lating hypermethylated MGMT, RAR-beta2, and RASSF1A DNA for at least one 

of the markers in 29% of the patients (Hoon et al., 2004).  

In melanoma, widely distributed mutations in BRAF and NRAS genes make 

most technologies suitable for analysis. However, in the case of patients har-

boring BRAF and NRAS wild-types, analysis is far more complicated (Kamińska 

et al., 2021).  

Since BRAF mutations are present in the majority of cutaneous melanoma 

patients, ctDNA analysis can be of great value in this context, representing a 

reliable alternative to the tissue biopsy (Haselmann et al., 2018). It has been found 

that the accordance between tissue and plasma BRAF(V600E) ranges from 75% 

(Schreuer et al., 2016) to 84% (Sanmamed et al., 2015). There is also a relation 

between baseline and follow-up BRAF(V600E) ctDNA levels and tumor burden; 

response to treatment with BRAF inhibitors; prediction of disease progression 

prior to CT scan; and progression-free survival (Ascierto et al., 2013). Further-

more, an abundance of BRAF(V600E) ctDNA in treatment-naïve patients has 

been related to tumor burden, with lower concentration reflecting longer overall 
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survival and progression-free survival compared to higher concentrations (San-

mamed et al., 2015). Quantification of BRAF(V600E) ctDNA prior to and during 

the course of treatment with B-Raf enzyme inhibitors has mirrored its outcome. 

BRAF(V600E) ctDNA decreases significantly at the moment of the strongest 

response to treatment while increasing significantly in the event of progression 

(Sanmamed et al., 2015). 

 

2.5.8.1 Extracellular vesicles 

Melanoma can modulate its microenvironment through various kinds of factors, 

promoting growth and formation of metastasis. Among direct cellular inter-

actions, secretion of signaling factors and shedding of extracellular vesicles, are 

among the most promising sources of cancer information (Hood, 2019). There is 

evidence from cell culture experiments that melanoma exosomes can actively 

communicate with nearby melanocytes (Xiao et al., 2016). Molecular cargo, con-

sisting of unique mRNA, miRNA, and proteins, has been found both in melanoma 

cell lines (Xiao et al., 2012) and blood of advanced-stage melanoma patients 

(Peinado et al., 2012). 

Since exosomes carry a molecular “fingerprint” of the cell of origin, they could 

deliver invaluable information about the cancer status, making them prospective 

biomarkers for melanoma diagnosis or prognosis (Eisenstein et al., 2018). They 

have also been shown to carry information about drug resistance to other cells. 

For example, exosomes have been shown to transfer PDGFRβ to melanoma cells, 

activating the phosphatidylinositol-3-kinase (PI3K-AKT) signaling pathway. 

This pathway is involved in the growth and survival of cancer cells, and activating 

it lowers the sensitivity to BRAF inhibitors (Vella et al., 2017). 

 

2.5.8.1.1 Proteins 

The protein content of exosomes has been shown to be higher in melanoma 

patients serum than in healthy individuals, irrespectively of active or not evident 

disease (Sharma et al., 2020). Exosomal PD-L1 level has been shown to be 

elevated in the plasma of melanoma patients compared to healthy controls (Cor-

donnier et al., 2020). Melanoma stage does not influence the concentration of 

exosomes, but patients with advanced stages have a higher content of S100B and 

melanoma inhibitory activity (MIA) proteins per particle, which could reflect the 

stage, progression, and metastases (Alegre et al., 2016). A protein set, consisting 

of tyrosinase-related protein-2 (TYRP-2), very late antigen-4 (VLA-4), heat 

shock protein 70 (Hsp70), heat shock protein 90 (Hsp90) and MET oncoprotein, 

has been termed as an exosome-specific melanoma signature. It has been found 

to be increased in stage IV patients, affecting survival and metastatic spread 

(Peinado et al., 2012). 
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2.5.8.1.2 miRNA 

Although limited, some data already exists showing that the tumor stage is rep-

resented by specific exosomal miRNAs content. It has been observed that there 

is a difference between exosomal miRNAs, specifically a melanocytic marker 

miR-211-5p, in early- versus late-stage patients (Margue et al., 2015). MiR-17, 

miR-19a, miR-21, miR-126, and miR-149 have been shown to be expressed at 

higher levels in patients with metastatic sporadic melanoma then in familial 

melanoma patients or unaffected control subjects (Pfeffer et al., 2015). Also, a 

lower level of miR-125b has been attributed to advanced melanoma, probably as 

a result of a disturbance in tumor cells (Alegre et al., 2014). For uveal melanoma, 

higher content of miR-146a has been described to be present in serum, suggesting 

its potential to become a non-invasive biomarker (Ragusa et al., 2015). 

In the serum of patients harboring the BRAF(V600E) mutation, exosomal 

miRNA content differs before and after therapy with BRAF/MEK inhibitors. 

Particularly, an increase of let-7g-5p and miR-497-5p miRNAs has been noted 

during therapy, corresponding to treatment response and prolonged progression 

free survival (Svedman et al., 2018). 

 

 

2.6 Atherosclerosis 

Atherosclerosis is the most frequent underlying cause of coronary, carotid, and 

peripheral arterial disease. It is a multifocal, smoldering, immunoinflammatory 

disease of medium-sized and large arteries fuelled by lipids with endothelial cells, 

leukocytes, and intimal smooth muscle cells being the major players in its 

development. Atherosclerosis alone is rarely fatal; it is thrombosis, superimposed 

on a ruptured or eroded atherosclerotic plaque, that precipitates life-threatening 

clinical events such as acute coronary syndromes and a stroke (Falk, 2006). 

Prognosis and disease management can be greatly improved by early diagnosis. 

Diagnostic specificity and sensitivity for different biomarkers is often con-

founded by age, gender and some comorbidities such as renal dysfunction (Huang 

et al., 2021). 

 

2.6.1 Development 

Elevated plasma cholesterol level is sufficient to drive the development of athero-

sclerosis, even in the absence of other known risk factors (Glass & Witztum, 

2001). The other risk factors, such as hypertension, diabetes, smoking, male 

gender, and inflammation, appear to accelerate this disease driven by atherogenic 

lipoproteins (Falk, 2006). Overview of atherosclerosis development is shown in 

figure 5, modified from the work of Figueiredo et al (Figueiredo et al., 2023). 
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Figure 5. Pathophysiology of atherosclerosis. The formation of atheromatous plaque 

initially depends on the accumulation of lipids in the intima of the vessels. After oxidation 

and the phagocytosis of these molecules by macrophages, an intense inflammatory 

cascade occurs, causing a cycle of the recruitment of inflammatory cells and the release 

of cytokines, culminating in tissue damage. Finally, when the plaque ruptures, it obstructs 

blood flow and that leads to clinical complications (Figueiredo et al., 2023). 
 

2.6.1.1 Cholesterol  

Cholesterol (Chol) is biosynthesized by all animal cells and is an essential struc-

tural component of animal cell membranes. While most cells are capable of 

synthesizing it, the majority of cholesterol is ingested from food or synthesized 

by hepatocytes, after that transported in the blood to peripheral cells. The levels 

of cholesterol in peripheral tissues is dictated by a balance of uptake and export 

(Luo et al., 2020). The liver, which is the main site of cholesterol biosynthesis, 

delivers both endogenously synthesized and exogenously acquired cholesterol to 

the bloodstream as very-low-density lipoproteins (VLDLs). After processing in 

the bloodstream, the VLDLs generate circulating low-density lipoproteins 

(LDLs), which can be taken up by peripheral cells via receptor-mediated 

endocytosis (Goldstein & Brown, 2009). 

Surplus cholesterol can be exported to lipid-free or lipid-poor apolipoprotein 

A-I (apoA-I) produced by the liver, intestine and pancreas via passive or active 

mechanisms to generate high-density lipoproteins (HDLs) (Phillips, 2014). 

Excess cholesterol is esterified by acyl-coenzyme A:cholesterol acyltransferase 

to cholesteryl esters, which are either stored as a cholesterol reservoir in cytosolic 

lipid droplets or released as a major constituent of plasma lipoproteins. HDLs are 

finally transported from peripheral tissues back to the liver and intestine, where 

cholesterol is recycled or eliminated. It is also transported to steroidogenic 

organs, where cholesterol is used to generate steroid hormones (Luo et al., 2020). 

In clinical medicine, standard lipid analysis includes measuring serum or 

plasma total cholesterol (Chol), triglycerides (TG), and high-density lipoprotein 

cholesterol (HDL-Chol) after an overnight fast. Low-density lipoprotein choles-

terol (LDL-Chol) is then calculated based on subtracting HDL-Chol and TG 

values from total cholesterol values (Schaefer et al., 2000). Elevated Chol, LDL-

Chol, TG, and non‐high‐density lipoprotein cholesterol and low high‐density 

lipoprotein cholesterol (HDL‐Chol) concentrations correlate with atherosclerotic 

cardiovascular disease and mortality (Duncan et al., 2019). 



67 

2.6.1.2 Endothelial dysfunction 

In lesion-prone areas, atherosclerotic lesions begin to develop under an intact, but 

activated, dysfunctional endothelium. Later, endothelial cells may vanish and de-

endothelialized areas appear over advanced lesions, with or without platelets 

adhering to the exposed subendothelial tissue (Davies et al., 1988). Depending 

on size and concentration, plasma molecules and lipoprotein particles go through 

leaky and defective endothelium into the subendothelial space, where potentially 

atherogenic lipoproteins are retained and oxidized. These lipoproteins, mainly 

LDL, become cytotoxic, proinflammatory, chemotaxic, and proatherogenic. The 

mechanisms responsible for the atherogenic modification of LDL are unknown 

but could include oxidation mediated by myeloperoxidase, 15-lipoxygenase, 

and/or nitric oxide synthase (NOS) (Glass & Witztum, 2001).  

As such, endothelial dysfunction is defined as a decreased production and 

availability of nitric oxide (NO), with or without an imbalance between 

endothelium-derived contracting and relaxing factors (Scioli et al., 2020). NO is 

a potent oxidant produced by both endothelial cells and macrophages that appears 

to exert both protective and atherogenic effects (Falk, 2006). Decreased pro-

duction and availability of NO leads to a pro-inflammatory and prothrombotic 

status (Scioli et al., 2020). Generally, it is assumed that this form of endothelial 

dysfunction equates with endothelial activation in which atheroprotective mecha-

nisms are lost and atherothrombosis promoted (Willerson & Kereiakes, 2003). 

 

2.6.1.3 Oxidative stress 

Reactive oxygen species (ROS) are subcellular messengers in signal transduction 

pathways with both beneficial and deleterious roles. ROS are generated as a by-

product of mitochondrial respiration or metabolism or by specific enzymes such 

as superoxide dismutases, glutathione peroxidase, catalase, peroxiredoxins, and 

myeloperoxidases. Under physiological conditions, low levels of ROS produc-

tion are equivalent to their detoxification, playing a major role in cellular 

signaling and function. In pathological situations, particularly atherosclerosis or 

hypertension, the release of ROS exceeds endogenous antioxidant capacity, leading 

to cell death. At cardiovascular levels, oxidative stress is highly implicated in 

myocardial infarction, ischemia, reperfusion, or heart failure (Dubois-Deruy 

et al., 2020). In subclinical atherosclerosis, oxidative stress can induce endothelial 

cell activation, permeability changes and recruitment of various inflammatory 

cells (Burtenshaw et al., 2019).  

At the cardiac level, the main sources of ROS are the mitochondrial electron 

transport chain, the xanthine oxidase, the NADPH oxidases (NOX), and the nitric 

oxide synthases (NOS). Dioxygen, O2, is the starting point for the formation of 

ROS. These are the most abundant ROS in cells and are responsible for the 

formation of all other types of ROS, notably hydroxyl (•OH) and hydroperoxyl 

(•HO2) radicals (Zorov et al., 2014). 
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2.6.1.4 NADPH oxidases (NOX) 

NADPH oxidases (NOX) are a family of membrane enzymatic complexes whose 

primary function is the production of ROS. NOX catalyze the reduction of di-

oxygen to superoxide anion using NADPH or NADH as an electron donor. Seven 

NOX family members were initially described, with five occurring neutrophils, 

NOX 1–5, and two more called dual oxidase, DUOX 1–2. Only NOX1, 2, 4, and 

5 are particularly expressed in the cardiovascular system. Human aortic smooth 

muscle cells express NOX1, 4, and 5. NOX2 and 4 are also expressed in several 

cardiac cell types, such as cardiomyocytes, fibroblasts, endothelial cells, or smooth 

muscle cells. NOX2 is activated during cardiovascular stress induced by angio-

tensin II (AngII), endothelin-1, growth factors, cytokines, or mechanical forces, 

whereas NOX2 is constitutively active but increases with hypoxia, ischemia, or 

pressure overload (Dubois-Deruy et al., 2020). AngII, that increases blood 

pressure, regulates all the vascular NOX types. NOX-dependent ROS in turn 

activate the AngII receptor type 1 with an auto amplificatory effect (Santillo et al., 

2015).  

NOX activity is increased in patients with a metabolic syndrome (Fortuño 

et al., 2006). A correlation between NOX mRNA expression and the severity of 

atherosclerotic lesions has been shown in human coronary arteries (Sorescu et al., 

2002).  

 

2.6.1.5 Nitric oxide synthase (NOS) 

Nitric oxide synthase (NOS) is able to produce superoxide anions. Three NOS 

have been identified: type I or neuronal NOS (NOS1 or nNOS), type II or indu-

cible NOS (NOS2 or iNOS), and type III or endothelial NOS (NOS3 or eNOS). 

NOS1 and NOS3 isoforms are constitutively expressed in the heart and possess 

calcium-dependent activity. NOS2 isoform has calcium-independent activity 

(Dubois-Deruy et al., 2020). When NOS are uncoupled, they switch from NO to 

superoxide anion and peroxynitrite production, leading to reduced bioavailability 

of NO and to vasoconstriction (Santillo et al., 2015).  

Nitric oxide produced by endothelial NOS has vasodilator function and is 

potentially atheroprotective. In contrast, NO produced in macrophages is poten-

tially proatherogenic. After macrophage production of NO, the endothelium be-

comes activated by atherogenic and proinflammatory stimuli, and the expression 

of adhesion molecules, primarily vascular cell adhesion molecule-1 (VCAM-1), 

is up regulated. At the same time monocytes and T cells are recruited which leads 

to atherosclerosis (Falk, 2006). 

On the other hand, when the switch from NO to peroxynitrite has occurred, 

peroxynitrite is always atherogenic. Peroxynitrite can be involved in athero-

sclerosis progression by inhibiting vasorelaxation, decreasing the beneficial 

effects of NO on platelet aggregation and vascular smooth muscle cell pro-

liferation, and oxidating of DNA and lipids (Cai & Harrison, 2000).  
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2.6.1.6 ERK1/2 

Extracellular signal-regulated kinases 1/2 (ERK1/2), also known as p42/44 

mitogen-activated protein kinase, (p42/44 MAPK), are enzymes involved in 

various biological processes (Roskoski, 2012). ERK1/2 are the specific substrates 

for MAPK kinase 1 and 2, MEK1/2. Regulation of ERK1/2 is implicated in 

cardiovascular disease (Zeng et al., 2021). For example, reduced ERK1/2 activity 

by inhibitors increases elastin synthesis and aortic elastin content (Lannoy et al., 

2014). Also, calcification in human aortic valves has been positively correlated 

to ERK1/2 activity (Zeng et al., 2021). On the other hand, anti-atherogenic pro-

perties of ERK1/2 inhibition have been confirmed by demonstrating protection 

against hypercholesterolemia and atherosclerosis (Yu et al., 2019). 

 

2.6.1.7 PI3K/Akt B pathway 

PI3K/Akt signaling has been demonstrated to be involved in several physio-

logical and pathological processes, including cell proliferation, cell cycle, cell 

apoptosis, inflammation, ischemic injury and tumor progression. Many studies 

have reported about the critical role of PI3K/Akt signaling in TLR4/NF-κB 

pathway-mediated inflammatory pathway (Wang et al., 2020b). 

 

2.6.1.8 Lipoproteins 

Endothelial cell dysfunction is an initial step in atherosclerotic lesion formation 

and is more likely to occur at arterial curves and branches that are subjected to 

low shear stress and disturbed blood flow (Davies, 1995; Gimbrone et al., 2000). 

In atherosclerosis susceptible regions, reduced expression of eNOS and SOD 

leads to compromised endothelial barrier integrity. This leads to increased 

accumulation and retention of subendothelial atherogenic apolipoprotein B 

(apoB)-containing lipoproteins such as LDL, remnants of VLDL and chylo-

microns as shown in animal experiments (Gerrity et al., 1979; Schwenke & Carew, 

1989). Endothelial cell activation leads to increased production of reactive oxygen 

species (Ungvari et al., 2006) that can cause oxidative modification of apoB-

containing lipoproteins (Steinbrecher, 1988). In contrast, the atheroprotective 

function of HDL is to prevent endothelial activation and enhance NO production 

to maintain barrier integrity (Kratzer et al., 2014). 

 

2.6.1.9 Extracellular vesicles 

In cardiovascular disease patients’ blood, EVs can be released by blood cells, 

such as platelets, erythrocytes, and leukocytes; and by heart and blood vessel cells 

such as cardiomyocytes, cardiac fibroblasts, and endothelial cells. These EVs 

have different types of effects. For example, EVs have been closely associated 

with damaging ROS signaling to the endothelium (Saeed-Zidane et al., 2017). 
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On the other hand, a systematic review comparing studies on the cardio-

protective effect of EVs, has shown that EVs mediate this kind of protection using 

different pathways by carrying proteins or nucleic acids responsible for cell 

survival. For instance, in an oxidative stress environment, EVs from cardiac 

progenitor cells were found in greater quantity and at a higher count and carrying 

different cargo than controls. At the same time, only donor EVs had positive 

protective effects in preventing cell death. Overall, the authors of the afore-

mentioned systemic review showed that EVs cardioprotective effects observed in 

different studies from different sources are inconsistent. It would seem that EVs, 

in general, are protective, but it is nearly impossible to properly compare the 

studies because of differences in purification methods and the EV experiments 

themselves (Wendt et al., 2018).  

 

2.6.2 Current diagnostics 

Despite effective interventions for the control of LDL, blood pressure and other 

traditional risk factors, considerable residual risk remains for atherosclerotic 

cardiovascular disease (Ridker, 2017). Atherosclerosis risk factor profile has 

shifted as LDL levels, blood pressure and smoking have decreased among the 

population (Libby, 2021). 

Non-traditional drivers of atherosclerosis – such as disturbed sleep, physical 

inactivity, the microbiome, air pollution and environmental stress – have also 

gained attention. Inflammatory pathways and leukocytes link traditional and 

emerging risk factors alike to the altered behavior of arterial wall cells. Obesity 

and its attendant dysmetabolism, often manifested by insulin resistance and dia-

betes, now drives an increasing proportion of cardiovascular disease risk 

worldwide (Libby, 2021). Adipose tissue abounds with inflammatory cells and 

produces proinflammatory mediators. Inflammation contributes mechanistically 

to the link between obesity, insulin resistance and atherosclerotic risk (Ross et al., 

2020). 

 

2.6.2.1 Lipids 

Low-density lipoprotein (LDL), which is encircled by its signature apolipoprotein 

B component, causes atherosclerosis (Libby, 2021). Rather than elevated LDL 

cholesterol, an elevation in triglyceride-rich lipoproteins (TGRL) and low high-

density lipoprotein (HDL) now comprise the major pattern of lipid abnormality 

in many patients who are treated for atherosclerotic cardiovascular disease 

(Nordestgaard & Varbo, 2014). Highly effective and inexpensive therapies for 

lowering LDL have contributed to an overall drop in LDL, whereas obesity, along 

with insulin resistance and a high-carbohydrate diet, favor a rise in the prevalence 

of the cluster of conditions referred to as the ‘metabolic syndrome’. This syn-

drome is characterized in part by an elevation in TGRL (Libby, 2021).  
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2.6.2.2 Endothelial inflammation 

Beyond dyslipidemia, inflammation also participates fundamentally in athero-

genesis and in the pathophysiology of ischemic events (Libby & Hansson, 2019). 

Inflammation does not supplement or demote lipid risk. Rather, inflammatory 

responses provide a series of pathways that link lipids and other traditional risk 

factors to atherosclerosis (Libby, 2021).  

Human biomarker studies have shown that indicators of inflammation predict 

risk of cardiovascular disease in individuals with or without cardiovascular 

disease, and independently of all traditional risk factors (Ridker et al., 2018). The 

acute phase reactant C-reactive protein (CRP) can be measured with a highly 

sensitive assay. When done so, it is known as hs-CRP and has a measurement 

range of 1–3 mg/L (Berk et al., 1990). Hs-CRP is a validated and clinically useful 

gauge of the atherosclerotic risk of an individual (Ridker, 2016).  

 

2.6.2.3 Oxidative stress 

When tissues are exposed to higher levels of oxidative stress, there is increased 

lipid peroxidation, which in turn results in the formation of malondialdehyde 

(MDA) which degrades into acetaldehyde (AA); together, MDA and AA then 

react with proteins to form the more stable protein malondialdehyde-acetal-

dehyde (MAA) (Tuma et al., 2001). MAA-adducted proteins are highly immuno-

genic and are found in the serum of patients with various systemic inflammatory 

diseases (Lomzenski et al., 2022). Elevated concentrations of anti-MAA anti-

bodies in the serum are significantly associated with coronary artery disease in 

the general population (Anderson et al., 2014). 

 

2.6.3 Liquid biopsy in atherosclerosis 

2.6.3.1 Microvesicles 

Circulating microvesicles (MV) are small phospholipid-rich vesicles that con-

tribute to the atherothrombotic process. MV can be used as biomarkers of cardio-

vascular disease burden and progression (Chiva-Blanch et al., 2020). Several 

studies suggest the use of cell-specific MV subpopulations as predictive bio-

markers for cardiovascular diseases at different stages and degrees of severity 

(Badimon et al., 2020). MV are released when cells suffer stress or a perturbation 

in the form of activation, injury or apoptosis. Interestingly, MV with different 

phenotypes, representing their parental origin, are released during chronic CVD 

progression and at the onset of acute ischemic events (Chiva-Blanch et al., 2020).  

MV are created by cell activation and, in turn, act as triggers for further cell 

activation. As such, they contribute to both the initiation and progression of 

cardiovascular disease by increasing leukocyte activation and chemotaxis, 

enhancing lipid and cholesterol accumulation in macrophages and stimulating 
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foam cell formation, and increasing endothelial activation and platelet aggre-

gation (Chiva-Blanch et al., 2020). MV are increased after an acute myocardial 

infarction (Chiva-Blanch et al., 2017a) and fatal CVD (Chiva-Blanch et al., 

2017b). 

 

2.6.3.2 Exosomes 

Potential clinical significance of exosome-derived contents reside in possible 

cardiovascular disease risk prediction, as well finding biomarkers for athero-

sclerosis management (Ailawadi et al., 2015). Clinical symptoms often take years 

to develop atherosclerosis, but functional biomarkers allow to detect pathological 

changes earlier, which may guide therapeutic interventions in advance (Yin et al., 

2015). 

Sex-determining region Y, SRY, gene in plasma EVs could accelerate 

atherosclerosis both in vitro and in vivo. The gene copy number of SRY gene in 

plasma EVs were notably amplified in patients having coronary artery diseases 

compared to control healthy individuals. Transferred SRY gene-containing EVs 

or plasmids to monocytes and human umbilical vein endothelial cells (HUVECs) 

enhance adhesion function between the two cells, which indicates that SRY gene-

containing EVs may be a novel class of biomarker in atherosclerosis (Cai et al., 

2015). 

Circulating miRNAs such as miRNA-133a, miRNA-143/145, miRNA-150, 

miRNA-155, miRNA-214, miRNA-223, and miRNA-320b in exosomes could be 

used as diagnostic biomarkers to predict the outcome of vascular inflammation 

and atherosclerosis (Cervio et al., 2015). For example, miR-133a has been 

demonstrated as a diagnostic biomarker of myocardial infarction (Cheng et al., 

2014). Numerous pathologies, such as atherosclerosis and arterial calcification, 

have been associated with miR-133a downregulation (Lu et al., 2019). Increased 

levels of miR-150 have also been found in plasma exosomes isolated from 

atherosclerosis patients (Zhang et al., 2010a).  

A significant role in atherosclerosis is played by exosomes derived from 

platelets via a dynamic interaction with neutrophils, monocytes, and vascular 

endothelial cells. Under inflammatory conditions platelets release large numbers 

of MVs containing abundant miRNAs (Lu et al., 2019). For example, activated 

platelets shed miRNA-320b that can regulate intercellular adhesion molecule 1 

(ICAM-1) gene expression (Gidlöf et al., 2013). Vascular endothelial cell 

apoptosis could be remotely modulated by platelets through releasing miRNA-

223 containing exosomes (Pan et al., 2014). 

Exosomal proteins could also be used in liquid biopsy. Macrophage foam 

cell-derived exosomes can enter vascular smooth muscle cells and transport 

proteins into them. They can also activate ERK1/2 and PI3K/Akt pathways in 

these cells. These pathways promote progression of atherosclerosis by vascular 

smooth cell migration (Niu et al., n.d.). Blood exosomes containing PSMA6, 

PSMA7, and annexin A2 have been shown to be different in the atherosclerosis 

patient compared to healthy patient (Lu et al., 2019). Plasma endothelial cell-
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derived exosome cargo levels of functional proteins involved in atherosclerosis, 

like VCAM-1 and eNOS, were significantly higher in patients having cerebro-

vascular disease when compared to controls (Goetzl et al., 2017). 

 

2.6.4 Atherosclerosis and myocardial infarction  

Myocardial infarction (MI), also known as a heart attack, is a leading cause of 

death and disability in the developed world and a major socioeconomic burden 

(Benjamin et al., 2019). It is typically the culmination of a long and complex 

process where the formation of an occlusive thrombus within a coronary artery 

leads to cardiac ischemia and infarction. Atherosclerosis, which is the primary 

underlying disease process that leads to MI, begins in early adulthood and is 

driven by lipid accumulation in the arterial wall, inflammation, and vascular 

injury. As it progresses, some plaques evolve to take on a more unstable 

phenotype with greater degrees of inflammation. Eventually, plaque rupture can 

occur and contact of blood with the exposed subendothelial matrix and plaque 

content causes the formation of occlusive thrombi. This cascade of events leads 

to the clinical manifestation of MI with chest pain, heart muscle cell death, and 

ultimately, impaired cardiac function (Palasubramaniam et al., 2019). 

Once it occurs, MI can lead to potentially devastating consequences for 

patients. Three-year mortality rates following MI range from 5% to 10%, with 

the overall rate of major adverse cardiac events being as high as 30% (Palasub-

ramaniam et al., 2019). Myocardial necrosis is irreversible and leads to 

progressive structural changes in a process known as ventricular remodeling 

(Pfeffer & Braunwald, 1990). Currently there are no clinically proven effective 

therapies for the regeneration of infarcted myocardial tissue. As such, the core 

focus of early therapy is to minimize infarct size through the prompt restoration 

of blood flow. Revascularization is accomplished through a combination of 

percutaneous coronary intervention and pharmacological therapy. Percutaneous 

coronary intervention, which is also referred to as coronary catheterization and 

angioplasty, serves to rapidly restore blood flow via mechanical expansion of a 

metal stent into the diseased arterial segment (Palasubramaniam et al., 2019).  

 

2.6.4.1 Use of statins after myocardial infarction 

Better secondary prevention after myocardial infarction (MI) could prevent over 

30 000 deaths a year in England and Wales (Dondo et al., 2017). Most patients 

will need dual antiplatelet therapy for 12 months, an angiotensin-converting 

enzyme inhibitor, a beta-blocker, and a statin, all of which have been shown to 

reduce the risk of coronary death (Surveillance Report 2017 – Myocardial In-

farction, 2017). A statin should be commenced in all patients post-MI 

immediately, regardless of lipid profile. A lipid profile should be performed at 4–

6 weeks post-MI. Additional lipid-lowering agents should be introduced in cases 

of refractory dyslipidaemia (LDL-Chol ≥1.8 mmol/L) (Ibanez et al., 2018).  
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Statins, also known as 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) 

inhibitors, are a class of bioactive small molecules that efficiently reduce the 

levels of cholesterol. With respect to their original medical indications, statins are 

currently in the group of the most prescribed drugs worldwide (Markowska et al., 

2020).  

 

2.6.4.2 Statins and extracellular vesicles 

There are currently seven statins approved in the United States for lowering 

cholesterol levels. Three statins are derived from fungi (lovastatin, simvastatin, 

and pravastatin) and four statins are synthesized (atorvastatin, rosuvastatin, 

fluvastatin, and pitavastatin). Which particular statin one elects to use may 

depend on the degree of cholesterol lowering needed and the potential of drug-

drug interactions (Feingold, 2000). Different statins can change extracellular 

vesicle secretion in different ways. It has been shown that atorvastatin can lower 

EV secretion but enforce the release of cholesterol-enriched EVs (Chen et al., 

2022). However, treatment with one statin, called pravastatin, has been shown to 

significantly reduce plasma levels of large extracellular vesicles from platelets, 

leukocytes, monocytes, endothelial cells, activated endothelial cells, and syn-

cytiotrophoblast cells in pregnant women (Santoyo et al., 2023). Another statin, 

simvastatin, has also been found to reduce the secretion of exosome from various 

cell-types (Kulshreshtha et al., 2019).  
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3. AIMS OF THE STUDY 

Over the last decade, liquid biopsy has gained attention as a powerful tool in 

personalized medicine, since it enables, for example, monitoring of cancer evo-

lution and follow-up of cancer patients in real time (Markou et al., 2022). Liquid 

biopsy testing is a straightforward process requiring no more than a blood draw 

and transportation to the local laboratory (Sholl et al., 2020). As such, liquid 

biopsy is a valuable approach in diagnostics that we examined further in this 

work. 

 

The aims of the study are the following: 

• Map the potential of autoantibodies against cancer-testis antigens MAGEA4 

and MAGEA10 as liquid biopsy markers in melanoma cancer diagnostics 

• Map the potential of extracellular vesicles purified from melanoma patients 

blood serum as liquid biopsy markers in melanoma cancer diagnostics  

• To compare the properties of extracellular vesicles purified from post myo-

cardial infarction patients’ blood plasma to extracellular vesicles purified from 

the control group. 
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4. MATERIALS AND METHODS 

All materials and methods used in this dissertation are described in greater detail 

in the corresponding publications. This section provides a brief overview of the 

materials and methods used.  

 

 

4.1 Patient groups 

Two different patient groups were used; one group for study I and II, and another 

for study III. For study I, human sera were obtained from 185 patients with 

melanoma attending the North Estonian Medical Centre within two years (2013–

2014). Melanoma stage was assigned based on tumor thickness, ulceration and 

the involvement of lymph nodes or organs. As controls, 43 sera of healthy blood 

donors from the Estonian Blood Bank were included. There was no data about 

the gender nor age of blood bank controls. All samples were handled by standard 

procedures and stored at ‑80˚C. For study II, a random selection of 48 patients 

out of the 185 used in study I, as well as 6 random patients from the 43 healthy 

blood donors. 

For study III, 15 men who had been treated for myocardial infarction either at 

the Cardiac Intensive Care or at the Intensive Care hospital units, or the first 

cardiology ward of Vilnius University Santaros Klinikos Hospital, were included. 

Patients were enrolled between February and May of 2018 and were 40 to 

60 years old, have had myocardial infarction (MI) for the first time in their life, 

and coronary angiography confirmed coronary occlusion of more than 50% in at 

least 2 arteries. Coronary catheterization and angioplasty were performed on all 

patients. At the time of blood collection, patients were under antihypertensive 

treatment and received aspirin and statins. Twelve patients had primary arterial 

hypertension. Altogether, only one patient had systemic inflammation, diabetes 

mellitus, and primary arterial hypertension at the same time. As a control group, 

healthy 40- to 60-year-old men were included between December 2015 and July 

2017. Healthy subjects had no prior history of acute cardiovascular disease and 

were not under any treatment for cardiovascular diseases. For these study III 

patient groups, sodium citrate plasma was used. 

 

 

4.2 Methods used 

4.2.1 ELISA 

For autoantibody detection in study I, enzyme linked immunosorbent assay 

(ELISA) with recombinant MAGEA4 or MAGEA10 proteins was used. ELISA 

was performed using MAGE-A4 and MAGE-A10 proteins, which were purified 

from E. coli, immobilized on micro titer plates, and subsequently probed with 

1:200 to 1:800 human sera dilutions. After adding sera, the plates were incubated 
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for one hour at room temperature on the shaker. Horseradish peroxidase‑ 

conjugated goat anti‑human IgG was used as a secondary antibody for 45 min. 

After washing four times, the reaction was developed with the TMB Peroxidase 

E1A substrate kit. Absorbance was read at 450 nm using the ELISA plate reader 

Sunrise™. For quality control, three reference sera were included that were 

analyzed on every ELISA plate. The coefficient of variations (CV) of their optical 

densities (ODs) did not exceed 20%. Serums that exhibited high OD values, 

indicating the presence of anti‑MAGE-A antibodies, were tested at least three 

times on separate ELISA plates and the mean OD value was used in further 

analysis. OD values obtained from 1:400 diluted serums were used in statistical 

analysis.  

 

4.2.2 Clinical chemistry and MDA measurements 

In study III, the concentrations of C-reactive protein (CRP), glucose, total choles-

terol (Chol), triglycerides (TG), high-density lipoprotein cholesterol (HDL-

Chol), and low-density lipoprotein cholesterol (LDL-Chol) were measured from 

patients’ and healthy subjects’ blood using routine techniques of a clinical 

chemistry laboratory. Malondialdehyde (MDA) was measured to represent the 

level of oxidative stress in biological samples. For this, 50 μl of thawed serum 

was mixed with 750 μl of 0.44 M phosphoric acid solution, 250 μl of 42 mM 

thiobarbituric acid solution, and 450 μl of deionized water. The prepared samples 

were incubated at 100 °C for 60 min. After incubation, samples were rapidly 

cooled in an ice bath, and 500 μl of the sample was diluted in a methanol solution 

(1: 1). The blood serum sample was mixed by shaking and then centrifuged for 

3 min at 10 000 g. After centrifugation, 500 μl of the centrifuged serum sample 

was added to the chromatographic vial, and serum sample was analyzed via the 

high-performance liquid chromatography (HPLC) method. Malondialdehyde 

concentration was measured by a Shimadzu Nexera X2 UHPLC system. Data 

was collected and processed using LabSolutions software.  

 

4.2.3 Extracellular vesicle isolation and detection 

For extracellular vesicle purification, two methods were used: ultracentrifugation 

(UC), and precipitation with 10% of polyethylene glycol (PEG). Both methods 

were used in study II; in study III only the ultracentrifugation method was used. 

For ultracentrifugation, up to a 100 µL of each blood serum sample was diluted 

to a total volume of 1 mL with PBS and samples were centrifuged at 1200 g for 

30 min at 4 °C. Then, 3 mL of PBS was added to the supernatant, and it was 

further centrifuged at 120,000 g for 90 min at 4 °C using the Optima™ L-90K 

Ultracentrifuge with rotor SW55Ti. EVs were resuspended in 300 µL of Dul-

becco’s PBS. For the PEG method, precipitation with 10% of polyethylene glycol 

was used. First, up to 100 µL of each sample was centrifuged at 10,000 g for 

10 min at 4 °C to remove insoluble material. Then, 20 µL of 50% PEG MW 6000 
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and 1.5 µL of 5M NaCl was added per 100 µL of sample and precipitated 

overnight (at least 8 hours) at 4 °C. EVs were centrifuged at 10,000 g for 10 min 

and the pellet was resuspended in 200 µL of PBS. 100 µL of the sample, which 

was diluted in 4 mL of PBS, was ultracentrifuged at 120,000 g for 1.5 h with the 

Beckman-Coultier SW55Ti rotor. The pellet was resuspended in 200 µL of Dul-

becco’s PBS. For both methods, the EV sample concentrations were measured 

with the Bradford Protein Assay using bovine serum albumine as a standard.   

After extracellular vesicle isolation, nanoparticle tracking analysis (NTA) was 

performed with a ZetaView nanoparticle analyzer in study II and III. Eleven 

measurements were recorded for each sample twice and the results were 

averaged. ZetaView Software 8.04.02 was used to analyze images. Each sample 

was measured 3 times; extracellular vesicle concentration was expressed as the 

number of EVs per 1 ml of PBS.  

 

4.2.4 Protein detection with Western Blot, proteomics and 

flow cytometry 

In both study II and III, Western blot (WB) was used to analyze extracellular 

vesicle protein content. EVs were lysed and proteins were separated by SDS-

polyacrylamide gel electrophoresis and transferred by a semidry blotting method 

to a polyvinylidene difluoride (PVDF). After electrophoresis, the proteins were 

transferred onto a PVDF membrane and blocked for 30 min to overnight with 2% 

non-fat dry milk in buffer. In study II, the primary antibodies used were anti-

GELSOLIN, anti-SERPINA3 and anti-LGALS3BP. In study III, the primary 

antibodies used were anti-TSG101 and anti-thioredoxin. In both studies, the 

secondary antibody was goat anti-rabbit. After incubation, the signal was 

visualized by adding the electrochemiluminescence (ECL) substrate for one 

minute and the films were exposed for either 10 (SERPINA3, TSG101, thio-

redoxin) or 60 min (GELSOLIN, LGALS3BP), after which they were scanned 

using Epson Expression 1680. In study II, after reading the image, western blot 

images were measured with Image J software, where each sample was given an 

arbitrary value based on blot intensity minus background intensity multiplied by 

blot size. To further normalize the measured signals, all Image J arbitrary values 

were divided by protein concentration obtained with Bradford assay, and a 

relative value was used in statistical analysis. In study III, two random healthy 

control samples and two post-MI samples were analyzed with Western Blot with 

the primary antibody being anti-NOX2, anti-NOX5, anti-NOX1, anti-Akt B, and 

anti-ERK 1/2.  

In study II, proteomics was also performed. For this, a random selection of 

20 PEG and 18 UC samples were selected for proteomics analysis from the 

study II patient group. Based on sample protein concentration, UC samples were 

pooled into stages containing 260 µg of protein per pool. 4 mL of PBS was added, 

and the mixture was ultracentrifuged at 120,000 g for 90 min at 4 °C using the 

Optima™ L-90K Ultracentrifuge with rotor SW55Ti. The pellet was resuspended 
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with 100 µL of PBS and sent for analysis. For PEG samples, 20 µL of each sample 

was pooled into a stage pool based on cancer stage, 4 mL of PBS was added, and 

the mixture was ultracentrifuged at the same conditions to remove the serum 

albumin. The pellet was resuspended in 100 µL of PBS and 10 µg of sample was 

sent for analysis. Proteomic analysis was performed in the Proteomics Core 

Facility of Institute of Technology, University of Tartu. Proteins from EVs were 

precipitated and digested with trypsin, and obtained peptides were detected with 

an LTQ Orbitrap XL mass-spectrometer. Mass-spectrometric raw data was 

analyzed with MaxQuant 1.4.0.8. Data were searched against UniProtKB (acces-

sed on 15 September 2020, www.uniprot.org) sequences. Criteria for identi-

fication were specified as following: one peptide, minimum length of seven 

residues, and false discovery rate of <1% using a target decoy approach. 

In study III, fluorescent flow cytometry was performed to identify EVs surface 

antigens. First, EV sample volume was adjusted to the total protein concentration. 

A vial containing only PBS was used as a negative control. 5 μl of latex beads 

was added to all EV samples and the negative control and left overnight at 4 °C. 

In the morning, 1 μl of 2M glycine was added and kept for 45 min at room 

temperature. Then, two washing steps were performed using a 0.5% PBS/BSA 

blocking solution, and EV samples were incubated for 20 min at room tempe-

rature. EV samples were incubated with CD9 antibody for 1 h at room tempera-

ture and centrifuged. The supernatant was removed until 100 μl was left in the 

tubes; then, 400 μl of PBS was added and the pellet was carefully re-suspended. 

This solution was tested on an LSRII flow cytometer.  

In study III, oxidative stress in cell culture was also measured. EVs were 

added to the pooled HUVEC cells, which were at up to the 5th passage and 

incubated for 20 h. EV concentration was equalized in each sample of HUVEC 

cells by using NTA data. After the incubation, every sample was stained with 

5 μM 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) in the dark for 

30 min. After staining, cells were lifted with trypsin, washed once with complete 

medium EGM-2 BulletKit, and centrifuged. After washing, samples were 

measured with flow cytometer FACS Canto II using FITC channel at excitation 

490 nm and emission 520 nm. Collected data was analyzed using FACS Diva 

software.  

 

4.3 Statistics 

In study I, the data was analyzed in R (version 3.3.0). Parameter estimates and 

corresponding credible intervals (CI) were calculated using the BayesFirstAid 

package. Tukey post‑test was also done in R to calculate analysis of variance 

(ANOVA). The pROC package was used to calculate the receiver operating 

characteristic (ROC) curve.  

In study II, statistical analysis was carried out in R Studio using the Kruskal–

Wallis rank sum test to find potential significant differences between different 

populations. If the Kruskal–Wallis was below 0.2, the Wilcoxon rank sum test 
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with continuity correction was used to screen through all population pairs to find 

statistically important differences (p-value under 0.05). 

In study III, variables were tested by the paired non-parametric Wilcoxon test 

and Spearman test for correlation coefficient. The confidence level for the test 

was set at 0.05; all p-values were two-sided. Statistical analysis was carried out 

using R statistical software version 1.0.136 and SPSS version 21. 
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5. RESULTS AND DISCUSSIONS 

5.1 Study I –  

MAGE-A4 and MAGE-A10 expression in melanoma   

The aim of this study was to determine the presence of naturally occurring 

antibodies against two MAGE-A subfamily proteins, MAGE-A4 and MAGEA-

10, in 185 patients with melanoma at different stages of disease and to compare 

their response with 43 healthy controls from the Northern Estonian blood bank. 

 

5.1.1 The mean immune responses of patients  

The mean OD value of the sera of melanoma patients was 0.59 (standard 

deviation, SD, 0.31) for MAGE-A4 and 0.73 (0.38) for MAGE-A10. For blood 

bank controls, the mean OD value was 0.67 (0.26) for MAGE-A4 and 0.70 (0.28) 

for MAGE-A10. We could not find evidence of elevated mean effects of 

melanoma patients over blood bank controls. On the other hand, the patients had 

higher variability at their anti‑MAGE-A4 and anti‑MAGE-A10 responses than 

controls. The failure of patients to exhibit aggregate effects over the controls is 

likely due to the voluntary blood donors, who make up the control group. We 

have no data about their age and gender, but they are probably younger than the 

melanoma patients. This limits the usefulness of blood donors as controls. Higher 

variability of immune response in patients could mean that in some patients the 

antibody response is induced, while in others it is not. 

 

5.1.2 A strong antibody response against the MAGE-A4 

and/or MAGE-A10 protein  

Tumor cells can often express more than one MAGE-A protein. Simultaneous 

expression of five or more MAGE-A proteins occurs in more than half of oral 

squamous cell carcinomas (Brisam et al., 2016) and simultaneous expression of 

MAGE-A1 and MAGE-A4 expression occurs in 60–70% of melanomas (Barrow 

et al., 2006). MAGE-A10 has been shown to be expressed in 38% of malignant 

melanomas (Schultz-Thater et al., 2011). MAGE-A4 is expressed in 9% of 

primary tumors, but reaching to 44% in distant metastasis (Barrow et al., 2006). 

MAGE-A1 expression has been found in 16% of primary melanomas and 48% 

of metastatic melanomas (Brasseur et al., 1995). However, in another study no 

correlation was observed, and MAGE-A3/A4 protein was present in 25% of 

primary invasive and metastatic tumors, but not in in situ melanomas (Busam 

et al., 2000). 

Overall, our study revealed that 8% of patients had strong antibody responses 

against the MAGE-A4 or/and MAGE-A10 protein. Two patients (M38 and 

M111) had a strong response against both proteins, which means in total there 

were 17 strong responses. Out of this 17, 12 were anti‑MAGE-A10 and 5 were 
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anti‑MAGE-A4 responses. Some patients had antibodies against both MAGE‑A 

proteins, while others against only either MAGE-A4 or MAGE-A10. Five 

patients of 15 (33%) had a statistically significant higher OD value (p<0.01) 

against MAGE-A10 than MAGE-A4, while only one patient had a better immune 

response against MAGE-A4 (figure 7). This data shows that among strongly 

responding patients, there are more anti‑MAGE-A10 than anti‑MAGE-A4 

responses. Thus, our work is consistent with the studies, which have suggested 

that MAGE-A10 is the most immunogenic antigen of the MAGE-A family 

(Bricard et al., 2005; Groeper et al., 2007; Valmori et al., 2001). 

Figure 7. Comparison of OD values of MAGE-A4 and MAGE-A10 among the strongly 

responding patients. Lines correspond to mean values of ELISA assay for MAGE-A4 

(blue) and MAGE-A10 (orange), respectively. Error bars show the SD of at least three 

different experiments performed on separate ELISA plates 

 

However, it is well known that obtaining antibodies against one specific MAGE-A 

protein may be challenging; we cannot rule out the possibility that antibodies 

detected in our assay are formed against some other member of the family. 

MAGE-A proteins are highly similar to each other, with half of the amino acids 

identical between MAGE-A4 and MAGE-A10. The MAGEA subfamily consists 

of 11 MAGE‑A proteins and in addition, there are MAGE‑B, MAGE‑C, 

MAGE‑D etc. families which all share the MHD (MAGE homology) domain 

(Lee & Potts, 2017). All these proteins are to some extent similar to each other 

as MHD domains has similarities from 25 to 80% and may give some cross‑ 

reactivity. 

Among the 15 patients of our study with the positive status for MAGE-A 

antibodies, only one has died and one has disease progression during the 2‑year 

post‑study follow‑up period. As such, the majority of patients with strong 

antibody response have the disease under control. However, this cohort is too 

small to make long‑term conclusions about the prognosis. 
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 5.1.3 Positive autoantibody responses in stages I–III, 

especially in stage II melanoma patients 

When patients were grouped according to the level of the disease, then 7 of 

43 (16.3%) sera were positive among stage II patients, and 3 of 29 (10.3%) in 

stage III patients. When comparing MAGE-A10 autoantibody response between 

stages, there was a single contrast between stage 0 and stage II patients, which 

had a significant difference in mean OD values (p = 0.047). The mean OD values 

between stage II and stage IV patients were slightly different (p = 0.10), but no 

difference was observed between stage II and III patients (p=0.78). However, 

when looking at MAGE-A4 autoantibody response between stages, there was no 

clear preference to any stage. Strongly responding sera belonged to patients of 

stages I, II and III (figure 8). We did not observe statistically significant dif-

ferences in mean values between patients with different stages of disease 

(p = 0.74 for stage 0 vs. stage II; p = 0.18 for stage II vs. stage IV and p=0.47 for 

stage II vs. stage III). No strong response from the blood samples of melanoma 

patients with stage 0 and IV were detected.  

 

Figure 8. The fraction of strongly responding patients in relation to the melanoma stage. 

The number of sera is shown in the parenthesis. 

 

The prevalence of MAGE-A antibodies was highest in stage II and lowest in 

stage 0 and stage IV patients. We have not determined the expression of MAGE-A 

proteins in tissue samples of our patients, but it is very unlikely that MAGE-A 

expression declines in advanced stages. Stage II melanoma patients might have a 

better immune response than patients with more advanced stages of disease. This 

is consistent with the immune evasion seen in metastatic cancer (Vinay et al., 

2015). Interestingly, there were also very few responses amongst in situ and stage I 

melanoma patients. This can be explained by the localization of the primary 

tumor. Stage 0, also known as melanoma in situ, and stage I melanoma are found 

mostly on the outer layer of the skin, in epidermis. Stage II melanoma has spread 

to the lower part of the inner layer of skin (dermis), but not yet into the tissue 

below the dermis or into nearby lymph nodes. The dermis contains many antigen-

presenting cells, which may help to boost the immune response.  
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The existence of strongly responding patients in stage II suggests that their 

immune system has been activated and has started to generate antibodies against 

the primary tumor. As such, our data support the hypothesis that the immune 

system is involved in the control of melanoma, at least in the early stages. Several 

studies have shown spontaneous regression of primary melanomas, but regression 

of metastatic tumors is very rare. A good antibody response at early stages can 

stop the growth of primary tumor and further spreading to the lymph nodes and 

other organs. 

 

5.1.4 anti-MAGE-A antibodies as potential 

diagnostic biomarkers 

To explore the potential diagnostic value of anti‑MAGE-A antibodies, we classi-

fied all stage 0 versus pooled stage I and II patients using an additive logistic 

regression model that included both MAGE-A proteins, age, and sex. We sum-

marized the model performance in a ROC curve where we plotted the sensitivity 

(true positive rate) values against 1‑specificity (false positive rate) values for each 

possible cut‑point. The area under the curve (AUC) was 0.74, suggesting that 

anti‑MAGE-A antibodies could be treated as potential diagnostic biomarkers 

(figure 9).  

 

 

Figure 9. ROC curve for anti‑MAGE antibody detection. ELISA determined antibody 

levels among 185 melanoma patients and 43 blood bank controls. 
 

Discussion. A healthy immune system enables the creation of antibodies against 

cancer antigens that are expressed by tumor cells. The link between MAGE-A 

antigens and cancer is widely known and accepted; several works have shown a 

good cellular and humoral response against MAGE-As (Lee & Potts, 2017; Meek 

& Marcar, 2012; Sang et al., 2011). One of the limitations for use in clinics is that 

MAGE‑A proteins are expressed only in a portion of cancer cells – different 

works have shown that the amount of expressing cells is between 25 and 50% 

(Barrow et al., 2006; Busam et al., 2000). When we assume that, only half of 

these people have a strong immune response, then the expected percentage 

of strongly responding patients will be 12 to 25%. On the other hand, these 
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antibodies are so‑called early markers and there is a great need for early cancer 

markers. As such, if the presence of strong antibody response correlates with 

good prognosis, then they will be useful for clinical diagnostics. In addition, from 

the clinical aspect, the longitudinal detection of MAGE-A antibody levels could 

be utilized for profiling of disease status or of effectiveness of novel immuno-

therapies. There exists a great need for biomarkers, which could assist in discrimi-

nation of patients suitable for immunotherapy or for monitoring therapy.  

Overall, these results indicate that the anti‑MAGE-A4/MAGE-A10 immune 

response in melanoma patients was heterogeneous, with only ~8% of patients 

having a strong response. Comparing the number of strongly responding patients 

between different stages of disease revealed that the highest number of strong 

responses was detected among stage II melanoma patients. These findings 

support the model that the immune system is involved in the control of melanoma 

in the early stages of disease. MAGE-A expression has been looked in other 

cancer types as well, for example ovarian cancer, bladder cancer, gastric and lung 

cancer. In all of these studies, the expression of MAGE-A itself has been studied 

and its presence has been linked to negative effects, for example shorter survival 

times and worse patient outcomes.  

In epithelial ovarian cancer tissues, at least five MAGE-A family members 

have been shown to be expressed in approximately 78% of patients. Compared 

with benign disease or healthy controls, MAGE-A has been shown to be highly 

expressed in tissues and serum of patients (Zhao et al., 2022). In case of MAGE-

A4, serum levels of MAGE-A4 in ovarian cancer patients have been shown to be 

significantly higher than in patients with benign diseases. MAGE-A4 protein was 

expressed in nearly 22% of primary patients (Kawagoe et al., 2000). Zhang et al. 

reported that the expression of MAGE-A1 and MAGE-A3 was related to the 

degree of tumor differentiation and clinical stage (Zhang et al., 2010b). Daudi et 

al. found that the expression of MAGE-A1 and MAGE-A10 was significantly 

correlated with shorter progression-free survival (Daudi et al., 2014). Also, 

MAGE-A expression has been shown to be related to the pathological type and 

cancer stage of epithelial ovarian cancer and preoperative serum CA125 levels. 

Compared with patients that are MAGE-A-negative, the overall survival with 

expression of the MAGE-A family was significantly shorter (Sang et al., 2017). 

In high-grade serous ovarian cancer, MAGE-A4 expression has been shown to 

be present in 57% of cancer tissues. No staining was detected in serous cystade-

noma or normal ovary. MAGE-A4 expression was negatively correlated with 

survival and multivariate analysis showed that the expression of MAGE-A4 is an 

independent risk factor for outcomes (Yakirevich et al., 2003). 

In the case of bladder cancer, Patard et al. analyzed the expression of MAGE-

A1, MAGE-A2, MAGE-A3, and MAGE-A4. Out of 57 samples of primary 

transitional-cell carcinomas of the bladder, 21% expressed MAGE-A1 and 35% 

expressed MAGE-A3. MAGE-A2 and MAGE-A4 genes were expressed by 30% 

and 33%. MAGE expression was more frequent in advanced tumor stages: 61% 

of invasive tumors were positive for expression of at least one of the four genes, 

whereas only 28% of superficial tumors expressed these genes (Patard et al., 
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1995). MAGE-A4 and MAGE-A9 were observed in 38% and 63% of nonmuscle-

invasive tumors, 48% and 57% of muscle-invasive tumors, 65% and 84% of 

carcinomas in situ, and in 73% and 85% of lymph node metastases. Expression 

was associated with higher grade of cancer. MAGE-A9 expression was asso-

ciated with recurrence and MAGE-A4 expression was associated with prog-

ression to muscle-invasive cancer (Sang et al., 2017). In another study, MAGE-

A4 protein was expressed at significantly higher levels in transitional cell 

carcinomas, its positivity was correlated with an invasive phenotype and high-

grade tumors. When retrospectively evaluating transitional cell carcinomas of the 

bladder, patients who demonstrated strong MAGE-A4 staining had decreased 

tumor-specific survival (Kocher et al., 2002). 

In gastric cancer, protein expression of MAGE-A10 was related to high 

MAGE-A10 mRNA expression, high cumulative incidences of hepatic re-

currence, and poor relapse-free survival. However, overall survival did not differ 

significantly between patients who were positive or negative for MAGE-A10 

(Fujiya et al., 2021). In the case of MAGE-A11, it was highly expressed in gastric 

cancer tissues and associated with poor patient prognosis. Additionally, MAGE-

A11 functioned as an independent prognostic factor in gastric cancer and its 

expression showed significant correlation with both tumor immune cell in-

filtration and responsiveness to immunotherapy. It has been indicated that 

MAGE-A11 regulates gastric cell proliferation and migration and may operate as 

a prognostic factor, having potential as an immunotherapy target (Wang et al., 

2024). In lung cancer, the relative expression levels of MAGE-A proteins and 

mRNA in non-small cell lung cancer tissues were significantly higher than those 

in adjacent tissues. Furthermore, MAGE-A protein expression was significantly 

higher in stage III–IV lung cancer when compared to stage I–II. Patients with 

high MAGE-A mRNA expression had a significantly shorter median overall 

survival compared to those with low MAGE-A mRNA expression. However, no 

significant difference was observed in median overall survival between patients 

with high and low MAGE-A protein expression (Zhu et al., 2024). 

Autoimmune response against MAGE-A has been less studied than the 

expression of MAGE-A in cancer. However, anti-MAGE-A family protein auto-

antibodies have been looked at in esophageal squamous cell carcinoma. The 

levels of seven autoantibodies, including MAGE-A4-IgG and MAGE-A10-IgG, 

were significantly higher in cancer patients than in healthy controls or in benign 

esophageal diseases (Sun et al., 2023). Some studies have focused on looking at 

the biological roles of MAGE-As in the immune system, their potential in DNA 

vaccines and their link to immune system inhibitor therapies. In mice pancreatic 

ductal adenocarcinoma models, MAGE-A6 has been shown to suppress auto-

phagy. Inhibition of autophagy is critical for tumor initiation (Tsang et al., 2020). 

In the same model, MAGE-A has been established as a regulator of tumor-stromal 

crosstalk. MAGE-A2, MAGE-A3 and MAGE-A10 expression has been shown 

to be up-regulated in chemotherapy resistant pancreatic ductal adenocarcinoma 

patient derived organoids and cancer cell lines. However, immunization with a 

DNA vaccine, that targets multiple MAGE-A antigens, has been shown to elicit 
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robust immune responses against the growth of gemcitabine resistant tumors (Qin 

et al., 2023). In the case of immune system inhibitor therapies, MAGE-A expres-

sion in non-small cell lung cancer and urothelial cancer has been shown to not 

significantly change before and after checkpoint inhibitor therapy. There is stable 

expression of MAGE-A3/A6 pre and post checkpoint inhibitor treatment in these 

cancer types (Faiena et al., 2024). 

In conclusion, even though there have been more studies that look at MAGE-A 

expression in tumors and link them to negative patient survival statistics more 

often than not, work into MAGE-A immune effects is ongoing and has had its 

first positive breakthroughs. This study focused on using an autoantibody 

response against MAGE-A as diagnostic marker, which is a field that has not 

been explored thoroughly yet. At the same time, MAGE-A proteins themselves 

also have effects in tumor development and biological effects through immune 

system regulation, which means they are interesting targets with further research 

needed into their effects and diagnostical potential. 
 

 

5.2 Study II – Extracellular vesicles produced  

by melanoma cells and use for diagnostics  

The aim of this study was to purify EVs from the blood serum of 56 melanoma 

patients and 6 healthy controls and to determine the diagnostic potential of the 

EV proteome, in which the EVs have been purified with two different methods. 
 

5.2.1 Purification of extracellular vesicles by ultracentrifugation 

and polyethylene glycol precipitation  

Our study shows that EVs can be purified by both methods – ultracentrifugation 

(UC), which is the classical method for purification of EVs; and polyethylene 

glycol (PEG) precipitation, which is a more rapid and robust way to isolate EVs 

from biological fluids. As EVs purified with both methods had similar median 

size (figure 10), further EV analysis was done based on UC samples. EVs purified 

with UC were divided into subgroups according to the melanoma stage, and their 

amount and median diameter were compared between stages.  

 

Figure 10. The particle median size measured by nanotracking analysis (NTA) for both 

ultracentrifugation (UC) and polyethylene glycol (PEG) precipitation samples 
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5.2.2 There are differences in EV amount and size  

in different cancer stages 

The lowest particle concentration was seen in stage IV patients, 5.4 × 1010/mL, while 

the peak was in stage II at 38.4 × 1010/mL. Stage 0 had an average particle concen-

tration of 10 × 1010/mL, stage I 24.3 × 1010/mL, and stage III 26.8 × 1010/mL. 

Healthy controls had a similar concentration to stage 0 at 10.1 × 1010/mL. There 

were statistically significant variabilities between stage 0 and III (p=0.05), 

between stage II and IV (p=0.03), and between stage III and IV (p=0.01).  

When comparing the median diameter of EVs between different stages, the 

largest particles were detected in healthy controls at 120.6 nm. The second largest 

were in stage 0 at 117 nm, followed by stage I at 114.4 nm. The smallest particles 

were detected in stage III patients, at 103.7 nm, followed by stage II at 104.4 nm. 

There were statistically important differences between particle sizes between 

healthy controls and stage I (p=0.01), stage 0 (p=0.05), stage II patients 

(p=0.0005), and stage IV (p=0.007). Stage 0 melanoma in situ patients had also 

a statistically different particle size from stage I patients (p=0.0002), stage III 

(p=0.003), and stage IV (p=0.01). There was also a significant difference in 

median diameters of stage II and IV (p=0.01) (figure 11).  

 

Figure 11. Particle concentration and median size measured by NTA in UC purified 

samples grouped by melanoma stages 

 

The material obtained from stage II and III patients was the most heterogenous 

and differed the most from that of healthy controls. EVs obtained from stage II 

and III patients were on average smaller and more abundant than others. It has 

been shown that EVs purified by UC are a mixture of different vesicles and co-

purified proteins, including exosomes, microvesicles, apoptotic bodies, and 

oncosomes (van der Meel et al., 2014; Ciardiello et al., 2016) which might explain 

the size differences. The differences could also reflect on the status of disease. 

Depending on the cancer stage, the proportion of different vesicles and their 
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relative amount in EVs may be different. Malignant cells secrete more EVs than 

nonmalignant cells of the same type and tumor microenvironment characteristics 

can further increase EV secretion rates (Hu et al., 2021; Keller et al., 2011).  

 

5.2.3 Unique proteins (N=585) were found in EVs  

by proteomics and different proteins were found with  

different purification methods  

Out of 585 unique proteins, 334 proteins were detected in PEG-precipitated 

samples and 515 in UC-purified EVs. Identified proteins were divided into twelve 

groups according to their biological and cellular function using the UniProt 

database, which was accessed on 15 September 2020, www.uniprot.org. A 

graphical representation of different proteins found with the two purification 

methods used is presented with figure 12.  

Figure 12. Different proteins found with the two purification methods 

 

In UC-purified samples, significantly more CD markers, cytoskeleton, motor 

proteins, and pathway proteins, were detected. Extracellular surface markers such 

as CD31, CD151; and different MHC-A, B, and C molecules, were also present. 

All of these markers have been previously used to purify EVs by surface markers 

in microarray settings (Buzás et al., 2018). This suggests that our UC-purified 

samples contained a considerable amount of EVs. Also, different EV subpopu-

lations were included as we found CD9 and WNT2 for exosomes, CD31 for 

microvesicles, as well as the exosome-associated epithelial cell adhesion markers 

CA125 and CD41b (Ciardiello et al., 2016; Sunkara et al., 2016; van Niel et al., 

Only PEG (70/585, 12%) 
 Cytoskeleton and motor 

proteins (5/72, 7%) 
 Pathway (17/118, 14.4%) 
 Channel (2/16, 12.5%) 
 Other protein (14/65, 21.5%) 
 Innate immunity (5/34, 14.7%) 
 Clotting (5/23, 21.7%) 
 Enzyme (6/21, 28.6%) 
 Lipoprotein (5/16, 31.2%) 
 Adhesion (2/12, 16.7%) 
 Immunoglobulin (9/159, 5.7%) 

With both (264/585, 45.1%) 
 CD markers (1/24, 4.2%) 
 Cytoskeleton  

and motor proteins (5/72, 7%) 
 Pathway (2/118, 1.7%) 
 Channel (1/16, 6.2%) 
 Other protein (38/65, 58.5%) 
 Innate immunity (28/34, 82.3%) 
 Keratin (18/25, 72%) 
 Clotting (17/23, 74%) 
 Enzyme (7/21, 33.3%) 
 Lipoprotein (11/16, 68.8%) 
 Adhesion (4/12, 33.3%) 
 Immunoglobulin (132/159, 83%) 

Only UC (251/585, 42.9%) 
 CD markers (23/24, 95.8%) 
 Cytoskeleton  

and motor proteins  
(62/72, 86%) 

 Pathway (99/118, 83.9%) 
 Channel (13/16, 81.3%) 
 Other proteins (13/65, 20%) 
 Innate immunity (1/34, 3%) 
 Keratin (7/25, 28%) 
 Clotting (1/23, 4.3%) 
 Enzyme (8/21, 38.1%) 
 Adhesion (6/12, 50%) 
 Immunoglobulin (18/159, 

11.3%) 

Total unique proteins found with both methods N=585 

http://www.uniprot.org/


91 

2018). Multiple proteins involved in exosome formation, such as RAB7A, RAB11, 

and RAB27A, were also found (van Niel et al., 2018; Jaé et al., 2015). On the 

other hand, PEG-precipitated samples were enriched in immunoglobulins, lipo-

proteins, and clotting or innate immunity proteins, which could indicate co-

purification of serum proteins and lipoproteins (Shami-shah et al., 2023).  

Overall, the isolation and purification of EVs from serum has its challenges 

due to high serum viscosity and high abundance of serum proteins and non-EV 

lipid particles (Brennan et al., 2020). Consistent with previous studies, we also 

identified co-purified serum proteins such as apoB as well as a large amount of 

immune and inflammatory response proteins (Smolarz et al., 2019). In addition, 

a wide range of innate immunity complement proteins as well as complement 

regulatory protein CD59, TF, and clotting factors were detected. All of these 

might suggest that some microvesicles are platelet-derived and appeared in the 

sample during pre-analytical sample taking procedures, as our material was 

serum where no platelets should be present (van der Meel et al., 2014; Buzás et 

al., 2018; Smolarz et al., 2019).  

 

5.2.4 Proteins (N=159) linked to melanoma.  

SERPINA3, gelsolin and LGALS3BP in EVs  

as diagnostic markers 

We performed extensive literature review in 2021 to find which of these identi-

fied proteins have been linked to melanoma. In total, 159 proteins previously 

linked to melanoma in vivo experiments, immunohistochemistry, melanoma cell 

lines, murine models, in silico proteomics analysis, or gene expression studies 

were found at the time of writing study II. We detected multiple proteins shown 

to be upregulated in melanoma cell-derived EVs such as NOTCH2, TLN1, 

PGK1, SERPINF2, WDR, CSGP4, and YWHAE, as well as proteins linked with 

progressive disease such as ITHI3, MSN, THBS1, and TUBB (Pietrowska et al., 

2021). In addition, EV markers linked to other tumors were also found. PIGR has 

been shown in EVs from ultracentrifuged cholangiocarcinoma patient sera 

(Arbelaiz et al., 2017) and ALK1, CD151, and ECM1 have been found in non-

small cell lung cancer patient EVs as potential protein biomarkers, while CD91 

has been found to be a powerful surface biomarker for the same disease (Ma et al., 

2019; Ueda et al., 2014).  

The expression of three potential biomarkers – SERPINA3, LGALS3BP, 

gelsolin – in UC purified EVs was analysed with Western Blot. In summary, the 

expression of SERPINA3 and LGALS3BP was higher in melanoma patients than 

healthy controls, and gelsolin exhibited higher expression in healthy controls 

compared to melanoma patients. 

The first biomarker looked at was SERPINA3. SERPINA3, also called α-1-

antichymotrypsin, is a serine protease inhibitor. As an acute-phase protein sec-

reted into the plasma by liver cells, it plays an important role in the anti-in-

flammatory and antiviral response. Elevated levels of SERPINA3 have been 
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observed in heart failure and neurological diseases, such as Alzheimer’s disease 

or Creutzfeldt-Jakob disease. Many studies have shown increased expression 

levels of the SERPINA3 gene in various types of cancer, such as glioblastoma, 

colorectal cancer, endometrial cancer, breast cancer, or melanoma (de Mezer 

et al., 2023). When delving into the EV world, osteoblast-derived extracellular 

vesicles have been shown to exert osteoblastic and tumor-suppressive functions 

via SERPINA3 in osteoblastic prostate cancer (Ito et al., 2023). 

In this study, the lowest protein expression of alpha-1-antichymotrypsin 

(SERPINA3) was detected in EVs from healthy controls and the highest in 

stage II and III patients, followed by stage IV patients. There were statistically 

significant differences in signal strength between healthy controls and stage IV 

(p=0.002), stage II (p=0.005) and stage 0 patients (p=0.05). The upregulation of 

SERPINA3, has been shown to correlate with worse patient outcomes, as it has 

pro-migration and pro-invasion functions in melanoma cells (Zhou et al., 2016). 

Our results were consistent with previous findings as healthy controls had a 

significantly lower SERPINA3 signal when compared to stage II, III, and IV 

melanoma patients (figure 13). The highest signal of SERPINA3 was found in 

stage II patients when the invasion of melanoma cells starts and small nests of 

melanoma start to form in the papillary dermis, the lowest level of the epidermal 

skin (Davis et al., 2019). 

 

Figure 13. The relative values of the SERPINA3 signal obtained from the immunoblot 

analysis of EVs grouped by melanoma stages. 
 

The second biomarker looked at was LGALS3BP. Galectin-3-binding protein 

(LGALS3BP) is a secreted multifunctional glycoprotein that is expressed by 

several cancerous specimens, but undetectable or poorly present in normal tissues 

(Cela et al., 2024). It is involved in immunity, angiogenesis, cellular adhesion, 

migration and tumor microenvironment crosstalk (Capone et al., 2021). 

LGALS3BP has been indicated as one of the most abundant glycoproteins on the 

surface of extracellular vesicles derived from ovarian and endometrial cancer, 

pancreatic ductal adenocarcinoma, glioblastoma, and neuroblastoma. It is shown 

to take part in cargo delivery in these vesicles (Cela et al., 2024). 
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In this study, the expression of LGALS3BP in EVs showed a similar pattern 

to SERPINA3; however, EVs from both healthy control and stage 0 patients 

showed very low expression. At the same time, the highest signals were detected 

for stage I and IV patients (figure 14). Statistically significant changes were seen 

between stage I and healthy controls (p=0.003), and between stage I and III 

patients (p=0.05). The expression of LGALS3BP is altered in the serum of 

patients with a variety of human carcinomas, and a down regulation of the protein 

it binds to, galectin-3, is related to increased aggressiveness of tumors. It 

promotes integrin-mediated cell adhesion and may stimulate host defense against 

viruses and cancer cells (van den Brûle et al., 1995). In melanoma, galectin-3 

protein overexpression correlates with metastatic progression and a negative 

clinical outcome (Prieto et al., 2006). 

 

Figure 14. The relative values of the LGALS3BP signal obtained from the immunoblot 

analysis of EVs grouped by melanoma stages 

 

The third biomarker looked at was gelsolin. Gelsolin is a calcium-activated actin 

filament severing and capping protein, which is found in many cell types. It also 

exists as a secreted form in the plasma of vertebrates. Tight regulation of gelsolin 

by calcium is crucial for its physiological role and constitutive activation leads to 

apoptosis (Spinardi & Witke, 2007). The protein expression of gelsolin has been 

found to be significantly decreased in several pathological conditions including 

neurodegenerative diseases, inflammatory disorders, and cancers. Its extracellu-

lar isoform, called plasma gelsolin, is one of the most abundant plasma proteins 

in circulation, and has emerged as a novel diagnostic biomarker for early disease 

detection. Current evidence reveals that gelsolin can function as either an on-

coprotein or a tumor suppressor depending on the carcinoma type. Plasma gelso-

lin is also involved in immunomodulation (Hsieh & Wang, 2022). Over-

expression of plasma gelsolin has been shown to be a key contributing factor to 

ovarian cancer chemoresistance and immunosuppression. Exosomes containing 

plasma gelsolin have been said to contribute to ovarian cancer progression 

(Onuma et al., 2022). 
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In this study, gelsolin showed a completely different expression pattern with 

the highest median signal detected in healthy controls (figure 15). Healthy 

controls had a significantly higher gelsolin signal when compared to stage 

I (p=0.003), stage II (p=0.002), stage III (p=0.005), and stage IV patients 

(p=0.04). There was also a significant difference between stage II and stage IV 

patient signals (p=0.03). According to previous studies, gelsolin occurs in acidic 

exosomes and its expression is highest in metastatic melanoma patients 

(Boussadia et al., 2018). In our study, the highest occurrence was seen in healthy 

patients instead. 

 

Figure 15. The relative values of gelsolin signal obtained from the immunoblot analysis 

of EVs grouped by melanoma stages. 

 

In summary, in this study EVs were purified from the blood serum of melanoma 

patients and healthy controls. The total yield of EVs purified from patients varied 

in their size and concentration in different individuals. 585 unique proteins were 

found with 334 proteins in PEG-precipitated samples and 515 in UC-purified 

EVs. Detailed analysis of three potential biomarkers – SERPINA3, LGALS3BP, 

and gelsolin – revealed that the expression of SERPINA3 and LGALS3BP was 

higher in melanoma patient EVs than in healthy controls, while gelsolin exhibited 

higher expression in healthy controls. 

Discussion. While working on this study, the underlying assumption was that 

proteins are either inside or on top of EVs. However, there remains a third 

possibility that we did not pay attention to – that we were looking at proteins in 

the protein corona (PC). With the emerging advances in utilizing nano carriers 

for biomedical applications, including synthetic particles as well as EVs, a 

molecular-level understanding of the in vivo fate of nano carriers is becoming 

more important. After administration into human fluids, nano carriers can attract 

proteins onto their surfaces, forming an assembled adsorption layer called protein 

corona (PC). The formed PC can influence the physicochemical properties and 

subsequently determine nano carriers’ biological behaviors (Xiao et al., 2022). 

Numerous investigations have revealed two distinct layers – an inner hard and 
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outer loose layer (Kari et al., 2020). It is suggested that the entity of the PC is 

changed over time because of alterations in the composition of the hard PC 

(Pinals et al., 2020). The composition and levels of proteins in the hard corona 

layer can reflect the identity of biomolecules under physiological and patho-

logical conditions (García-Álvarez et al., 2018). For example, the inner hard PC 

can lead to the activation of the reticuloendothelial system cells and the elimi-

nation of nano particles faster than expected. This effect is simultaneously inten-

sified by the accumulation of misfolded proteins and NP aggregation. Inte-

restingly, the protein–protein interaction is mainly involved with the soft corona 

formation because the surface of the nanoparticles pre-occupied with the hard PC 

layer (Heidarzadeh et al., 2023). In-situ investigations have indicated the axis role 

of soft corona compositions on the stealth properties of liposomes (Kari et al., 

2020). 

In EVs, the protein corona might be involved in the surface interactions of 

EVs and may regulate EV organo‐ and cellular tropism, immune recognition, and 

cellular uptake (Buzás et al., 2018). For example, plasma protein-coated EVs 

have a higher density compared to the nascent ones and carry numerous asso-

ciated proteins. Nine shared EV corona proteins have been identified, which 

appear to be common corona proteins among EVs, viruses and artificial nano-

particles in blood plasma. There is a high overlap of the composition of the 

protein corona with blood plasma protein aggregates (Tóth et al., 2021).  

The protein corona itself can change based on physiological conditions it 

encounters. It has been found that the stability of PC, especially the soft corona 

layer, can be changed based on environmental properties like blood flow velocity 

from capillaries to arteries. The occurrence of pathological conditions in the 

vascular wall such as aneurysms can alter the entity of the soft corona layer 

(Heidarzadeh et al., 2023). On the other hand, the coupling of proteins into the 

protein corona might change EV transit time. Certain plasma protein subsets such 

as complement factors 3 and 4B can attach to the exosomal surface, resulting in 

robust phagocytosis of opsonized exosomes by immune cells. This phenomenon 

can lead to a reduction of exosomal transit time through the blood (Tóth et al., 

2021). The opposite mechanism might also be involved in some immune disease 

development. In the case of systemic lupus erythematous, exosomes can harbor 

large contents of C3d-opsonized immune complexes while the levels of C3b and 

C3ib are diminished. It seems that this can reduce phagocytosis of exosomes by 

immune cells and increase transit times, leading to prolonged chronic inflam-

matory conditions (Winberg et al., 2017). The existence of CD47 on the exosome 

surface can also lead to the transmission of “do not eat me” signals toward 

immune cells (Kamerkar et al., 2017). 

This protein corona itself might have different effects and trigger cellular 

uptake into cells. For example, in the case of therapy-grade human placental-

expanded stromal cells EVs, protein corona removal cancelled EVs positive 

effects on enhancing angiogenesis (Wolf et al., 2022). In liver disease, there is a 

problem with the rapid clearance of exogenous EVs by phagocytic cells. Liam-
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Or et al have suggested that bound albumin creates an EV signature that can re-

target EVs from hepatic macrophages, which results in markedly improved 

cellular uptake by hepatocytes, liver sinusoidal endothelial cells and hepatic 

stellate cells (Liam-Or et al., 2024). It has also been shown that the presence of a 

protein corona increases the uptake of EVs in human monocytes (Dietz et al., 

2023).  

For diagnostics, the protein corona, also sometimes referred to as biomole-

cular corona may enrich specific biomolecules or outline-specific biomolecular 

patterns hidden in the biological fluid. This striking feature makes the PC extra-

ordinarily appealing for diagnostics, opening the possibility to single out low 

abundant biomarkers, which would be otherwise missed, and to follow their 

evolution over time and space. In view of this, explorative studies have leveraged 

the scavenging features of biomolecular corona to search for novel diagnostic and 

prognostic biomarkers: thus, unique fingerprints could be related to specific 

diseases. For example, different hydrophobic and hydrophilic synthetic nano-

particles have been incubated with plasma of patients with different diseases or 

conditions revealing alteration of the PC, mainly the hard corona, composition in 

respect to healthy samples (Radeghieri & Bergese, 2023). For example, specific 

glycoforms of the anticoagulant protein antithrombin are specifically and dif-

ferently enriched in the PC of EVs separated from the plasma of healthy subjects 

and patients affected by qualitative antihtrombin deficiency (Radeghieri et al., 

2022). In rheumatic arthritis, when EVs were incubated with EV-depleted plasma 

of patients and relative controls, the capability to differentiate patients from 

healthy subjects was demonstrated (Tóth et al., 2021). 

Leaving the protein corona to the side and focusing on the EVs themselves, 

this study has fallen in line with others that also show the diagnostic potential of 

EVs in skin cancer diagnostics. In standard non-melanoma skin cancer, EVs are 

integral to carcinogenesis, and are found to release mediators influencing tumor 

progression. For example, circular RNA CYP24A1 holds promise as a diagnostic 

biomarker for this disease (Seretis et al., 2024). There have also been multiple 

other studies with melanoma EVs as diagnostic biomarkers for melanoma. For 

example, plasma exosome-derived Cx43 levels could be a potential biomarker. 

These levels have been shown to be substantially downregulated as opposed to 

the levels in healthy controls. Overall survival and disease-free survival have also 

been shown to be poorer in patients with melanoma who exhibited lower levels 

of plasma exosome-derived Cx43 (Shen et al., 2023). Three plasma exosome 

miRNAs, namely hsa-miR-200c-3p, hsa-miR-144-3p and hsa-miR-221-3p, have 

also been shown to be differentially expressed in plasma-derived exosomes from 

melanoma patients and controls (De Martino et al., 2023). EVs have even been 

used in rarer melanoma subtype diagnostics. For example, small extracellular 

vesicles have been found in the vitreous humor, the fluid that fills eyeballs, in 

uveal melanoma patients. Two subpopulations were increased after internal 

radiation therapy, which may suggest radiation-induced release of these particles 

(Sirivolu et al., 2024). 
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Some works have also focused on DNA mutations and immune checkpoint 

inhibitor therapy response. In one study, mutations in six genes in human metastatic 

melanoma tissue EVs were detected, and at least one mutation was detected in all 

melanoma EV samples. The mutant allele frequency was higher in DNA isolated 

from tumor-derived EVs compared to total DNA extracted directly from plasma 

DNA, supporting the potential role of tumor EVs as future biomarkers in 

melanoma (Crescitelli et al., 2022). When isolating EVs from metastatic mela-

noma patients, it was showed that circulating PD1 carrying EVs are a driver of 

resistance to anti-PD1 treatments and this method could be a promising tool to 

stratify metastatic melanoma patients for immunotherapy (Serratì et al., 2022). 

In conclusion, this study falls in line with others in showing that melanoma 

EVs have potential in the diagnostic field yet much more work remains before 

anything concrete can be used. These EVs themselves can be involved in the 

development of the disease or act as biomarkers, which are released due to disease 

development. However, what complicates the field of proteomic studies is the 

lack of understanding about what exactly we are looking at and from where – are 

the proteins in or on the EVs or part of the protein corona that it accumulates in 

the body? Many questions remain; however, the first steps have been made in 

using EVs as diagnostic markers in melanoma patients. 
 

 

5.3 Study III – EVs composition and biochemical 

characteristics difference between post heart attack 

and healthy controls  

In this study, the yield and composition of extracellular vesicles (EVs) derived 

from 40- to 60-year-old healthy male controls and post-myocardial infarction 

(post-MI) patients’ blood samples was investigated, and their pro-inflammatory 

and oxidative-related properties were assessed. This study aimed to determine the 

EV yield and composition differences between both groups and to find out if there 

were differences between EV-mediated oxidative stress reactions. 
 

5.3.1 Low-grade inflammation, an altered blood lipid profile 

and high level of oxidative stress in post-myocardial 

infarction patients  

Post-myocardial infarction (MI) patients had a significantly elevated concen-

tration of blood serum MDA (p<0.001), lower levels of low-density lipoprotein 

cholesterol (p<0.001), high-density lipoprotein cholesterol (p=0.03), and total 

cholesterol concentrations (p<0.001) compared to healthy controls. In this study, 

the post-MI group had a hsCRP range of 0.15–11.2 mg/L and control group 4.2–

8.1 mg/L. Hence, the post-MI group patients were in an atherosclerosis range as 

CRP is also used as an inflammation marker where the positive values start at 

above 5 mg/L. MDA concentration in blood plasma is an effective oxidative 
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stress biomarker and it has been shown to correlate with tissue damage in both 

acute and chronic diseases (Papac-Milicevic et al., 2016).  

 

5.3.2 Low EV yield in post-MI patients’ blood samples  

There was a statistically significant difference in extracellular vesicle concen-

tration between the healthy control group and the post-MI group (p<0.001). How-

ever, the total protein level measured by the Bradford method was higher in post-

MI patient samples (p=0.001), which might be related to the higher level of 

protein cargo carried in the post-MI blood EVs (figure 16). In addition, healthy 

groups’ blood EVs showed a positive correlation (R=0.55) between Bradford 

measurements and NTA, while post-MI EVs did not (R=–0.15). Comparing CD9 

median fluorescence intensity and the percentage of positive events revealed that 

healthy human blood samples had a higher number of CD9-positive exosomes 

than post-MI group individuals (p<0.001). There was quite a strong correlation 

in both groups between CD9 MFI and the percentage of CD9-positive events 

(R=0.74 and R=0.6, respectively). CD9 levels found in the isolated EV fraction 

confirmed the presence of exosomes in the EV samples. The presence of exosomes 

was also confirmed by TSG101 and glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) in both healthy and post-MI EVs samples. GAPDH testing showed 

EVs from patients had more proteins when compared to controls. 

Figure 16. Comparison between healthy controls and post-MI (myocardial infarction) 

patient’s particle concentration and total protein concentration  

 

Looking at EV counts, our data showed that post-MI patients’ blood samples had 

a significantly lower EV yield when compared to the healthy group. However, 

use of medications such as anti-atherogenic statins or the timing of blood col-

lection (3 months post-MI) could have an impact on the post-MI EV yield in the 

current study. Patients with atherothrombotic diseases and atherosclerotic lesions 

have been shown to have high levels of circulating EVs derived from endothelial 

cells, vascular smooth cells, platelets, and erythrocytes (Rautou et al., 2011). The 

release of platelet-derived EVs has been shown to be increased in conditions such 

as MI (Puhm et al., 2021; Davidson et al., 2019). The level of circulating EVs 

starts to increase 1 h after myocardial infarction, with a significant increase 
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occurring in 24 h after MI or ischemia/reperfusion (Deddens et al., 2016; Ge 

et al., 2019).  

Hydroxymethyl glutaryl coenzyme A reductase (HMG-CoA) inhibitors, sta-

tins, therapy has significant benefits for both primary and secondary prevention 

of cardiovascular disease (Ramkumar et al., 2016). The decreased number of 

circulating EVs derived from the endothelium, platelets, and inflammatory cells 

after lipid-lowering therapies with statins has also been observed (Suades et al., 

2013). Simvastatin has been shown to reduce the secretion of EVs from various 

cell types (Kulshreshtha et al., 2019). While atorvastatin, along with other hyper-

tensive treatments, increases the number of endothelium-derived EVs (Mobarrez 

et al., 2012; Zu et al., 2016). These controversial data reveal that the effects of 

statins on EV release are not fully clear.  

 

5.3.3 Oxidative stress reactions between post-MI and 

control groups 

To determine anti-oxidative EV properties, thioredoxin level was identified by 

western blotting. Thioredoxin acts as electron donors to peroxidases and 

ribonucleotide reductase (Arnér & Holmgren, 2000). Based on mice experiments, 

endogenous thioredoxin is an essential component of the cellular antioxidant 

mechanisms and plays a critical role in regulating oxidative stress in the heart 

(Yamamoto et al., 2003). In our study, it was detected in almost all samples, but 

at a noticeably higher level in post-MI EV samples than in healthy individuals. 

Similar results were obtained with the cell survival-regulating enzymes: extra-

cellular signal kinases 1/2 (ERK 1/2) and protein kinase B (Akt) were detected in 

all EV samples, but were found at higher levels in post-MI EVs samples. The 

investigation of pro-oxidative NADPH oxidases (NOX1, NOX2, and NOX5 

isoforms) in EV samples showed a strong upregulation of all 3 NOX isoforms in 

post-MI EVs, but only NOX1 and NOX5 isoforms were obtained in the healthy 

EVs. After this, oxidative stress testing of isolated EVs was done by adding them 

to the endothelial cell culture (HUVEC) and measuring the production of ROS 

through H2DCFDA fluorescence intensity (figure 17). Data showed that post-MI 

patient exosomes gave a lower oxidative stress response than the EVs of the 

healthy group (p<0.001). 

Data from our study shows that exosomes isolated from post-MI patients’ 

blood were of inflammatory origins as shown by their surface marker thioredoxin, 

and carry both pro- and anti-oxidative enzymes, with a higher predominance of 

antioxidant effects. This finding was confirmed in the experiments with HUVEC 

cell culture, since exosomes isolated from the post-MI patients’ blood induced 

lower oxidative stress when compared to the healthy group. However, in the 

control group the EVs had fewer inflammation markers, yet at the same time 

caused a higher oxidative stress reaction.  
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Figure 17. Comparison between healthy controls and post-MI (myocardial infarction) 

patients oxidative stress response through measuring ROS production using H2DCFDA 

fluorescence intensity 

 

Recent studies have indicated the positive effect of cell-released exosomes on 

injured tissues (Wendt et al., 2018). It has been shown that treatment using 

exosomes can reduce systemic inflammation in mice after myocardial ischemia/ 

reperfusion (Arslan et al., 2013). Those exosomes were found to induce phospho-

inositol-3-kinase/protein kinase B (PI3K/Akt B) signaling, which is known to 

reduce oxidative stress and help protect cells and tissues (Tan et al., 2022). 

Results from our study show that exosomes from post-MI patients carry Akt and 

ERK1/2 at higher levels compared to EVs from healthy controls. Post-MI patients 

also carried higher levels of thioredoxin. All of this shows that post-MI EVs had 

antioxidant effects. This also matches previous findings as it has been shown that 

exosome-like structures could transfer anti-oxidant thioredoxin, which is up-

regulated as a response to increased oxidative stress (Madrigal-Matute et al., 2015).  

An association between pro-oxidant NOX2 and anti-oxidant thioredoxin 

levels have also been shown: in macrophages, the downregulation of NOX2 also 

decreased thioredoxin levels (Madrigal-Matute et al., 2015). The link between 

NOX2 and thioredoxin was observed in our study as well; NOX2 was found only 

in post-MI patients’ EVs, which also had a higher thioredoxin level according to 

western blot data. NAPDH oxidases, except for NOX4, are usually described as 

enzymes responsible for increased atherogenesis (Poznyak et al., 2020). NOX2 

isoform is undoubtedly an important enzyme in oxidative stress, yet its function 

in atherosclerosis remains enigmatic. NOX2 usually has a negative effect on the 

endothelium (Fan et al., 2014). However, NOX2 deficiency has been shown to 

cause the loss of survival signaling through ERK and Akt in neonatal rat myocytes 

(Rosc-Schlüter et al., 2012).  

Discussion. Data from this study suggest that exosomes in post-MI patients’ 

blood might have anti-oxidative properties that could serve as an additional factor 

in controlling the post-MI condition. This might indicate that EVs from a lower 

inflammation origin mediate oxidative stress reactions before atherosclerotic 
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events occur, and after their occurrence, they are produced from a higher inflam-

mation origin but are less involved in mediating oxidative stress reactions. This 

suggest that exosomes in post-MI patients’ blood might have anti-oxidative pro-

perties that could serve as an additional factor in controlling the post-MI condition. 

However, extracellular vesicles can also have effects on diseases that are 

driven by atherosclerosis or are involved in the development of atherosclerosis 

itself. For example, extracellular vesicles could also be used as biomarkers for 

cerebral ischemic diseases. Cerebral ischemia is a mechanism of acute brain 

injury that results from impaired blood flow to the brain and is often caused by 

secondary events on top of atherosclerosis in brain vessels. The EV-surface 

antigen profile appears to be different in patients with transient symptoms com-

pared with patients whose symptoms were less likely to be due to brain ischemia 

(Burrello et al., 2021). A link between non-alcoholic fatty liver disease and 

atherosclerosis through EVs has also been shown. Steatotic hepatocyte-derived 

small extracellular vesicles promote foam cell formation and facilitate athero-

genesis. Reducing EVs secretion by steatotic hepatocytes might be a potential 

therapeutic approach to slow the progression of non-alcoholic fatty liver disease-

driven atherosclerosis (Chen et al., 2023).  

EVs released due to lifestyle choices might also influence atherosclerosis 

development both in a negative or positive way. According to functional studies, 

EVs from the serum of smokers have been shown to be significantly increased 

and to take part in endothelial dysfunction. Moreover, CD14 levels, which 

represent EVs from monocytes, have been shown to be significantly increased on 

EVs from smokers. This indicates that monocytes might be an important source 

of smoker-EVs (Wang et al., 2023a). Sleep deprivation might also be involved in 

atherosclerosis development. Isolated plasma exosomes from sleep-deprived 

humans have been shown to be potent inducers of endothelial inflammation and 

atherogenesis (Li et al., 2023). In mice, obesity-induced exosomal miR-27b-3p 

has also been shown to promote endothelial inflammation and facilitate athero-

genesis (Tang et al., 2023). On the other hand, mice experiments have been shown 

that exercise remodels metabolism towards beneficial cardiovascular outcomes 

and does this at least partially via skeletal muscle secreted EVs (Wang et al., 

2023b). 

In addition, extracellular vesicles from viruses and bacteria can be involved in 

atherosclerosis development. As a more extreme example, people living with 

HIV are at a higher risk of having cerebrocardiovascular diseases compared to 

HIV-negative individuals. It has been hypothesized that HIV infection results in 

modified miRNA content in plasma extracellular vesicles, which modulate the 

functionality of vascular repairing cells and vascular wall cells (Da Fonseca 

Ferreira et al., 2023). Some studies have suggested that bacterial infections may 

contribute to the development of both atherogenesis and inflammation in athero-

sclerotic lesions. In particular, the participation of bacterial extracellular mem-

brane nanovesicles have been shown to take part in atherosclerosis pathogenesis 

(Lusta et al., 2024). 
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In conclusion, not only atherosclerotic extracellular vesicles themselves have 

pathogenic effects as shown in this study, but also the overall human condition 

of comorbidities, lifestyle choices and even the surrounding environment might 

have a role in atherosclerosis development and its end negative endpoints such as 

myocardial infarction.  
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6. CONCLUSIONS 

Based on the results of the studies reviewed in this dissertation, the following 

conclusions can be made: 

• Autoimmune response against MAGE-A10 and MAGE-A4 could be used in 

liquid biopsy tests to detect stage I to III melanoma 

• Extracellular vesicles from melanoma patients can be purified and their pro-

teomic profile, for example SERPINA3, could be used in melanoma diag-

nostics  

• Post myocardial infarction patients extracellular vesicles have different pro-

perties than healthy control extracellular vesicles and could be directly con-

tributing to disease development. 

 

These results show that autoantibodies and extracellular vesicles could be used in 

liquid biopsy tests as diagnostic tools for melanoma. In addition, extracellular 

vesicles themselves can also have biologically active functions in disease 

development as shown in post myocardial infarction patients. 
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SUMMARY IN ESTONIAN 

Vedelbiopsia potentsiaali uurimine melanoomi diagnostikas ja 

ekstratsellulaarsete vesiikulite roll ateroskleroosi arengus 

 

„Vedelbiopsia“ on lai termin, mida kasutatakse kehavedelike testimise kirjelda-

miseks. Vedelbiopsia meetodeid saab kasutada paljude biomolekulaarsete tun-

nuste tuvastamiseks ning saadud info võib anda märku haiguste esinemise kohta. 

Vedelbiopsiat võib kasutada ekstratsellulaarsete vesiikulite, autoantikehade ja 

valkude tuvastamiseks  

Melanoom on pahaloomulistest melanotsüütidest arenenv nahavähk. Kuigi 

hetkel paljude kasvajatüüpide esinemissagedus väheneb, siis melanoomi esinemis-

sagedus kasvab. Melanoomi diagnoositakse kliinilise hindamise teel – paha-

loomulise melanoomi tunnuste hulka kuuluvad asümmeetria, hüpertsellulaarsus 

ja halb piiritlus. Antud kasvaja usaldusväärne tuvastamine on väljakutse pinna-

markerite ekspressiooni mitmekesisuse tõttu. Seetõttu otsitakse uudseid tuvas-

tamismeetodeid, milleks võiksid olla vedelbiopsia materjalis leiduvad markerid 

nagu autoantikehad ja ekstratsellulaarsed vesiikulid. 

Autoantikehi leitakse kehas vastusena üleekspresseeritud, muteerunud, valesti 

pakitud või lagunenud kasvaja valkudele, mis võivad olla esimesed vihjed kas-

vaja arengust ning avalduda märkimisväärselt, mitmeid kuid või aastaid, varem 

kui ilmnevad kasvaja kliinilised sümptomid. Tsirkuleerivate autoantikehade 

seerumiprofiilide koostamist peetakse atraktiivseks meetodiks varases staadiumis 

vähi diagnoosimiseks. Melanoomi antigeeni geeni, MAGE, valkude perekond 

omab ühist MAGE homoloogi domeeni. Antud valkude superperekonda kuulub 

üle 60 valgu, millest >40 klassifitseeritakse kasvaja-testis antigeenideks. Kasvaja- 

testis antigeenid (CTA-d), on rühm valke, mille ekspressioon on seotud eelkõige 

munandite, munasarjade ja platsentaga. Inimese arengu käigus nende esinemine 

kaob, kuid kasvajate korral võivad CTA-d taastekkida ja põhjustada auto-

antikehade moodustumist. 

Ekstratsellulaarsed ehk rakuvälised vesiikulid (EV-d) on rakust pärinevad 

nanosuurustes vesiikulid, mida on võimalik kasutada vedelikbiopsias. EV-d päri-

vad vanemrakkudest bioaktiivsed komponendid, mida  on võimelised kandma 

retsipientrakkudesse. Paljud EV alatüübid kattuvad suuruse, pinnavalkude esine-

mise ja nende sees olevate valkude poolest, mistõttu EV-d on oma olemuselt 

mitmekesised. Mõnede rakutüübispetsiifiliste EV-de isoleerimine tavapäraste 

tehnoloogiate abil on keeruline nii kindla rakutüübi madala arvukuse, kui ka 

madala sekretsioonimäära tõttu.  

Ateroskleroos on koronaar-, unearteri- ja perifeersete arterite haiguse kõige 

sagedasem põhjus. See on keskmiste ja suurte arterite multifokaalne immuun-

põletikuline haigus, mille arengus on peamised osalejad endoteelirakud, leukot-

süüdid ja sisekesta silelihasrakud. Vaatamata tõhusatele sekkumistele madala 

tihendusega lipoproteiini (LDL-i), vererõhu ja muude traditsiooniliste riski-
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tegurite kontrolli all hoidmiseks, on siiski aterosklerootiliste südame-veresoon-

konna haiguste tekkimise risk märkimisväärne. Tsirkuleerivad mikrovesiikulid 

(MV) on väikesed vesiikulid, mis aitavad kaasa aterotrombootilisele protsessile. 

MV-d saab kasutada kardiovaskulaarsete haiguste olemasolu ja arenemise bio-

markeritena. 

Antud doktoritöö eesmärgiks oli kaardistada MAGE-A4 ja MAGE-A10 

vastaste autoantikehade ning melanoomiga patsientide seerumist puhastatud 

rakuväliste vesiikulite potentsiaali vedelbiopsia markeritena melanoomidiag-

nostikas. Lisaks sellele oli eesmärgiks leida, kas müokardiinfarkti põdenud pat-

sientide seerumist eraldatud rakuvälistel vesiikulitel on erinevad omadused kui 

kontrollrühma patsientide omadel. 

Töö raames leiti, et MAGE-A4 ja MAGE-A10 vastast autoimmuunvastust 

saab kasutada vedelbiopsia testides, et tuvastada I kuni III staadiumi melanoomi. 

Kuigi patsientide keskmine immuunvastus ei olnud verepanga kontrollidega 

võrreldes suurem, oli siiski 15 patsiendil 185-st (8,2%) tugev autoimmuunvastus 

MAGE-A4 ja/või MAGE-A10 valgu vastu. Kõik autoimmuunvastused ilmnesid 

melanoomi I, II ja III staadiumis ning kõige enam tuvastati tugevaid vastuseid 

II staadiumi melanoomiga patsientidel seas. MAGE-A-vastaseid antikehi saab 

käsitleda potentsiaalsete diagnostiliste biomarkeritena. 

Samuti avastati töö käigus, et melanoomiga patsientide rakuväliseid vesiiku-

leid saab puhastada ja nende valgulist profiili kasutada melanoomi diagnostikas. 

EV-sid saab puhastada nii ultratsentrifuugimise (UC) kui ka polüetüleenglükooli 

sadestamise (PEG) meetodi abil. Samuti leiti, et erinevates melanoomi staadiu-

mides on EV kogus ja vesiikulite suurus erinev. Proteoomika meetodit kasutades 

leiti EV-des üle 585 unikaalse valgu, millest varasemalt on näidatud, et 159 neist 

on melanoomiga seotud ja kolme neist – SERPINA3, gelsoliin ja LGALS3BP – 

võib EV-des leidmisel kasutada diagnostiliste markeritena. 

Lisaks tuvastati, et müokardiinfarkti (MI) põdenud patsientide ekstra-

tsellulaarsetel vesiikulitel on erinevad omadused võrreldes tervete inimeste 

kontrollrühma rakuväliste vesiikulite omadustega. MI-järgselt patsientide vere-

proovidest saadud EV saagikus oli oluliselt väiksem võrreldes kontrollgrupi pat-

sientidega. Leiti, et MI-järgse grupi EV-d olid põletikulise päritoluga, kuid samal 

ajal vahendasid nad vähem oksüdatiivse stressi teket. Samas võrdlevalt oli 

kontrollrühma EVd vähemal määral põletikulise päritoluga põhjustades rohkem 

oksüdatiivse stressi reaktsioone.  

Antud doktoritöö tulemused näitavad, et autoantikehi ja ekstratsellulaarseid 

vesiikuleid saab kasutada vedelbiopsia testides melanoomi diagnoosimiseks. 

Lisaks võivad ekstratsellulaarsed vesiikulid ise omada bioloogiliselt aktiivseid 

funktsioone erinevate haiguste, antud juhul ateroskleroosi, arengus. 
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