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Abstract 
Autosomal Dominant Hyper-IgE syndrome (AD-HIES) is a rare primary immunodeficiency and 

multisystem disorder characterized by recurrent infections, complex somatic features and 

increased innate immune response. Dominant negative mutations in the signal transducer and 

activator of transcription 3 (STAT3) gene underlie most AD-HIES cases. Impairment of STAT3 

functionality leads to compromised development of TH17 cells, a subset of CD4+ T cells 

responsible for host defence, resulting in the clinical features of AD-HIES. To date, no specific 

treatments are available, and the main therapeutic approaches are limited to supportive treatment 

and antimicrobial prophylaxis. Thus, the development of new therapeutic strategies represents an 

urgent need. 

Here we proposed the restoration of STAT3 signalling by Extracellular Vesicles (EVs)-mediated 

administration of fully functional wild type STAT3. A novel recombinant fusion construct of 

STAT3 tagged with EGFP was produced using a baculovirus-based expression system and 

characterized from a biochemical and biophysical point of view. EGFP-STAT3 was encapsulated 

in EVs isolated from B-lymphoblastoid cells conditioned medium using a saponin-assisted 

method. The obtained EVs were characterized by fluorescence detection, western blotting, and 

Nanoparticle Tracking Analysis. In addition, the internalization of EGFP-STAT3 was 

demonstrated by proteolysis reaction. The EVs delivery potential of EGFP-STAT3 was 

successfully assessed in an in vitro cellular model using confocal microscopy.  

The obtained results constitute the scientific background for further development of a new 

possible therapeutic approach for the treatment of AD-HIES. 

  



 4 
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Introduction 

1. Extracellular Vesicles: nomenclature and biogenesis 

The existence of cell-derived membrane extracellular vesicles (EVs) in mammalian tissues and 

fluids was known from the late 1960s when the first EVs images were captured. At the time, these 

particles were considered merely inert cellular debris and referred to as “platelet dust” (1). In the 

following decades, other publications described structures consistent with EVs and the first 

discussions on the existence and nature of these vesicles arose (2). Some of the key EV milestones 

from 1940s are outlined in Fig.1. 

In the early 1980s, two independent groups described the secretion of transferrin receptors via the 

release of intraluminal vesicles from reticulocytes. These seminal works gave the first evidence 

of the EVs secretion pathways but also suggested that EVs could be used by cells for the disposal 

of obsolete molecules (3). In 1996, Raposo and colleagues discovered that EVs secreted from 

Epstein-Barr virus-transformed B-cells could stimulate adaptive immune responses suggesting 

that EVs were more than waste carriers, instead, they were likely to play a role in cell-to-cell 

communication (4). This and other discoveries published in these years catalysed the attention of 

the scientific community on EVs, their physiological and pathological role and their potential as 

biomarkers and therapeutics.  

 
Fig. 1. Timeline of the selected milestone in the EV field. Adapted with permission from (3). 

1.1. EVs nomenclature 

In the early days, the scientific community used to recognize and stratify EVs into three main 

subtypes, namely exosomes, microvesicles (MVs) and apoptotic bodies, differentiated mainly on 

the available information regarding biogenesis mechanism and biophysical properties. In the later 

years, several other types of EVs have been described leading to a more and more complicated 

and intricate landscape (5). 
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This new knowledge led to the proposal of a new biogenesis-based classification in which EVs 

can be distinguished into two major subtypes: exosomes, if of endosomal origin, and ectosome, 

if released from the plasma membrane (6) (Fig. 2).  

Exosomes (~50-200 nm diameter), are first generated when the endosomal membrane buds 

inwardly to form intraluminal vesicles (ILVs) in multivesicular compartments (multivesicular 

bodies (MVBs)) and are later secreted upon fusion of these compartments with the plasma 

membrane (7) (Fig. 2, right panel). 

 
Fig.2. Schematic representation of the heterogeneity of EVs. Different types of ectosomes, left panel, with 
microscopy images. Exosomes, right panel. (A) Microvesicles released from colon cancer cells, observed by Structured 
Illumination Microscopy upon immunostained for Annexin1. Adapted with permission from (8). (B) Arrestin domain-
containing protein 1 (ARCC1)-mediated microvesicles (ARMM) expressing ARCC1 fused with m-Cherry, detected by 
transmission electron microscopy, gold-labelled with anti-mCherry. Adapted with permission from (9). (C) 
Transmission electron microscope image of the pomegranate-like structures typical of migrasomes. Adapted with 
permission from (10). (D) Large oncosomes released from colon cancer cells, observed by Structured Illumination 
Microscopy upon immunostaining for Annexin1. Adapted with permission from (8). (E) Immuno-electron microscopy 
image of exosomes labelled with gold anti-transferrin receptor antibody. Adapted with permission from (9).  

Differently, ectosomes are generated by outward budding of the plasma membrane, in a similar 

manner to retroviruses, as described by (11) (Fig. 2 left panel). Various subpopulations of 

ectosomes have been characterized, including microvesicles (MVs). These vesicles vary in size 

from 200 to 1000 nm diameter (Fig. 2 A) and constitute one of the main ectosome subpopulations. 
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Smaller vesicles (~100 nm) budding from the plasma membrane have been described, these are 

called arrestin domain-containing protein 1-mediated microvesicles (ARMM) (12) (Fig. 2 B). 

Large oncosomes can also be included among ectosomes (13). These large vesicles (1-10 µm) are 

typically released by cancer cells and are responsible for horizontal propagation of oncogenes 

(14) (Fig. 2 D). Lately, a plethora of low-abundance distinct EVs subtypes have been reported, 

such as migrasomes (10) (Fig. 2 E), exophers, cilia-derived vesicles, and en bloc-released MVB-

like small EV clusters, which are still under characterization (6). In addition, apoptotic bodies 

(~1-5 µm) are formed during programmed cell death in a tightly regulated manner. Apoptotic 

bodies are difficult to distinguish from other large EVs, but they appear to contain relatively more 

genomic DNA than other EVs (15).  

However, as stressed by the International Society of Extracellular Vesicles (ISEV), owing to the 

lack of markers of specific biogenetic routes and the overlapping size of different EVs subtypes, 

it is highly difficult to assign one or the other term. For this reason, in the Minimal Information 

for Studies of Extracellular Vesicles (MISEV) guidelines, it has been encouraged the use of 

“operational terms” if a portion of the population is isolated within a specific study. For instance, 

the terms“small” EVs and “large” EVs may be used within a particular study, provided that a 

clear definition of how the isolation procedures allowed the size differentiation is given (16). 

In this thesis, since we did not focus on the isolation of a specific EVs subpopulation, the term 

Extracellular Vesicles (EVs) will be used, as endorsed by ISEV.  

1.2. EVs biogenesis 

Investigations on EVs biogenesis have been considerably hampered by the unavailability of 

efficient isolation methods (17). Indeed, preparations obtained by most current protocols are 

highly heterogeneous, being composed of EVs of endosomal and non-endosomal origin in 

different proportions according to the chosen isolation method (18). As already partially described 

above, overlapping ranges of size, similar morphology, and density among different types of EVs 

make the characterization of the specific mechanisms behind the biogenesis of both exosomes 

and ectosomes extremely challenging (17). 

Nonetheless, researchers have succeeded in shedding some light on the cell biology of EVs, 

mainly using microscopy and biochemical techniques. Current knowledge on EVs biogenesis is 

mainly focused on exosomes and MVs, which, despite presenting different biogenesis processes, 

share common finely tuned membrane trafficking machinery (19).  

Exosome biogenesis, transport, and release 

Proteins meant to be secreted can be internalized from the plasma membrane (Fig. 3, step 1, in 

grey, and 2a, green) or reach the endosomal compartment from the Golgi apparatus (Fig. 3, step 
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2b, green), forming what is called early endosomes (EE). At this stage, cargo recycling and 

translocation to the plasma membrane or retrograde transport to the Golgi is also possible (20).   

 
Fig. 3. Biogenesis of exosomes and microvesicles. The biogenesis pathway starts with a common step of cargo 
clustering (Step 1, grey). In the case of exosome biogenesis (green boxes), the cargo is targeted to the EE from the 
plasma membrane and/or the Golgi apparatus (Step 2 a-b, green); eventually, this EE can be recycled and fused back 
with the plasma membrane. The early endosome matures in the late endosome (Step 3, green) and later in MVB (Step 
4, green), which presents in its lumen the ILVs formed by inward invagination of the endosome limiting membrane. 
The MVB can fused with Lysosomes or Autophagosomes (Step 5a, green) or can be transported to the plasma 
membrane (Step 5b, green) where its docking (Step 6, green) and fusion (Step 7, green) determine the release of 
exosomes in the extracellular space. During microvesicle biogenesis, the plasma membrane undergoes a rearrangement 
in protein and lipidic composition that leads to the membrane budding (Step 2, magenta), other protein machineries 
(dark magenta box) induce membrane fission and the release of the microvesicles (Step 3, magenta). ILVs, intraluminal 
vesicles; MVBs, multivesicular bodies; PM, plasma membrane. Figure partially inspired from (21). Illustration created 
with Biorender.com. 

Early endosomes undergo a maturation process in which Intra Luminal Vesicles (ILVs) are 

formed through inward budding of the endosomal membrane (Fig. 3, step 3, green). ILVs further 

mature leading in turn to the formation of the late endosome and, later, of the Multi Vesicular 
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Bodies (MVBs) (22). Once MVBs are formed, they can fuse with lysosomes or autophagosomes, 

resulting in the degradation of their content, (Fig. 3, step 5a, green) or with the plasma membrane 

to release the exosomes in the extracellular space (21) (Fig. 3, step 5b-7, green). In this latter case, 

MVs are engaged in intracellular transport towards the plasma membrane (Fig.3, step 5b, green). 

The transport and fusion of MVBs to the plasma membrane require their association with the 

cytoskeleton (e.g., actin and microtubules), molecular motors (e.g., dynein, kinesins and myosins) 

and small GTPases (for example, Rab GTPases) proteins (21). Indeed, cytoskeletal proteins 

support both short- and long-range movements of MVBs along with molecular motor proteins 

(23), whereas Rab proteins have been suggested to serve in the docking of MVBs to the plasma 

membrane by rearrangement of the sub-membrane cytoskeleton (24) (Fig. 3, step 6, green).  

The final stage, namely the fusion of MVBs with the plasma membrane, is mainly arranged by 

SNARE (soluble NSF attachment protein receptor proteins) and by synaptotagmin family 

members (25) (Fig. 3, step 7, green).  

All sorting processes are orchestrated by a particular machinery, the endosome sorting complexes 

required for transport (ESCRT) (26). The ESCRT machinery comprises of four different 

subcomplexes (ESCRT 0-I-II-III) and accessory proteins (Alix, VPS4, and VTA-1) (27). 

Microvesicle biogenesis and release 

In stark contrast with exosomes, the mechanisms underlying Microvesicles (MVs) biogenesis and 

release are far less defined (22). 

According to current understanding, the molecular cargoes fated for secretion into MVs are 

gathered at the budding site by binding to the inner leaflet of the plasma membrane or through 

their affinity for lipid rafts (28).  

During MVs biogenesis, the plasma membrane undergoes several distinct and localized 

rearrangements in terms of lipid components and protein composition, which are responsible for 

modulation of its curvature and rigidity perturbation (budding) (29). This reorganization also 

affects the local electrolytes level (14). Alterations in Ca2+ levels in plasma microdomains induce 

the activation of Ca2+-dependent enzymes, such as aminophospholipid translocases, scramblases, 

and calpain, with the consequent translocation of membrane phospholipids and disruption of 

membrane lipid asymmetry (30).  

The following fission is driven by the rearrangement of the actin and myosin cytoskeleton. Small 

GTPases ADP-ribosylation factor 6 (ARF6) and RhoA, along with calpain (31), have been 

identified as regulators of actin dynamics. Indeed, they both act as initiators of two different 

signalling cascades that culminate in the activation of the myosin light chain, actomyosin 

contraction, and MVs release (21).  
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Cargo recruitment and EVs composition 

The selective recruitment of proteins to EVs is performed by several regulatory proteins. For 

example, ARF6 determines the incorporation of β1 integrin receptors, MHC class I molecules, 

membrane type 1-matrix metallo-proteinase 1 (MT1-MMP) and the vesicular SNARE 

(v-SNARE) vesicle-associated membrane protein 3 (VAMP3) into tumour derived MVs (21). 

In addition to transmembrane cargo, cytosolic proteins may also be sequestrated into ILVs mainly 

as a result of co-sorting with other proteins, such as the chaperones heat shock 70 kDa protein 

(Hsp70) and heat shock cognate 71 kDa protein (Hsc70) (32). Ubiquitinylated and farnesylated 

cytosolic proteins have also been identified in EVs (33).  

Interestingly, membrane microdomains are also suggested to be involved in sorting of cytosolic 

proteins and nucleic acids (21). In addition to proteins, extracellular vesicles also enclose mRNAs 

and non-coding RNAs, such as microRNAs, as well as DNA sequences (34). Fig. 4 summarizes 

the principal molecular cargo of the EVs. 

 
Fig. 4. Composition of EVs. EVs are composed of several types of proteins, lipids, and nucleic acids. Transmembrane 
proteins: tetraspanins, antigen presenting molecules, glycoproteins, and adhesion molecules. Cytosolic proteins: heat 
shock proteins (Hsp), cytoskeletal proteins, ESCRT components, membrane transport, fusion proteins, growth factors, 
and cytokines. Lipids: cholesterol, ceramides, sphingomyelin, phosphatidylinositol (PI), phosphatidylserine (PS), 
phosphatidylcholine (PC), phosphatidylethanolamine (PE), and gangliosides (GM). Nucleic Acids: mRNA, miRNA, 
non-coding RNA and DNA. Hsc, heat shock cognate; TSG, tumor susceptibility gene; TNF, tumor necrosis factor; 
TGF, Transforming growth factor; TRAIL= TNF-related apoptosis-inducing ligand. Figure inspired from (35). 
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1.3. EV uptake and cell-to-cell communication 

A growing body of evidence supports the hypothesis of the importance of extracellular vesicles 

in intercellular communication (7). Clearly, to elicit a functional response and promote 

phenotypic changes in target cells, an interaction between EVs and target cells must occur (21). 

Two main types of interactions have been identified: EVs may interact via their surface ligands 

with receptors on cells (Fig. 5 A) and initiate intracellular signalling pathways, or they may deliver 

their cargo in the recipient cells (Fig. 5 B-F) (17,22).  

In both cases, the mechanisms underlying EVs targeting remain poorly defined (17), although 

they are most likely determined by highly specific interactions between EVs ligands and cell 

receptors (21). For instance, Tetraspanines CD9 and CD81 present on EVs surfaces have been 

shown to contribute to EVs uptake in dendritic cells through interaction with cellular integrin 

αVβ3. At the same time, integrins on the surface of EVs have been found to interact with 

intercellular adhesion molecules (ICAMs) on the surface of dendritic cells (36). Interestingly, 

extracellular matrix protein may mediate the interaction between EV integrins and the target cells, 

acting like a “zipper” (37) . Lastly, the lipid composition of EVs may affect internalization, for 

example, phosphatidylserine can be specifically recognized by Tim4 (T-cell immunoglobulin- 

and mucin-domain-containing molecule) (38).  

EVs can directly fuse with the plasma membrane (Fig. 5 B) or be internalized by endocytosis 

(Fig. 5 C-F) if the EVs cargo needs to be delivered to the cytosol (39). Despite some studies 

describing examples of direct fusion with the plasma membrane (40), most of experimental 

evidence supports the predominant involvement of endocytosis (22).  

1.4. Delivery of content in recipient cells 

Very little is known about the post-internalization fate of extracellular vesicles, but most likely 

EVs would chase the classical endosomal pathway (35). Once internalized, EVs are targeted to 

the early endosomes, where they are sorted toward recycling endosomes and then re-secreted (Fig. 

5 H) or toward lysosomes (Fig. 5 G) while passing through MVBs and late endosomes (41). Once 

fused with lysosomes, they eventually undergo degradation, hindering the delivery of EV cargo 

(42,43). 

However, since countless EV-mediated functional effects are observed in cells, EVs should be 

able to bypass lysosomal degradation (44). How EVs actually manage to fuse with the early 

endosome membrane and release their content is still largely unknown, and some authors have 

proposed membrane fusion triggered by acidification (17) (Fig. 5 I). Moreover, a new role for 

lysosomes has been suggested as a functional site for EVs (44).  Nonetheless, it cannot be ruled 

out that EVs content delivery may take place by “simple” fusion of EVs with the plasma 

membrane allowing the direct release of the cargo in the cytosol (17).  
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Fig. 5. EVs uptake and cell-to-cell communication. (A) Interaction of EVs with a specific receptor on the recipient 
cell surface triggers specific signalling inside the cell. (B) Fusion with the plasma membrane of the recipient cell with 
direct release of the EVs content in the cytosol. Different endocytotic mechanisms: (C) Clathrin- and claveolin-
mediated endocytosis. (D) Phagocytosis, (E) lipid raft-mediated internalization, and (F) macropinocytosis. When EVs 
are internalized through an endocytotic mechanism they may be targeted to endosomes. At this stage, they can be 
targeted to lysosomes for degradations (G), recycled, and re-secreted in the extracellular space (H), or they may release 
their content in the cytosol, escaping the endosomal route (exact mechanism not yet clarified) (I). Figure inspire by 
(17). 
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2. Isolation and characterization of Extracellular Vesicles  

2.1. EVs Isolation 

EVs are secreted by the parental cells in the extracellular space. In an in vitro setting, they will be 

secreted in the culture medium, while in an in vivo context, their fate is far more complex. As a 

result, since EVs are secreted by almost all body cell types (45), they can be found in several 

types of body fluids, such as blood, urine, bronco-alveolar lavage fluid, cerebrospinal fluid, and 

milk (46). These matrices contain not only EVs but also a variety of other components, such as 

proteins, nucleic acids, sugar, and lipids, or other molecules, depending on the material source. 

Thus, the EVs have to be isolated from the “contaminants” non-EVs components in the 

preparations (47). 

EVs isolation is undoubtedly one of the main hurdles in EVs research, regardless of the 

experimental question or purpose proposed by researchers. An ideal isolation method should 

provide evidence of high recovery and high specificity, being both effective and efficient. 

Unfortunately, obtaining EVs preparations characterized by high particle yield, absence of 

contaminants and which, at the same time, show preserved integrity and biophysical features is 

not a reachable goal with the technologies available as of this writing. Therefore, it is very 

important to emphasize that there is no “one method-fit-all” solution, but the choice of isolation 

method(s) will be mainly related to the aim of the research (46,48).  

A particularly important note must be made regarding EVs isolation from mammalian cell 

cultures. Mammalian cells are usually cultured in media supplemented with Fetal Bovine Serum 

(FBS) or serum derived from other species (e.g., goat, horse, human, pig), which contain EVs and 

other protein aggregates that may be co-isolated with EVs from cells (49). This could lead to 

misinterpretation of the results of the following experiment and potentially introduce a source of 

xeno-immunisation, which can strongly impact therapeutic applications (50). Therefore, in most 

EVs isolation protocols from cell culture, before the harvesting of the conditioned medium, the 

cells are cultivated for 24-48 hours in medium without FBS (7–9). Alternatively, some groups 

used EV-depleted FBS media, mainly obtained by ultracentrifugation for prolonged periods (up 

to 18 hours) (47). Another proposed solution is to use serum-free, chemically defined supplements 

to avoid any possible contamination from FBS-derived EVs, extracellular proteins and RNAs 

(51). 

Regardless of the chosen isolation method, the initial matrix is usually subjected to one or more 

pre-clearance steps, which comprise a series of consecutive runs at different centrifugal forces 

and durations. In the case of conditioned medium from in vitro cultured cells (CCM), the first 

centrifugation is usually performed at a low speed in the range of 300 × g to remove cells and 

other large particles (52), followed by another centrifugation step at a higher speed, up to 10,000 
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× g, to further deplete the medium of particles, such as cellular debris (47). In the case of biofluids, 

given their higher viscosity, a dilution usually in phosphate buffer is performed on the initial 

matrix, and the centrifugation steps are carried out at increased speed and length (47). EVs are 

then isolated from the clarified matrices using one of the listed methods. 

Ultracentrifugation 

Ultracentrifugation (UC) is the most commonly used technique for EVs isolation according to a 

worldwide survey performed by the ISEV in 2019 (53). Upon application of centrifugal force, the 

particles present in the sample sediment according to their size and density over time. The larger 

and heavier the particles, the higher will be the sedimentation rate and the lower the force required 

for their pelleting. Instead, for smaller particles, such as EVs, higher forces – faster centrifugation 

rates are required to achieve their precipitation (54). Usually, centrifugation is performed at 

approximately 100,000-120,000 × g for 2 hours but numerous different protocols, ranging from 

1 hour to overnight centrifugation, can be found in the literature (55,56).  

Density Gradient Ultracentrifugation 

Density Gradient Ultracentrifugation (DG UC) has been used to increase the purity of UC-based 

EVs preparations (57,58). This technique is based on the observation that particles of different 

densities can be fractionated in a density gradient medium upon ultracentrifugation (59). 

Specifically, a density gradient is generated by layering solutions of gradually decreasing density 

from the bottom to the top of the tube (60). The sample is applied on the top of the medium and 

ultracentrifuged for a prolonged period, from 16 to 90 hours (61). Each component moves in the 

discontinuous gradient until it reaches a layer having the same density (isopycnic separation). In 

an alternative approach, called moving-zone gradient UC, the gradient medium has a lower 

density than the particles; thus, particles move at a speed that is solely based on their size (62). 

Sucrose and iodixanol (commercially available as OptiPrep™) are the most commonly used 

gradient media.  

Size Exclusion Chromatography 

Another separation method employed in EVs research is Size Exclusion Chromatography (SEC). 

Traditionally, this technique has been widely used to separate the various macromolecules present 

in a sample according to their hydrodynamic volumes. In SEC, the stationary phase is composed 

of heterosporous polymeric beads that ultimately create a “maze” inside the column. The smaller 

the molecule, the greater the number of pores accessible to the molecules and, thus, the longer 

will be the retention time. In contrast, larger molecules have less to no access to the pores, 

travelling mainly through the volume among the pores, thus resulting in lower retention times 

(63).  
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Similarly, SEC has been reported to successfully separate EVs from soluble protein contaminants 

and other complexes present in initial samples (64). For EVs isolation purposes, the most 

commonly used stationary phases are cross-linked agarose beads, such as the commercially 

available Sepharose® CL-2B or CL-4B, but other matrices based on polyacrylamide and dextran 

beads have been proposed. Isolation of EVs through SEC has been employed in a variety of 

sample matrices, including but not limited to, plasma, urine, cell culture medium, and milk (65).  

Filtration-based Method 

Filtration is another size-based technique employed for both the isolation and concentration of 

EV-containing samples. In this technique, the separation of mixture components, according to a 

specific size range, is achieved using membranes with specified pore diameters. Two types of 

filtration are mainly used: ultrafiltration (UF) and tangential flow filtration (TFF).  

In UF, the sample is forced through a membrane, which is generally placed in a container, by 

applying centrifugal force (66). In simple terms, molecules with a size smaller than the molecular 

weight cut-off (MWCO) migrate through the membrane while the larger molecules are retentate.  

In TFF, the sample is applied on the membrane and displaced by a longitudinal flow passing 

across the membrane rather than through it, as in dead-end filtration (UF). Molecules with smaller 

sizes than the MWCO pass through the hollow fiber pores and are discarded, while molecules 

with larger sizes are kept in circulation, leading to a progressive concentration and enrichment of 

the larger molecules (67).  

Polymeric Precipitation 

Polymeric solutions have long been used for the precipitation of viral particles and 

macromolecules (63) and subsequently translated into EVs research. However, the mechanism 

underlying precipitation remains unclear. According to one of the most accredited theories, the 

addition of highly hydrophilic polymers leads to a decrease in EVs hydration, and thus, in their 

solubility (68). Indeed, in most protocols, mixing and overnight incubation of the sample with a 

polyethylene glycol (PEG) solution is followed by the sedimentation of EVs by centrifugation.  

Affinity-based Techniques 

The basic principle underlying these techniques is the highly specific interaction between an EVs 

membrane marker and a specific ligand (65,69). Typically, samples are incubated with ligands 

previously immobilized or conjugated to a solid surface, for example, magnetic beads, plates or 

affinity chromatography monolithic columns (65). After subsequential washing and elution steps, 

the EV-enriched sample is obtained (60). Antibodies targeting proteins present on EVs surfaces, 

such as tetraspanin CD9, CD63, and CD81 are commonly used, but EVs originating from specific 

cell types can be isolated if a specific marker is known (70). 
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Moreover, a plethora of other techniques has been developed and/or adapted for EVs isolation 

during the last few decades, including but not limited to flow field-flow fractionation, ion-

exchange chromatography, and electrophoresis-based techniques. Moreover, several microfluidic 

devices that allow EVs separation from minimal sample volumes by applying the principles of 

already well-known techniques have been manufactured. For a detailed review, please refer to 

(65). 
Method Advantage Disadvantage Ref. 
Ultracentrifugation • Processing of high volumes of 

CCM 
• Minimal risk of contamination 

from separation reagents 
• Easily adaptable to other 

isolation methods 
 

• Poor recovery rate and 
coprecipitation of non-EV 
components 

• Possible disruption and 
aggregation of the 
components 

• Expensive equipment 
• Long run times 
• Poor scalability 

(71–73) 

Density Gradient 
Ultracentrifugation 

• Possibility to use isotonic 
solutions  

• Higher purity than  

• Significant workload 
• Expensive 
• Limited sample volume 

 
(69,74) 

Size Exclusion 
Chromatography 

• Samples not subjected to high 
pressure or shearing forces 

• Potential for separation of 
different evs subpopulations 

•  low cost 
• Possibility of automatization  

• Co-isolation of particles with 
similar hydrodynamic 
volume.  

• Limited volume of the initial 
sample  

• The final dilution of the 
eluted EVs 

(63,65,75) 

Ultrafiltration  • Simple, fast, and user-friendly 
technique 

• Risk of material loss and 
membrane fouling 

(73,76) 

Tangential Flow 
Fractionation 

• High scalability 
• Low impact on evs integrity 

• Requires optimization 
• Possibility of co-isolation of 

impurities 

(65) 

PEG Precipitation • Simple 
• Possibility of processing large 

volumes 
• Availability of commercial 

ready-to-use kits 
• No specialized laboratory 

equipment 

• Co-isolation of non-vesicular 
contaminants 

• PEG may interfere with 
downstream analyses 

• Longer processing time than 
UF and TFF 

(69,73) 

Table 1. Overview of methods mainly used for the isolation and purification of EVs with their main advantages 
and disadvantages. 

2.2. EVs characterization 

A comprehensive and detailed characterization of EVs from a physicochemical and molecular 

point of view is of utmost importance, not only to assess the results of the isolation procedure, 

but also to gain information on EVs cargo, their role in cell-to-cell communication, and their 

diagnostic or/and therapeutic potential. As a result, in the Minimal Information for Studies of 

Extracellular Vesicles (MISEV) guidelines, recommendations on EVs characterization are listed 

and reviewed with critical analysis and helpful insights (48). Indeed, the assessment of EVs in 

terms of particle concentration and size, protein, lipid, and nucleic acid composition, and particle 

morphology is strongly encouraged, ideally combining multiple and orthogonal techniques (77). 
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2.2.1. Physical characterization 

Light scattering techniques 

Two main light scattering techniques are used in the EVs field, namely Dynamic Light Scattering 

(DLS) and Nanoparticle Tracking Analysis (NTA). When particles are present in a colloidal 

solution they move randomly in all directions in what is called Brownian motion. In particular, 

the smaller the particle, the faster will be the Brownian motion. Indeed, it is possible to calculate 

the particle size from Brownian motion by applying the Stokes-Einstein equation (78). 

In both DLS and NTA, Brownian motion is measured by illuminating the suspension with a 

focused light beam and registering the scattered light. In DLS, the intensity fluctuations of the 

scattered light over time are registered by a detector (Fig. 6 A-B) and used to determine the 

diffusion coefficient of the particles, and thus their size distribution (Fig. 6 C) (79). DLS is a 

highly sensible technique and is particularly reproducible in the case of monodisperse 

homogeneous samples. Nonetheless, for the same reason, DLS is very sensitive to the presence 

of larger particles, resulting in a skewed particle distribution in polydisperse samples (such as 

EVs) (80). 

In NTA, the scattered light of each particle is collected using a microscope and recorded by a 

camera (Fig. 6 D). The instrument software processes the captured videos (Fig. 6 E), tracking and 

calculating the diffusion coefficient of each tracked particle. As in the case of DLS, the diffusion 

coefficient, together with the temperature and viscosity of the liquid containing the particles, is 

used to calculate the particle size (hydrodynamic diameter). Simultaneously, the software is able 

to derive the particle concentration by counting the trackable particles in the field of view. In 

contrast with DLS, since each particle is tracked separately, the resulting estimation of the particle 

size distribution is not intensity-weighted but expressed as a function of particle number (81) (Fig. 

6 F).  

The main advantage of NTA is the possibility of determining particle concentration, which cannot 

be obtained by DLS. Moreover, several studies have provided evidence of better resolution and 

accuracy in sizing for NTA (82) compared to DLS in the analysis of polydisperse samples. NTA 

instruments also perform analysis in fluorescence mode, allowing to visualize, size and count 

fluorescent particles (83). EVs can be fluorescently labelled following different strategies, such 

as staining with non-specific membrane markers (for example, PKH67, DiL, BODIPY) (84), or 

with antibodies specifically recognizing EVs surface marker proteins (e.g., Alexa Fluor® or 

quantum dot conjugated anti-CD81 or -CD9) allowing the differentiation of different EVs-

populations and potentially even their phenotyping (85). Moreover, fluorescent NTA 

measurements have been used to quantify EVs when fluorescent molecules are present in the 

intraluminal compartment (86).  
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Fig. 6. Light scattering techniques for EVs characterization. Upper panel: Dynamic Light Scattering (DLS), (A) 
schematic representation of the optical setup, (B) representation of the recorded scattering intensity over time, and (C) 
typical DLS output for EVs. Adapted with permission from (87).  Lower panel: Nanoparticle Tracking Analysis (NTA), 
(D) schematic representation of the basic setup, (E) tracking of the particle in the recorded video, (F) typical graph of 
the size distribution of the detected particles. (E) Adapted with permission from (88),  and (F) adapted with permission 
from (89). (A) and (D) illustrations were created with Biorender.com. 

Microscopy-based Techniques 

Transmission Electron Microscopy (TEM) is widely used in EVs research. In TEM, a high-energy 

beam of electrons passes through a very thin sample, and an image revealing the finest details of 

the internal structure is formed on the fluorescent screen from the interaction between the sample 

and the electron (90) (Fig. 7 A). 

Thus, TEM allows the detection and characterization of single EVs with high resolution (~1 nm) 

discriminating single EVs from non-EV particles of similar size (91) (Fig. 7 B). However, 

specimen preparation (drying and staining) may introduce morphological artifacts and prevent 

visualization of EVs in their native state (92). To circumvent this issue, cryo-TEM can be used 

(Fig. 7 C). In cryo-TEM, samples are directly applied on an EM grid, vitrified by flash freezing 

(water is transformed into a glass-like state but no ice crystals are formed), and then imaged 

keeping the sample in a special cooled holder (92). In this way, EVs can be visualized in their 

native hydrated structure (91), which is of an intact sphere, in contrast with the cup-shaped 

morphology visualized by TEM. 

Additionally, for both TEM and cryo-TEM, immunophenotyping of EVs is also possible by 

incubating the sample with electron-opaque gold particles linked to an antibody directed against 

an EVs marker (91).  
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Fig. 7. Electron Microscopy techniques. (A) Schematic representation of an Electron Microscope, the Cryo-EM 
presents a cryostatic sample holder. (B) TEM image of EVs and lipoprotein particles (LPs) from the cell-depleted 
supernatant of a platelet concentrate, adapted with permission from (93). (C) Cryo-TEM of EVs isolated from 
HEK293T cells, adapted with permission from (86).) Illustration (A) was created with Biorender.com. 

Atomic Force Microscopy (AFM) has also been applied to determine vesicle size and morphology 

at nanometer-scale resolution (94). AFM allows the reconstruction of the 3D topography of a 

sample immobilized on a mica flat surface by recording variation in the distance between a gliding 

probing tip and the sample (89) (Fig. 8 A). If antibody-coated tips are used, this technique can 

also provide information on the protein content of the EVs membrane. Instead, if antibody-coated 

surfaces are used, the EVs subpopulation can be analysed. Nonetheless, this method has been 

questioned regarding the effect of the immobilization conditions on the shape of EVs (94). 

Moreover, this technique is quite demanding in terms of sample preparation and analysis since it 

allows for the analysis of one particle at a time (89). 

 
Fig. 8. Atomic Force Microscopy. (A) Schematic representation of the general components, (B) AFM image of 
exosomes on mica, with 3D topography, and (C) cross section following the line in the image. (B) and (C) adapted with 
permission from (95). Illustration (A) was created with Biorender.com. 
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Physical characterization of the EVs has also been performed using scanning electron microscopy 

and tunable resistive pulse sensing. This latter technique allows the measurement of particle size 

and concentration, but it can also be used to evaluate the zeta potential of nanoparticles (96). 

Nonetheless, these techniques are less commonly used (97). 

2.2.2. Molecular characterization 

Physical characterization of EVs preparations is typically combined with the characterization of 

the EVs molecular components, in terms of protein, lipid, and nucleic acids. EV sample protein 

quantification can be assessed on the bulk level by colorimetric assays (Bradford or bicinchoninic 

acid assay), fluorimetric assays or by global protein stain on SDS-PAGE (98). Each presents 

different sensitivities and accuracies (99). Importantly, since these methods cannot clearly 

differentiate EV-related proteins from contaminants, the results may be overestimated, especially 

if low-purity methods have been used for EVs isolation. Moreover, the results may vary 

remarkably depending on whether a lysis step has been performed before quantification (100). 

Protein bulk assessment is often used along with particle counting with NTA to determine the 

doses for in vitro and in vivo studies.  

Detection of specific proteins expected to be present in EVs is strongly recommended to 

demonstrate the presence of EVs in the isolated preparations (101). This is usually performed by 

immunoblotting or by enzyme-linked immunosorbent assay (ELISA). Examples of EV-associated 

proteins are presented in Fig. 4. Moreover, to obtain suggestions on the degree of sample purity, 

the presence of contaminant proteins (e.g., GM130, Calnexin, Albumin, Fibronectin) can also be 

tested (2). 

Flow cytometry is another technique that is used to detect and quantify specific EVs markers. 

This technique has long been used to simultaneously quantify and characterize large number of 

cells exploiting light scattering principles and fluorescence detection. However, most of the 

conventional flow cytometers are ideal for the detection of cells or particles with diameters > 300 

nm. Thus, since the vast majority of EVs present a size smaller than 300 nm, analysis on single 

EVs cannot be performed (101). One proposed approach to circumvent this problem consists of 

immobilizing the EVs on beads, coated with antibodies directed against specific EVs markers, 

which are sized in the range of micrometrs and therefore detectable by the instrument (98). Once 

mixed, the beads-EVs complex can be labelled with fluorescently conjugated antibodies (47) and 

analysed to obtain information on the EVs surface marker signature (102).  

In the last decade, high-resolution flow cytometers have been developed to quantify and 

characterize EVs with sizes down to 40 nm after staining with fluorescent dyes and 

immunofluorescent antibodies (103). Moreover, imaging flow cytometry has been successfully 

employed to analyse single EVs. This novel application allows simultaneous 



 22 

immunophenotyping, localization of EVs markers, and analysis of EVs morphology and shape 

(104).  

Proteomic profiling of EVs samples, both from a qualitative and a quantitative point of view, is 

usually performed by mass spectrometry (MS) techniques since these techniques provide a larger 

amount of information than any other protein characterization method. Liquid chromatography 

coupled with tandem mass spectrometry (LC‐MS/MS) is one of the most popular configurations 

for EVs analysis (105).  

Nonetheless, nucleic acid content is also widely characterized, especially in terms of RNAs (106). 

Usually, the quantification of nucleic acid content is performed using spectrophotometric 

techniques, or fluorescence-based methods, including the RiboGreen assay, and quantitative 

reverse transcription (qRT)-PCR-based assays. Moreover, content and profiling investigations are 

carried out by next-generation sequencing or microarrays (107).  

Recently, lipid content has gained increasing attention (108). Quantification of total lipids can be 

performed using different methods, such as colorimetric assays, by measuring the fluorescence 

of membrane intercalating dyes, by total reflection Fourier-transform infrared spectroscopy, or 

by thin layer or gas-liquid chromatography (48). The assessment of lipid composition mainly 

relies on MS techniques (109,110).  

The principal biochemical techniques for the molecular characterization of EVs are summarized 

in Fig. 9. 

 
Fig. 9. Overview of Biochemical Techniques used for Molecular Characterization of EVs. In blue proteins, in red 
nucleic acids and in green lipids. Figure adapted with permission from (107). Illustration created with Biorender.com. 
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3. EVs in biomedical applications 

EVs bear intrinsic features which are of huge interest in translational research and biomedical 

applications. These natural particles can transport macromolecules over long distances and elicit 

a biological response in recipient cells, making them exceptionally appealing as a potential new 

class of therapeutics (Fig. 10 B) and drug delivery systems (DDS) (Fig. 10 C) (111). Moreover, 

because of their peculiar composition, EVs have drawn attention as a diagnostic toolbox (34) (Fig. 

10 A). 

To date, 400 clinical trials in which EVs are used as diagnostic and therapeutic, especially 

unmodified EVs, have been reported on the ClinicalTrials.gov database (https://clinicaltrials.gov/, 

searched for “exosome OR extracellular vesicle”, last access 14.02.23, 11:16). Several companies 

have been founded pursuing the goal of commercializing EVs therapeutics (112). 

 
Fig. 10. Potential applications of EVs. (A) Diagnostic (and prognostic) potential of EVs obtained from various 
sources. (B) Therapeutic potential of EVs. (C) EVs as potential DDS. Adapted with permission from (113). 

3.1. EVs as Diagnostic Tools 

EVs have been proposed as powerful and convenient diagnostic tools for several diseases since 

their surface and content are heterogeneous and highly dependent on the cellular source, cellular 

activation state, and environmental conditions (114). As demonstrated by “omic” analyses of EVs 

isolated from the blood of patients affected by different diseases, EVs haul unique molecular 
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signatures related to the disease state and progress (115). These features can be extremely useful 

in the screening and early detection of diseases as well as in monitoring disease progression and 

response to specific treatments (116). 

Moreover, as mentioned above, since EVs can be found in almost all biological fluids, they stand 

out as ideal candidates for liquid biopsies. In the majority of cases, EVs can be obtained with 

minimally invasive procedures that allow to minimize risks linked to solid biopsy and maximizing 

patient compliance, which could be particularly useful in the case of vulnerable populations (115). 

3.2. Therapeutic potential of EVs: focus on EVs as Drug Delivery Systems 

In the last decades, EVs have attracted wide interest in the field of drug delivery due to their 

potential to outperform conventional drug delivery systems, such as liposomes and nanoparticles 

(115). Ideally, a nanocarrier should improve the distribution of the therapeutic agent from both a 

spatial and temporal points of view, thereby enhancing its therapeutic efficacy while minimizing 

drug toxicity and side effects (117). Although liposomes are the most extensively studied and 

most successful synthetic nanocarriers, having managed to make the leap from the bench to the 

bedside, they still face many obstacles in the delivery of the drug to the designed target (117). 

Indeed, once in the bloodstream, liposomes, like most synthetic nanoparticles, are readily 

subjected to opsonization and uptake by the reticuloendothelial system (RES), where they are 

cleared by resident macrophages through the endosomal-lysosomal pathway (118). In addition, 

liposomes may trigger the activation of the immune system and, in particular, of the complement 

system leading to an acute and dangerous hypersensitivity reaction called complement activation–

related pseudoallergy (119).  

As a result, implementation of the design of drug delivery vehicles is needed. As suggested by 

Witwer et al. in (120), this demand can be fulfilled by multifunctional systems presenting a “level 

of complexity comparable to the biological environment”. 

Given that, at first glance, EVs can be considered a holy grail in the drug delivery field (120) 

since they can potentially succeed where conventional drug delivery systems fail. This initial 

enthusiasm has led to an outburst in EVs research, as shown by the increasing number of 

preclinical studies published in the last decade (113). 

Why use EVs as Drug Delivery System 

In a (very simplified) nutshell, EVs are sophisticated envelopes able to carry a huge collection of 

nucleic acids and proteins while protecting them from potentially degrading external factors 

(121). One of the first studies on the role of EVs in cell-to-cell communication, Ratajczak et al. 

showed that EVs from embryonic stem cells can shuttle mRNAs to hematopoietic progenitor 

cells, which were later translated into the encoded protein (122). Other following studies have 

demonstrated that EVs manage to functionally deliver their cargo (reviewed in (15,121)). This 
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potential of “delivery while shielding” is undoubtedly regarded as one of the major advantages 

for the delivery of drugs that otherwise will show suboptimal pharmacological properties (123).  

EVs show selective retention toward target cells by receptor-ligand pairing, which is strongly 

related to the specific properties of the parental as well as the recipient cells (124). In particular, 

different studies have shown that EVs from neoplastic cells display remarkable tropism towards 

organs housing their parental cells (125). In addition, comparative studies have reported more 

efficient cellular uptake of EVs than other synthetic nanocarriers (119).  

EVs theoretically present a favourable safety profile. In fact, due to their biological origin, the 

immune system should be minimally reactive towards EVs (119). Toxicity profile analysis of 

engineered and native EVs from HEK293 cells performed on immunocompetent mice did not 

show any toxicity or appreciable immune response (126). Analogous results were obtained after 

administration of EVs from Expi293F cells to BALB/c mice (127). One strategy proposed to 

minimize the potential immunogenicity is the use of EVs in an autologous manner. EVs from 

patient cells, previously harvested and propagated in culture, can be loaded with the desired 

therapeutics and re-administered to the patient (46). Preclinical studies in animal models have 

been conducted following this strategy (128–130).  

In close relation to this issue, EVs have been praised for their high stability in the circulation 

(118). However, a comprehensive understanding of the in vivo pharmacokinetic properties of EVs 

is still lacking (113). Nonetheless, rapid opsonization and clearance by the mononuclear 

phagocyte system can be avoided thanks to the presence of membrane-bound CD55, CD59,  or 

CD47 proteins (131). Indeed, if CD55 and CD59 on the EVs surface were blocked, a remarkable 

increase in complement-mediated lysis was observed. On the other hand, CD47, a putative “don’t 

eat me” signal  initially observed in stem cells and widely present in tumoral cells, has also been 

found on EVs secreted by fibroblasts, T cells, and MSCs (118). 

Intriguingly, several studies have suggested that EVs can cross tissue, cellular and intracellular 

barriers (132), including the blood brain barrier (BBB) (133). It has been proposed that EVs can 

bypass biological barriers through transcytotic processes or small vessel opening (124), or by 

exploiting the enhanced permeability and retention (EPR) effect (134).  

How to load Therapeutic on EVs 

Obviously, an unavoidable prerequisite in the use of EVs as Drug Delivery Systems (DDS) is to 

find an efficient loading strategy, which, as recently highlighted by several authors, is not easily 

reachable to date (113,135).  

Nonetheless, different strategies have been proposed for drug loading, whenever the drug would 

be a small molecule, a nucleic acid, or a protein. These strategies can be broadly divided into two 

different types: endogenous and exogenous approaches (Fig.11). In endogenous approaches, EVs 
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parental cells are exploited to incorporate and/or produce the desired therapeutic cargo and for its 

sorting in the EVs (119). On the other hand, in exogenous approaches the chosen active 

pharmaceutical ingredient (API) will be incorporated into or onto the isolated EVs (123).  

 
Fig. 11. EVs as Drug Delivery Systems: cargo loading. Strategies for loading of therapeutic molecules into EVs 
before EVs isolation, endogenous approaches (left panel) and after EVs isolation, exogenous approaches (right 
panel).  

Endogenous approaches 

Quite simply, cargoes can be incorporated in the EV-producing cells, which will later release EVs 

containing the desired molecules. This incorporation can be carried out by co-incubation of the 

API with cells, typically by adding it to the culture medium. Alternatively, cells can be 

manipulated by genetic engineering (viral transduction, plasmid, miRNA, and antagomiR 

transfection) to obtain EVs equipped with the protein/RNA of therapeutic interest (119). For 

instance, the transfection of mammalian plasmid encoding two enzymes defective in lysosomal 

storage disorders resulted in EVs enriched with these enzymes (136).  

Moreover, further improvement in the loading efficiency has been obtained by fusion or 

interaction of the desired cargo with molecules naturally sorted inside the EVs. One possible 

strategy involves the use of the late-domain (L-domain) sorting pathway, as proposed in (137). In 

their work, WW-tagged Cre recombinase was successfully loaded inside EVs by exploiting the 

interaction between the WW-tag and the L-domain of the protein Ndfip 1, which was previously 

demonstrated to be involved in protein trafficking in early endosomes.  
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Another strategy exploits the biomolecular mechanism at the base of the ARMMs outward 

budding (138). Indeed, since overexpression of ARRDC1 increases ARMMs production, Wang 

and colleagues suggested to fuse the desired cargo (i.e. the tumour suppressor p53 protein) with 

ARRDC1 to induce its packaging in ARMMs. Very intriguingly, the authors also managed to 

deliver RNAs and the genome-editing CRISPR-Cas9/guide RNA complex. Moreover, all these 

cargoes were successfully delivered to the recipient cells, where they carried out the awaited 

biological tasks (139). Other strategies are briefly overviewed in Table 2. 
Technology Exploited EVs 

component 
Exploited  
interaction 

Cargo Loading efficiency Ref. 

Blue light 
inducible loading 
system 
(EXPLOR) 

CD9 fused with a 
truncated form of 
CIB1  

CIB1-CRY2 mCherry, 
luciferase-mCherry,  
Bax-mCherry,  
super-repressor IκB 
(srIκB)-mCherry, 
Cre recombinase-
mCherry 
All fused with CRY2 

Luciferase: 40-fold 
increase compared 
to EVs loaded by 
extrusion 

(140) 

HIV-1 TAR 
RNA-TAT 
peptide 

Lamp2a fused with 
RNA binding domain 
TAT peptide 

TAR-TAT pre-miR-199a 
pre loop modified in 
TAR RNA loop 

65-fold increase 
compared with no 
TAT  

(141) 

Targeted and 
Modular EV 
Loading 
(TAMEL) 

Lamp2b, CD63, 
Hspa8, modified 
Lamp2b 
All fused with MCP 

MCP- 
bacteriophage 
MS2 RNA 

mRNAs containing one 
or more bacteriophage 
MS2 RNA loops 

4-fold for modified 
Lamp 2b  
6- fold for CD63  
no difference for 
Hspa8 
compared with 
Lamp2b 

(142) 

Drug inducible 
dimerization 

n-myristoilated DrmA DrmA-DrmC GFP, Cre recombinase, 
and CRISPR- 
Cas9 ribonucleoprotein 
(RNP) complex fused 
with DrmC 

Expressed as 
increase in cargo 
protein/alix 
GFP: 15-fold 
Cre 
recombinase:2.5-
fold 
Cas9: 9-fold 

(143) 

Table 2. Examples of engineering approaches for endogenous loading into EVs. CRY2, cryptochrome 2; CIB1, 
CRY-interacting basic-helix-loop-helix 1; MCP, MS2 bacteriophage coat protein. CRISP, Clustered Regularly 
Interspaced Short Palindromic Repeats. Partially adapted from (119). 

Exogenous approaches 

The exogenous approaches comprise two main strategies: passive and active loading. In passive 

loading, the free API in solution is incubated with EVs, enabling the incorporation of the drug 

into the EVs (144). This approach is generally more successful for loading of hydrophobic drugs, 

such as curcumin, doxorubicin, and paclitaxel, probably because these molecules are likely to 

distribute in the double layer rather than inside the vesicle (145).  

Conversely, active loading relies on mechanical or chemical methods to induce destabilization of 

the double layer and favours the encapsulation of the desired therapeutic inside the EVs lumen 

(146). These approaches are mainly undertaken for biologicals since their relatively high 

molecular weight makes spontaneous diffusion in the EVs lumen negligible (147). Mechanical 
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methods comprise electroporation, sonication, freeze-thaw cycles, and extrusion, whereas 

chemical methods include the use of mild surfactant saponin, and transfecting agents (148).  

The electroporation method applies a controlled electric field to the EVs suspension, inducing a 

temporary disruption of the double layer and allowing the transit of the desired cargo (149). 

Proteins, chemotherapeutic drugs, and RNAs have been encapsulated using this method with quite 

different degrees of success. Indeed, a set of various factors is probably responsible for 

electroporation efficiency, such as biochemical features of the cargo, cargo size, EV composition 

(thus its cell source) and, clearly, the set electroporation parameters (135). During sonication, 

ultrasounds are exploited to induce loosening of the membrane, promoting the diffusion of the 

API in the EV lumen (148). Although this method it is likely to be disruptive for EVs structure, 

membrane microviscosity seems to be restored in one hour post sonication (150). Some reports 

have suggested that ultrasonication may induce degradation and aggregation of mRNAs during 

loading procedure (147). Moreover, hypothetical effects on EVs composition and topography 

have not yet been investigated (135).  

Freeze-thaw cycles can also be used to form pores in EVs membranes thanks to the formation of 

ice crystals during the freezing steps. Nonetheless, freeze-thaw cycles have been demonstrated to 

undermine the stability of proteins and nucleic acids, and an increase in EVs aggregation was also 

observed (151). 

Extrusion methods are borrowed from the liposome field. The mixture of EVs and API is 

repeatedly pushed through a porous membrane (size 400 or 200 nm) and the applied shear force 

is responsible for membrane disruption (117). 

Saponin is a natural surfactant which is able to interact with lipid double layers generating 

transient pores (152). Very interestingly, saponin-assisted permeabilization has been used for 

encapsulation of the enzyme catalase in the EVs derived from RAW 264.7 cells showing a higher 

encapsulation efficiency (18.5%) when compared with other methods such as passive incubation 

(4.9%) and freeze-thawing (14.7%), but lower than sonication (26.1%) (153). Moreover, it has 

been successfully used for encapsulation of another enzyme, β-glucuronidase (154,155). 

Nonetheless, this type of permeabilization has also been used for small molecules, such as 

doxorubicin (156) and the hydrophilic porphyrins (157). This method does not require specialist 

equipment or expertise, it is not expensive and, surprisingly, it does not affect EVs morphology 

(158), all of which represent notable advantages. On the other hand, whether saponin 

compromises the organization of some lipidic microdomains, and if this may impact the overall 

performance remains to be elucidated (135). 

Lipid-based transfection reagents, such as lipofectamine or other commercially available 

reagents, have been successfully employed for loading of nucleic acids on isolated EVs. The 
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cationic lipids combined with the negatively charged nucleic acids form a complex with an excess 

of positive charges that can interact with the lipidic membrane of the EVs and be internalized 

(148,159). 

Some examples of exogenous loading into EVs divided by API type are listed in Table 3.  

 
Target 
cells/model 

EV source Therapeutic 
cargo 

Loading 
Method 

Loading Efficiency Ref. 

SM
A

L
L

 M
O

L
E

C
U

L
E

S  

HeLa, HEK293 U937 Doxorubicin Incubation, 
saponin-
assisted, 
freeze-thaw 

Incubation 24h RT: ~13%; 
Incubation 5 min 37˚C: 
~16.5%; Saponin-assisted: 
~50%,  
Freeze-thaw: ~13%. 

(156) 

Cisplatin 
resistant ovarian 
cancer 
A2780 

Umbilical cord 
blood derived 
macrophage 

Cisplatin Sonication Expressed as loading 
capacity: 28-30% 

(160) 

Breast cancer 
MDA-MB231 

MDA-MB-231, 
HUVEC, hMSC 
and hESCs 

Porphyrins Incubation, 
extrusion and 
electroporation 

Expressed as fold increase of 
loading efficiency: from 0.6 
to 36 

(157) 

MRSA infection RAW 264.7 Linezolid Incubation Expressed as loading 
capacity: 5% 

(161) 

Glioblastoma 
U87 spheroids 

hEnSCs Atorvastatin Freeze-thaw, 
sonication, 
incubation with 
Tween-20, 
incubation 

Freeze-thaw: 10% 
Sonication: 20% 
Incubation with Tween-20: 
28%  
Incubation: 20% 

(162) 

Murine Lewis 
lung carcinoma 
3LL-M27 
mouse model of 
pulmonary 
metastasis 

RAW 264.7 Paclitaxel Incubation at 
RT, 
electroporation, 
and sonication 

Expressed as loading 
capacity.  
Incubation: 1.44% 
Electroporation: 5.3% 
Sonication: 28.29% 

(150) 

N
U

C
L

E
IC

 A
C

ID
S 

Leukaemia and 
breast cancer 

hRBCs Therapeutic RNAs 
(antisense 
oligonucleotide, 
CRISPR–Cas9 
genome editing 
guide, 
Cas9 mRNAs) 

Electroporation 24% (163) 

Osteoarthritis Chondrocytes miR-140 mimic Electroporation 60% (164) 

Parkinson’s 
Disease 

Bone marrow 
hMSC 

Antisense 
oligonucleotides 

Electroporation 25.4% (165) 

Huntington's 
disease 

U87 Hydrophobically 
modified siRNAs 

Incubation 70% max (EV-associated) (166) 

B-cell 
lymphoma 

HEK293T CRISPR-Cas9 
system-expressing 
plasmid 

Electroporation Not reported (167) 

PR
O

T
E

IN
S  

Batten Disease IC21 
macrophages 

Tripeptidyl 
peptidase-1 

Sonication, 
saponin-
assisted. 

Expressed as enzymatic 
activity per 1011 particles.  

(168) 

Not applicable A549, HUVEC, 
RO cells 
(human B 
lymphoblastoid 
cells) 

β-glucuronidase  Saponin-
assisted 

Not reported (154) 
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Neuronal PC12,  
Parkinson 
Disease mouse 
model 

RAW 264.7 Catalase Incubation, 
sapoinin-
assited, 
sonication, 
freeze-thaw, 
extrusion 

Incubation: 4.9% 
Saponin-assisted: 18.5% 
Sonication:26.1% Freeze-
thaw:14.7%, Extrusion: 
22.2% 

(153) 

RAW 264.7, 
MDA-MB-231 
 

MDA-MD-231 Cas9 protein 
complexed with 
PULSin 
nanoparticles 

Incubation in 
sucrose buffer 

Not reported (169) 

Breast cancer 
SK-BR-3, MCF-
7, 4T1 

SK-BR-3, 
MCF-7, 4T1 

P53 conjugated 
with TPP 
tryphenilphosphpo
nium 

Electroporation Expressed as µg protein in 
EVs after loading/ µg p53 
initial: 73.5% 

(170) 

Table 3. Examples of studies on exogenous loading of EVs. hMSC=human mesenchymal stromal cells; 
hESC=human embryonic stem cell; MRSA=methicillin-resistant Staphylococcus aureus; hEnSCs= Human derived 
endometrial stem cells; hRBCs= Human red blood cells; HUVEC=human umbilical vein endothelial cells. 

How to improve EVs performance as DDS 

In an attempt to enhance the targeting ability of EVs and/or to improve their biodistribution (123), 

different surface engineering strategies have been proposed. Among the various developed 

methods (broadly reviewed in (147)), genetic engineering and chemical modifications are the 

most promising. 

In a similar fashion to the endogenous cargo loading strategies mentioned above, membrane 

proteins specifically enriched in EVs (such as Lamp2a or platelet-derived growth factor (PDGF) 

receptor) are exploited to introduce targeting moieties on EVs surfaces (171). 

In the first example of this approach, rabies viral glycoprotein (RVG) was used to achieve neuron-

specific targeting. EV-producing cells were transfected with a plasmid encoding the RVG-

Lamp2a fusion construct, leading to the release of EVs that successfully delivered the loaded 

siRNA to neuronal cells (172). Other works have proposed to fuse Lamp2a with a variety of other 

molecules to endow EVs with new and more specific targeting properties. For instance, 

cardiosphere-derived cells were engineered to release EVs on whose surface a cardiomyocyte 

specific peptide was expressed as a result of fusion with Lamp2a (173).  

Chemical modifications rely on the covalent linkage of the desired moieties on the EVs surface. 

In case of chemically simple molecules, they can be directly linked to the EVs surface by reaction 

with the amino groups on the lysine side chain or N-termini of EVs surface proteins (174). Instead, 

for more complex molecules, an intermediate step of functionalization of the amino groups on 

EVs and of the surface modifier molecule, for example, with an activated ester or by diazotransfer, 

is required to achieve successful derivatization, often exploiting a biorthogonal chemistry 

strategy. Using this latter method, a peptide presenting high affinity to integrin αVβ3 was 

successfully attached on EVs surface achieving targeted delivery to ischemic rat brain (175). 
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3.3. Innate therapeutic potential of EVs 

As direct consequence of their nature and their role in body physiology and pathophysiology, EVs 

were straightforwardly investigated for their innate therapeutic potential (7).  

A widely explorer possibility is the use of EVs from Mesenchymal Stromal Cells (MSCs). MSCs-

EVs have been suggested as the effectors of the beneficial outcomes of MSCs therapy in a variety 

of diseases, especially immunological diseases (176,177), and of their potential in tissue 

regeneration (178). Interestingly, the use of EVs is more convenient than cell therapy because 

EVs are non-replicative, non-mutagenic and seem to be less immunogenic than their originating 

cells (179). 

Examples of preclinical studies employing MSC-EVs are presented in Table 4. 

Table 4. Examples of MSC-derived EVs preclinical studies. For an extensive review please refer to (185). 

Along with MSCs, other cell types with stem cell-like properties and their secreted EVs have also 

been investigated for therapeutic applications.  

Notably, EVs released from immune cells hold promises in cancer therapy (148). Natural Killer 

(NK) derived EVs were found to exert a cytotoxic effect in vitro on a wide range of cancer cell 

lines, for instance, through the release of cytotoxic proteins, such as perforin, granzyme A and B, 

granulysin and Fas ligand, in acute lymphoblastic leukaemia and neuroblastoma cell lines (186).  

Moreover, EVs from human amniotic epithelial cells have been shown to positively contribute to 

wound healing (187), while EVs from endothelial progenitor cells (188) and embryonic stem cells 

(189) have been proven to be effective in promoting cardiac regeneration in myocardial infarction 

models.  

EV source Therapeutic Indication Main effects Ref. 

Human umbilical cord 

Wharton’s jelly MSCs 

Pulmonary hypertension Inhibition of STAT3 signalling. Pleiotropic 

protective effect on the lung and inhibition of 

pulmonary hypertension. 

(180) 

Human Bone Marrow MSCs Acute kidney injury mRNA transfer from MSCs to tubular cells. 

induction of proliferation. Acceleration of 

functional recovery. 

(181) 

Human umbilical cord MSCs Autoimmune Uveitis Reduction of the T cell subsets infiltration in the 

eyes. Inhibition of chemoattractive effects of CCL2 

and CCL21 on inflammatory cells. 

(182) 

Human induced pluripotent 

stem cells (hiPSCs) 

Osteoporotic bone fractures Enhancement of bone regeneration and 

angiogenesis in critical-sized calvarial defects in 

ovariectomized rats. 

(183) 

Murine adipose tissue and 

bone marrow MSCs  

Transient global ischemia Inhibition of COX-2 expression in hippocamp. 

Rescue of synaptic transmission and plasticity, 

improvement of spatial learning and memory in 

mice. 

(184) 



 32 

Other “less conventional” sources of EVs have been demonstrated to bear innate therapeutic 

potential. For example, EVs isolated from milk were demonstrated to be effective in alleviating 

dextran sulphate sodium-induced ulcerative colitis in mice by exerting a regulatory effect on gut 

Treg and TH17 immune cells and reshaping the gut microbiota (190).  

3.4. Challenges ahead  

Although EVs are suggested as new biogenic therapeutic avenues, it must be born in mind that 

this field is only at its very beginning and that several are the issues that still need to be tackled 

(46,135,191).  

First and foremost, one of the pending issues is the lack of standardisation in the methodology 

and reporting of EVs isolation, characterisation and loading, as recently outlined in a recent 

review paper (135). Nonetheless, other challenges are unavoidably linked to the preclinical 

studies, especially when it comes to the comparison with the other DDS (119,120,134). The EVs 

scientific community is unanimous in the call for proper studies on EVs pharmacokinetics (124) 

which is likely the result of a combination of several different factors (such as EV cell source and 

isolation procedures). This, in turn, leads to the need for a comprehensive characterization of 

potential interactions of the EVs with cells and tissues to achieve a strategic and successful design 

of new DDS (46). Moreover, deeper analyses and careful design will be needed to bring EVs 

therapeutics to clinical trials and, ultimately, to the market. Indeed, to move to clinical use, all the 

various steps from isolation to purification and storage need to adhere to Good Manufacturing 

Practices (GMP) (119).  
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4. Signal Transducer and Activator of Transcription 3 

Signal transducer and activator of transcription 3 (STAT3) is a pleiotropic transcription factor 

responsible for the expression of genes involved in several physiological processes such as cell 

differentiation, angiogenesis, proliferation, apoptosis, metastasis, and immune responses (192). 

4.1. STAT3 structure 

Four STAT3 isoforms have been described so far, STAT3α (92 kDa), the full-length isoform, and 

three truncated isoforms, namely STAT3β, STAT3γ and STAT3δ. STAT3β (84 kDa), is a an 

alternatively spliced RNA form of STAT3α in which 55 amino acids at the C-terminal are 

replaced by 7 additional amino acids (193); STAT3γ (72 kDa) and STAT3δ (64 kDa) are the 

results of post-translational limited proteolysis (194).  

Two crystallographic structures of STAT3 have been solved and deposited the Protein Data Bank 

(PDB): the homodimer STAT3β-DNA complex (1BG1) (195) (Fig. 12 A) and the 

unphosphorylated STAT3 core (137-688) fragment (3CWG) (196). 

 
Fig. 12. STAT3 structure. (A) Three-dimensional representation of the STAT3 homodimer bound to a DNA double 
helix obtained from the crystallographic structure (pdb: 1GB1). The crystallized STAT3 comprised residue from 127 
to 722. (B) Schematic representation of the six domains of STAT3, NTD (cyan), CCD (blue), DBD (green), LD 
(yellow), SH2 (red) and TAD (orange). The same colours have been used to indicate the domains in the three-
dimensional structure. In magenta is represented the DNA double helix. 
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As the other members of the STAT family, STAT3 presents six structured and functionally 

conserved domains (195) (Fig. 12 B). 

• N-terminal domain (NTD): residues 1-137. It is responsible for the tetramerization of two 

pTyr705 phosphorylated STAT3 dimers which is required for cooperative DNA binding 

(197,198). Moreover, it mediates the dimerization of unphosphorylated STAT3 (199) and 

the interaction with other proteins to form complexes implicated in transcriptional 

regulation (198). 

• Coiled-coil domain (CCD): residues 138-320. Arranged in a bundle of four antiparallel 

helices connected by short loops, this domain present a large hydrophilic surface (195). 

It is essential for the recruitment of STAT3 to the cytokine receptor, its subsequent 

activation (200) and nuclear translocation (201). 

• DNA binding domain (DBD): residues 321-465. The domain sequence is organized in an 

eight-strand β-barrel secondary structure and, as suggested by the name, it mediates the 

recognition and the binding of the protein to a specific DNA sequence (202). 

• Linker domain (LD): residues 466-583. A small helical domain, formed by two helix-

loop-helix modules, is involved in the proper rearrangements of DBD and SH2 domains 

which may affect pSTAT3-dependent transcription (203). 

• Src homology 2 (SH2) domain: residues 584-688. This domain consist of a central three-

stranded β-pleated sheet flanked by one α-helix and two β-strands (195) which form a 

binding pocket with a conserved Arg residue (Arg609). This Arg residue mediates the 

interaction with the phosphate groups of the activated receptor as well of other 

pTyrSTAT3 leading, respectively, to the docking of STAT3 to the receptor or the 

formation of homo- or hetero- STAT dimers (204). 

• C-terminal transcriptional activation domain (TAD): residues 689-770. This domain is 

involved in the transcriptional activation and its length and composition varies among the 

different isoforms. It contains the key residue Tyr 705 which, upon phosphorylation, 

interacts with the SH2 domain of another monomer, leading to the formation of the dimer. 

In this domain another important residue is the Ser 727, whose phosphorylation 

contributes to the maximal activation of STAT3 transcription (205). 

4.2. STAT3 signalling cascade 

The STAT3 signalling pathway is complex and a tightly regulated cascade. Under physiological 

condition, STAT3 is present in its latent form in the cytoplasm until cytokines, hormones or 

growth factors (e.g., IL-6, IL-10, Il-11, endothelial growth factor, vascular endothelial growth 
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factor, tumor necrosis factor α) interact with specific receptors on the cell surface triggering 

STAT3 activation (206). 

In the canonical STAT3 signalling pathway (Fig. 13), the interaction between the cytokines, 

hormones or growth factors and their cognate receptor induces a ligand-receptor complex 

organization followed by a rapid transphosphorylation of the Janus tyrosine kinases (JAKs) 

associated to the intracellular receptor domain. These JAKs kinases (JAK1, JAK2 and Tyr2) in 

turn phosphorylate a specific tyrosine residue (pTyr) on the cytoplasmatic tail of the receptor 

setting up the docking site for STATs. At this stage, STAT3 is recruited to pTyr domains on the 

activated receptor through its SH2 domain. JAKs, now in close proximity to STAT3, can 

phosphorylate STAT3 at Tyr 705 (207). Phosphorylated STAT3 proteins form homodimers or 

heterodimer with the other STATs family protein members in a tail-to-tail fashion and, thanks to 

the interaction with the importin-α3, translocate into the nucleus where they bind to specific DNA 

targets (206,208). Here, STAT3 dimer cooperates with other transcriptional coactivators and 

transcription factors to drive the gene expression.  

Fig. 13. STAT3 Canonical Pathway. (1) STAT3 pathways is initiated by the binding of cytokines or growth factors 
to the specific receptor on cell surface. (2) JAKs kinases, associated to the receptor, are activated through 
phosphorylation (3) leading to the phosphorylation of the receptor itself. (4) The cytoplasmic STAT3 protein associates 
with the receptor and is phosphorylated by the JAKs. (5) Phosphorylated STAT3 form active dimers and (5) translocate 
in the nucleus. (6). Here (7) the dimer can bind the promoter and start the transcription. Illustration created with 
Biorender.com. 
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Under physiological conditions, STAT3 signalling is a rapid and transient signalling cascade that 

can last from half to several hours. STAT3 dimers are dephosphorylated by nuclear proteins 

tyrosine phosphatases (e.g., TC45, TC-PTP). Once unphosphorylated, STAT3 associates with the 

nuclear export factor, e.g., the Chromosome Region Maintenance 1 (CRM1), through its 

hydrophobic Nuclear Export Signal (NES) elements and it is shuttled back to the cytoplasm where 

it can be reactivated (209).  

Since the STAT3 signalling is a tightly regulated process, along with the dephosphorylation of 

the dimer in the nucleus, other mechanisms contributed to its downregulation. Indeed, the family 

of Suppressor Of Cytokine Signalling proteins (SOCS), the protein inhibitors of activated STATs 

(PIAS), and other members of the protein tyrosine phosphatases (PTPs) family are involved in 

negative modulation of STAT3 transcriptional activity at various levels of the STAT3 pathway 

(210). 
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5. Autosomal Dominant Hyper-IgE Syndrome (AD-HIES)  

Hyper-IgE Syndrome (HIES) or Job’s syndrome is a rare primary immunodeficiency and 

multisystem disorder (211). It was first described in 1966 when the first report was made about 

two young girls who presented “cold” abscesses caused mainly by Staphylococcus aureus (212). 

Later, in 1972, Buckley et al. added high plasma immunoglobulin E (IgE) levels to the clinical 

features, from which derived the denomination HIES (213). 

Along with the immunologic (elevated serum IgE) and infectious disease manifestations, such as 

eczema, rashes, skin abscesses, and recurrent sinopulmonary infections, non-immunological 

features have been reported (211). These include craniofacial abnormalities, osteoporosis, 

hyperextensibility, scoliosis, vascular abnormalities and parenchymal brain lesions. Moreover, 

HIES patients present an increased risk of developing malignancies (214–217). 

Currently, HIES patients are pharmacologically treated with long-term administration of systemic 

antibiotics and antifungals to prevent and manage infections. A subpopulation of HIES patients 

is treated with immunoglobulin substitution therapy; however this is not a general therapy 

(218,219). Finally, a few patients were treated with bone marrow transplantation, but the results 

are unclear (220,221). 

HIES is divided into autosomal dominant (AD-HIES) and autosomal recessive (AR-HIES), both 

leading to a failure of TH17 CD4+ T cell differentiation. Heterozygous loss-of-function (LOF) 

mutations in STAT3 encoding gene have been identified in AD-HIES patients’ cells (222). 

Since the first report of STAT3 mutations involved in AD-HIES (223,224), 114 mutations in the 

STAT3 gene have been reported (225). The vast majority of the mutations identified in AD-HIES 

patients are missense mutations located in coding exons, which mainly affect the DNA binding 

domain (DBD) and the Src homology 2 (SH2) domain (226). Thus, these mutations hinder the 

binding of STAT3 to the DNA and its dimerization, converging in a loss of function (LOF) of the 

transcription factor. This LOF, in turn, leads to the perturbation of cytokine type and level and in 

the failure of TH17 CD4+ cell differentiation (227, 228). In the future, therapies targeting STAT3 

signalling are expected. 

5.1. STAT3 role in TH17 cells development 

STAT3 plays an extremely complex role in the immune system contributing to both innate and 

adaptative immune response (210,229). Importantly, STAT3 regulates the transcription of genes 

crucial for the development, differentiation and survival of several hematopoietic cells including 

CD4+ T cells, B cells, myeloid cells, and granulocytes (230).  

In particular, it has been demonstrated that STAT3 is required for the generation of TH17 cells 

from their progenitor naïve CD4+ T cells (231). The development of TH17 cells can be 
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summarized as depicted in Fig. 14. IL-6 mediated stimulation of the naïve CD4+ T cells activates 

STAT3 signalling pathway, resulting in IL-21 expression and release. The subsequent binding of 

IL-21 on its receptor on the same cell surface reinforces STAT3 activation in a positive feedback 

and leads to the expression of the Retinoic acid-related Orphan nuclear Receptors (RORγt and 

RORα) and of hallmark cytokines of the TH17 lineage (232). In turn, RORγt and RORα induce 

the expression of the IL-23 receptor, making the cells responsive to IL-23, a cytokine mainly 

released by antigen-presenting cells essential for stabilization and/or amplification of the TH17 

phenotype (233).  

 
Fig. 14. Development of TH17 cells from CD4+ Naïve T-cells. CD, Cluster of Differentiation; MHC I and II, Major 
Histocompatibility Complex I and II. TGF-β, Transforming Growth Factor β. RORγt, Retinoic acid-related Orphan 
nuclear Receptor γ. Figure created with Biorender.com, inspired by (230). 

TH17 cells are instrumental in the host defence against certain extracellular bacteria (e.g., 

Staphylococcus aureus and Klebsiella pneumoniae) and fungi (e.g., Candida albicans) (234). 

Indeed, IL-17 and the other released pro-inflammatory factors, such as IL-21, IL-22 and 

granulocyte macrophage–colony-stimulating factor (GM-CSF) promote neutrophil maturation 

and chemotaxis. Moreover, they are responsible for the production of many antimicrobial peptides 

and proteins (235). 
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Aim of the Thesis 

AD-HIES is a rare primary immunodeficiency and multisystem disorder characterized by 

developmental abnormalities, poor wound healing, and recurrent infections (222). In 2007, 

heterozygous loss-of-function (LOF) mutations of STAT3 were identified in AD-HIES patients’ 

cells. These mutations in the STAT3 gene impaired STAT3 function, resulting in the failure of 

TH17 CD4+ cell differentiation (224,236,237). 

To date, no specific treatments are available, and the main therapeutic approaches are limited to 

the prevention and management of infections with long-term administration of systemic 

antibiotics and antifungals (238). Indeed, a new strategy aimed at acting more directly on the 

underlying causes of the disease would be beneficial for AD-HIES patients, lowering the risk of 

infections, the use of medications, and hospitalizations.  

In this attempt, the restoration of STAT3 signalling, through the administration of fully functional 

wild type STAT3 to CD4+ T cells from AD-HIES patients, could compensate for the loss of 

function of the mutated protein forms and enhance the differentiation into TH17 cells. To achieve 

effective delivery of STAT3, we propose the use of Extracellular Vesicles (EVs) as a Drug 

Delivery System (DDS). These biogenic particles hold interesting promise as DDS owing to their 

potential to overcome the lack of effective delivery systems for high molecular weight biological 

drugs such as proteins (146). 

A schematic representation of the proposed approach is given in the illustration on the next page 

(Fig.15).  

In particular, in this thesis, the foundations for the development of such approach have been laid. 

Indeed, the research activity has been focused on: 

• Production and characterization of a novel fusion construct of STAT3 in which STAT3 

were fused with EGFP allowing easy tracking of the protein by fluorescence detection.  

• Isolation and characterization of EVs from cell conditioned media of a particular type of 

B-lymphoblastoid cells. 

• Exogenous loading of EGFP-STAT3 protein inside the isolated EVs by saponin-assisted 

encapsulation and characterization of the obtained EGFP-STAT3 EVs. 

• Evaluation of EGFP-STAT3 EVs uptake in a cellular model (MDA-MD-231). 
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Fig. 15. Proposed approach for STAT3 signalling restoration in AD-HIES patients by use of EVs as delivery 
vesicles for the full-length wild type STAT3. Illustration created with Biorender.com. 
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Materials and Methods 

1. Materials 

All chemicals used were of the highest analytical grade, purchased from Sigma-Aldrich, unless 

stated otherwise. Roswell Park Memorial Institute (RPMI) 1640 and Dulbecco’s Modified Eagle 

Medium (DMEM) cell culture mediums, penicillin, streptomycin, gentamycin, sodium pyruvate, 

Dulbecco's phosphate-buffered saline (DPBS), Insulin-Transferrin-Selenium-Ethanolamine (ITS -

X) and Fetal Bovine Serum (FBS) were obtained from Thermo Fisher Scientific.  
Primers Sequence 

F1  5-ATGCATCATCATCATCATCATCATCATCATCATATGGTGAGCAAGGGC-3’ 

R2 5’-GCCCTGAAAATACAGGTTTTCGGATCCCTTGTACAGCTCGTC-3’ 

F3 5’-GAAAACCTGTATTTTCAGGGCATGGCCCAATGGAATCAG-3’ 

R4 5’-TCACATGGGGGAGGTAGCGCACTC-3’ 

F Polyhedrin  5’-AAATGATAACCATCTCGC-3’  

R SV40 polyA  5’-GGTATGGCTGATTATGATC-3’  

F pUC/M13  5¢-CCCAGTCACGACGTTGTAAAACG-3’ 

R pUC/M13  5¢-AGCGGATAACAATTTCACACAGG-3¢  

Table 5. Primers used for cloning and construction of EGFP-STAT3 recombinant bacmid. F1, R2, F3 and R4 
were purchased from Eurofins Genomics, the others were part of the Bac-to-Bac® TOPO® Expression System kit. 

Kit Manufacturer # Catalog 

Bac-to-Bac® TOPO® Expression System Invitrogen A11101   

ExpiSfTM Expression System  Gibco A33841 

Pierce™ BCA Protein Assay Kit Thermo Scientific 23225 

QuantiProTM BCA Assay kit Sigma-Aldrich QPBCA 

Total Exosome Isolation Reagent (from cell culture 
media) 

Invitrogen 4478359 

GenElute™ Gel Extraction Kit Sigma-Aldrich NA1111 

GenElute™ Plasmid Miniprep Kit Sigma-Aldrich PLN70 

GenElute™ Plasmid Midiprep Kit Sigma-Aldrich PLD35 

Table 6. Commercial kits used. 

Antibodies Manufacturer # Catalog Dilution 

Anti-pTyr705 STAT3 Santa Cruz Biotechnology sc-8059 1:500 

Anti-STAT3 Santa Cruz Biotechnology sc-8019 1:1000 

Anti-STAT3 Santa Cruz Biotechnology sc-482 1:1000 

Anti-CD63 Santa Cruz Biotechnology sc-365604 1:1000 

Anti-rabbit IgG HRP-linked antibody Cell Signalling Technology 7074S 1:2000 

Anti-mouse IgG HRP-linked antibody Cell Signalling Technology 7076S 1:2000 

Table 7. List of antibodies with the respective dilution used. 
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2. Methods 

2.1. Generation of the recombinant baculovirus for EGFP-STAT3 expression 

Construction of EGFP-STAT3 cDNA 

The full-length cDNA coding for human STAT3 (STAT3α) from the pOTB-STAT3 vector 

(ImaGENES) was amplified using the F1 and R2 primers (see Material section) by Short Overlap 

Extension (SOE) PCR to obtain the full-length STAT3 construct with a TEV (Tobacco Etch 

Virus) protease cleavage site at the N-terminus. Moreover, the EGFP gene was amplified from 

the pEGFP-N1 (Clonetech) using the F3 and R4 primers, which inserted a 10× poly-Histidine 

sequence at the N-terminus. 

To fuse EGFP and STAT3 templates, the same PCR procedure was carried out employing the F1 

and R4 primers. PCR reactions were performed with Pfu Core High Fidelity (Jena Bioscience), a 

thermostable proofreading polymerase able to generate blunt-end products. Compositions of PCR 

reaction mixes and cycling parameters are reported in Table 8.  

Table 8. PCR for EGFP-STAT3 SOE PCR. PCR reaction mixture composition and thermocycler parameters for the 
construction of EGFP-STAT3 cDNA. 

PCR products were purified by agarose gel electrophoresis (0.8% agarose gel) and then extracted 

from the gel with a GenElute™ Gel Extraction Kit (Sigma-Aldrich).  

Cloning of EGFP-STAT3 gene into pFastBac™ TOPO® Vector 

The obtained blunt-end EGFP-STAT3 insert was cloned inside the pFastBac™ TOPO® Vector, 

following the manufacturer’s instruction and using an insert:vector molar ratio of 2:1 and a 

reaction time of 30 min. 

The resulting reaction mixture was used to transform the One Shot® Mach1™ T1R Chemically 

Competent E.coli cells, which were later plated on a selective LB agar solid medium (100 µg/mL 

Ampicillin) and grown overnight at 37°C. 

On the following day, each colony was resuspended in 10 µL of sterile mQH2O and screened by 

PCR, using F Polyhedrin and R4 primers, to check for positive transformants. PCR reactions were 

PCR reaction mix PCR parameters 

Pfu 0,7 µL Step T Time  

Template 1 µL 1. Initial denaturation 94°C 3 min  

F primer 1,5 µL 2. Denaturation 94°C 30 sec 
30 

cycles 
R primer 1,5 µL 3. Annealing 55°C 30 sec 

dNTP 100 µM 1,5 µL 4. Extension 72°C 2 min 30 sec 

X-Buffer 10X 5 µL 5. Final extension 72°C 7 min  

Sterile H2O 35 µL 6. Hold 4°C Hold  
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performed using DreamTaq Green DNA Polymerase (Thermo Fisher). The PCR mix was 

assembled as indicated in Table 9.  

Table 9. Colony PCR. PCR reaction mixture composition and thermocycler parameters for colony screening PCR. 

Positive clones were identified by electrophoresis and amplified in 3 mL of LB+100 µg/mL 

Ampicillin and grown overnight at 37° under constant agitation. On the following day, the 

plasmid DNA was isolated using the GenElute™ Plasmid Miniprep Kit (Sigma-Aldrich) and 

properly quantified. 

The identity of the purified plasmid was confirmed by DNA sequencing (performed by Eurofins 

Genomics) using F Polyhedrin, F3, and R SV40 polyA primers.  

Generation of the EGFP-STAT3 recombinant bacmid 

DH10Bac™ E.coli competent cells were transformed with EGFP-STAT3 pFastBac™ TOPO® 

Vector by heat shock and grown for 4 h at 37°C in SOC medium (0.5% (w/v) Yeast Extract, 2% 

(w/v) Tryptone, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, 20 mM Glucose) in 

a shaking incubator. A 10-fold dilution of the cells was plated on LB agar selective medium which 

contained 50 µg/mL kanamycin, 7 µg/mL gentamicin, 10 µg/mL tetracycline, 100 µg/mL X-gal, 

and 40 µg/mL IPTG. Plates were incubated at 37°C for 48 hours. 

After the incubation time, white colonies were screened by colony PCR in a reaction mixture 

prepared as indicated in Table 9 using F pUC/M13 and R2 primers.  As described above, the PCR 

mixtures were analyzed by electrophoresis to identify the positive clone(s).   

One of the positive clones was inoculated in 3 mL of LB+50 µg/mL kanamycin, 7 µg/mL 

gentamicin, and 10 µg/mL tetracycline, and grown for 5 hours, at 37°C, in a shaking incubator. 

Subsequently, 50 mL of fresh medium were added to the culture and grown overnight, at 37°C, 

with continuous shaking. The following day, the plasmid DNA was isolated using the GenElute™ 

Plasmid Miniprep Kit (Sigma-Aldrich) and properly quantified. 

To further confirm the correct insertion of the gene in the bacmid, three PCR reactions were 

performed with different combinations of primers: F pUC/M13+R4, F1+R pUC/M13, F 

pUC/M13+R pUC/M13, setting the thermocycler as indicated in Table 8. 

 

PCR reaction mix PCR parameters 

DNA polymerase Master Mix 10 µL Step T Time  

Colony suspension 5 µL 1. Initial denaturation 94°C 3 min  

F primer 1 µL 2. Denaturation 94°C 30 sec 
30 

cycles 
R primer 1 µL 3. Annealing 55°C 30 sec 

Sterile H2O 3 µL 4. Extension 72°C 1 min 

 
5. Final extension 72°C 7 min  

6. Hold 4°C Hold  
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Baculovirus P0 generation 

To generate the baculovirus, ExpiSf9 cells were cultured in ExpiSf CD medium (ThermoFisher) 

until cell density reaches 5-10 × 106 viable cells/mL and 90% cell viability. Then, cells were 

transfected with EGFP-STAT3 bacmid DNA using the ExpiFectamineTM transfection reagent 

(ThermoFisher) following the manufacturer’s instructions. 

After 96 hours the cell suspension was centrifuged at 300 × g for 5 min and the supernatant 

containing the newly generated baculovirus (P0) was harvested. 

Baculovirus P0 was used to infect other cells for amplification and P1 generation, which was later 

used for the following infections and protein expression experiments. In detail, insect cells were 

seeded in a 125 mL flask with a final density of 5 × 106 cells/mL in a 25 mL medium final volume. 

On the following day, the cells were infected with 500 µL of P0 viral stock. After 72 hours the 

virus was harvested as for P0. 

2.2. Expression and purification of EGFP-STAT3 recombinant protein 

EGFP-STAT3 protein expression 

On the day before infection, cells were seeded in a 500 mL flask with a final density of 5 × 106 

cells/mL in 100 mL medium and ExpiSfTM Enhancer (ThermoFisher), an adjuvant for maximizing 

protein yield, was added. On the following day, the insect cells were infected with 500 µL of P1 

viral stock and incubated for 72 hours at 27°C in a shaking incubator. 

An overview of the various steps for the setting up of the Baculovirus Expression System for 

EGFP-STAT3 is given in Fig. 16. 

 
Fig. 16. Schematic representation of the workflow for the cloning and generation of EGFP-STAT3 Recombinant 
Baculovirus. Created with BioRender.com. 
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EGFP-STAT3 protein purification 

Cells were harvested by centrifugation of the cellular suspension at 300 × g for 10 min and 

consequently resuspended in 30 mL ice-cold buffer composed of buffer A (20 mM Tris HCl pH 

7.5, 300 mM NaCl, 20 mM Imidazole, 0.2% (v/v) NP40, 0.5 mM TCEP) supplemented with 100 

units of DNase (Roche) to eliminate nucleic acids and reduce suspension viscosity, 5 mM MgCl2 

as DNAse cofactor, 1 mM PMSF, 1 tablet of SigmaFast™ Protease Inhibitor (Sigma-Aldrich) 

and 0.1mM Na2VO3. The resuspended cells were transferred in a 15 mL Dounce homogenizer on 

ice to complete the lysis process until the pellet was homogeneously resuspended. 

The crude extract was centrifuged for 30 min at 14,000 × g and 4°C and the supernatant was 

loaded on a 5 mL home-packed Ni2+-column pre-equilibrated with buffer B (20 mM Tris HCl pH 

7.5, 300 mM NaCl) supplemented with 20 mM Imidazole. After the complete loading of the 

protein extract, the column was extensively rinsed with buffer B+20 mM Imidazole, followed by 

a washing step with buffer B, supplemented with 50 mM Imidazole, to get rid of unspecific 

component bound on the resin. EGFP-STAT3 was eluted with buffer B added with 250 mM 

Imidazole and the flow through was collected until the resin colour turned from green to blue. 

The resin was then washed with buffer B containing 1M Imidazole. Aliquots from each 

purification step were collected and analyzed by SDS-PAGE. The fractions containing EGFP-

STAT3 were pooled and concentrated by several ultrafiltration steps with an Amicon® Ultra-15 

ultrafiltration device with a 50 kDa cut-off (Millipore). The protein solution was then loaded on 

a PD10 desalting column (Cytiva Life Science) to completely remove Imidazole and exchange 

the buffer in buffer C (20 mM Tris HCl pH 7.5, 150 mM NaCl, 0.5 mM TCEP). All the 

purification steps were carried out at 4°C. 

The protein spectrum in the 550-220 nm region of the UV-Vis was recorded with a V-550 UV-

Vis spectrophotometer (Jasco) and the absorbance value at 280 nm was used to quantify the 

protein concentration applying the Lambert-Beer’s Law. The extinction coefficient was computed 

with the ProtParam tool upon entering the EGFP-STAT3 aminoacidic sequence (239). 

The protein solution was then aliquoted and stored at -80°C or used for further experiments. 

STAT3 protein purification 

To obtain the STAT3 protein, the TEV protease (produced in the Laboratory of Prof. Capaldi) 

was added to the EGFP-STAT3 solution to obtain a substrate:enzyme ratio of 15:1 (w/w). The 

reducing agent TCEP was also added to the sample to a final concentration of 1 mM. The reaction 

mixture was incubated for 90 min at room temperature (RT) followed by overnight incubation at 

4°C without agitation. 

On the following day, the reaction mixture was centrifugated at 20,000 × g for 10 min on a 

benchtop centrifuge to remove any precipitate. Imidazole was added to the supernatant to a final 
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concentration of 20 mM and loaded on a home-packed IMAC column (2.5 ml of Ni2+ resin) pre-

equilibrated with buffer C+20 mM Imidazole. Subsequently, the column was washed with the 

same buffer and the flow through (around 5 ml), containing the cleaved STAT3, was collected.  

STAT3 was concentrated by ultrafiltration to 1 ml, quantified and subjected to Size Exclusion 

Chromatography (SEC) to separate the cleaved STAT3 from any coeluted proteins with a home-

packed Sephadex G200 column (30cm × 10mm). The column was equilibrated with buffer C and 

the chromatographic run was performed using a 0.2 mL/min flow rate with detection at 280 nm 

in an ÄKTA prime plus system (Pharmacia). Fractions of 0.5 mL were collected with an automatic 

sampler collector. Aliquots from each purification step were analysed by SDS-PAGE.  

The obtained protein solution was quantified as described for EGFP-STAT3, using the extinction 

coefficient computed by ProtParam starting from the STAT3 aminoacidic sequence, aliquoted 

and stored at -80°C or used for further experiments. 

2.3. Biophysical and functional characterization of EGFP-STAT3  

The obtained proteins, EGFP-STAT3 and STAT3, were characterized from a biophysical and 

functional point of view.  

Circular Dichroism 

Circular Dichroism (CD) spectra were registered both in the Far and Near UV spectrum region 

(250-200 nm and 320-250 nm) with a J715 spectropolarimeter (Jasco) equipped with a Peltier 

system to keep the sample compartment at 25°C. Far UV spectra were registered in 1 mm quartz 

cuvette with a protein concentration of 1.65 µM (STAT3) and 1 µM (EGFP-STAT3) in buffer C 

(20 mM Tris HCl pH 7.5, 150 mM NaCl, 0.5 mM TCEP). Near UV spectra were recorded using 

a 10 mm quartz cuvette with a protein concentration of 3.3 µM (STAT3) and 4 µM (EGFP-

STAT3) in the same buffer.  

Spectra acquisitions were performed using the following parameters: bandwidth of 1 nm; 

response of 4 sec; sensitivity standard; data pitch of 1nm; scanning speed of 50 nm/min; 3 

accumulation (for Far UV), 5 accumulation (for Near UV). Thermal denaturation experiments 

were performed by monitoring the circular dichroic signal at 208 nm at 1 μM (EGFP-STAT3) 

and 3.3 μM (STAT3) concentrations on a 15–90 °C linear temperature gradient, with a 

temperature slope of 1.5 °C/min. 

Mean residue ellipticity [θ]MRW (deg cm2 dmol−1) was calculated according to the formula 

[θ]MRW=(θ/10)(MRW/lc), where θ is the registered ellipticity (in mdeg), MRW is the mean residue 

weight of the protein, l is the pathlength (in cm) and c is protein concentration (in mg/ml) 

(240,241). Secondary structure estimation has been performed using BeStSel online tool 

(242,243). 
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STAT3/JAK2 kinase assay 

STAT3/JAK2 (Janus Kinase 2) kinase assay was performed for both EGFP-STAT3 and STAT3 

using recombinant JAK2 active protein (Upstate Biotechnology), as previously described (244–

246). In detail, 5 µg of EGFP-STAT3 or STAT3 were incubated with 0.5 µg of recombinant JAK2 

active protein in 20 mM Tris HCl pH 7.5, 50 mM MgCl2, 100 µM ATP. The reaction mixture was 

incubated for 1 hour at RT under mild agitation. Negative controls were performed by incubation 

of EGFP-STAT3 in 20 mM Tris HCl pH 7.5, 50 mM MgCl2. The reactions were quenched by 

addition of reducing Laemmli Sample Buffer followed by heating at 95°C for 5 min and the 

samples were loaded on 7.5% SDS polyacrylamide gel. The gel was run at a constant voltage of 

100 V. The separated proteins were transferred on a PVDF membrane (Immobilon P, Millipore) 

by wet tank blotting. 

The membrane was blocked with 5% (w/v) Bovine Serum Albumin (BSA) solution in Tris-buffer 

saline supplemented with 0.1% (v/v) Tween 20 (TBS-T) at RT for 1h under gentle agitation. Then, 

it was incubated overnight at 4°C with the anti-pTyr705 STAT3 antibody (Santa Cruz 

Biotechnology, sc-8059; 1:500). After washing with TBS-T, the membrane was incubated with a 

Horseradish Peroxidase (HRP)-conjugated anti-mouse secondary antibody (Cell Signaling 

Technology, 7076S; 1:2000) at RT for 1 h. After washing with TBS-T, the immunoreactive 

proteins were detected with Immobilon® ECL Ultra Western HRP Substrate (Millipore) using 

ChemiDoc XRS Imaging System (BioRad). 

The membrane was subsequently stripped, washed, blocked with 5% BSA in TBS-T and 

hybridized overnight at 4°C with an anti-STAT3 antibody (Santa Cruz Biotechnology, sc-482; 

1:1000). The following passages were performed as described above. 

2.4. Isolation of EVs from RO cells 

RO cells culture 

Human B lymphoblastoid cells RO (DSMZ, ACC 452) were initially cultured in RPMI 1640 cell 

culture medium supplemented with 10% (v/v) Fetal Bovine Serum (FBS), 100 UI/mL penicillin, 

100 µg/mL streptomycin in 5% CO2 incubator at 37°C.  

When cells had reached 90% viability the FBS was gradually replaced with 1% (v/v) Insulin-

Transferrin-Selenium-Ethanolamine (ITS-X) medium supplement and 1 mM Sodium Pyruvate. 

Briefly, cells weekly counted and seeded at a density of 0.35 × 106 cells/mL in a volume of 45 

mL/flask. After 3 days 25 mL of the supernatant (hereinafter called cell conditioned medium 

(CCM)) were harvested and replaced by 50 mL of fresh medium. On day 7, 50 mL of the CCM 

were harvested, and the cells were counted again (247).  The CCM, used for EVs isolation, was 

stored at -80°C, for up to 2 months. 



 48 

RO cell culture has been established and optimised in the lab of Prof. G. Fuhrmann (248). It 

should be noted that the choice to use the RO cells for EVs isolation was the result of the attempts 

to obtain at the same time an appreciable amount of CCM, an FBS-free culture and, to minimize 

the immunogenicity of the EVs. RO cells grow in suspension, allowing to obtain up to ~75 

mL/week CCM from a single T75 flask. They can be adapted, by a stepwise switch, to a serum-

free media by using the already cited IST-X supplement. Finally, they were obtained from a 

patient with severe combined immunodeficiency, not expressing MHC class II complexes (249), 

suggesting that the derived EVs may be low in immunogenicity (248). 

Isolation and purification of EVs 

Isolation and purification of EVs were performed following the protocol described in (155,247), 

with some modifications. 400mL of RO cells CCM was first centrifuged at 300 × g for 10 min to 

remove any cells, transferred to a new falcon tube and centrifuged again at 9500 × g for 30 min 

to get rid of any possible cellular debris. The supernatant was then subjected to two following 

filtration passages, at 0.45 µm and 0.22 µm, using PVDF sterile syringe filters. The filtered CCM 

was then ultracentrifuged at 100,000 × g for 2h at 4°C using 70mL Polycarbonate Bottles suitable 

for a Type 45 Ti rotor in an Optima XPN-80 Ultracentrifuge (Beckman Coulter Lifescience). The 

resulting EV-containing pellet was resuspended in 1 mL of PBS and purified by SEC for further 

experiments. 

SEC was performed using a 40 mL Sepharose CL-2B (Cytiva Life Science) home-packed column 

equilibrated with degassed autoclaved PBS filtered at 0.22 µm. The same buffer was used as 

mobile phase with the aid of a peristaltic pump (flow 1 mL/min). Fractions of 1 mL were collected 

to a total of 40 mL. Between runs, the column was washed with at least 2 column volumes of 

degassed autoclaved mQH2O and equilibrated with 2 column volumes of degassed autoclaved 

PBS filtered at 0.22 µm. 

The collected SEC fractions were analysed for protein content and particle size distribution as 

afterwards described. The EVs SEC-fractions were gathered and concentrated by polymeric 

precipitation with the Total Exosome Isolation Reagent (Invitrogen™) following the 

manufacturer’s instructions. These procedures were carried out to achieve a sample volume 

feasible for the downstream experiments. 

2.5. Encapsulation of EGFP-STAT3 in RO cells EVs 

The EGFP-STAT3 was loaded into isolated EVs using a saponin-assisted encapsulation technique 

(153,154). Briefly, the pellet from the ultracentrifugation passage was resuspended directly in the 

EGFP-STAT3 solution (2 mg total protein). After 10 min incubation at RT, an aqueous solution 

of saponin was added to the mix at a final concentration of 0.1 mg/mL. The EVs-EGFP-STAT3-
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saponin mixture was then incubated for 30 min at 25°C under gentle agitation, and 30 min at 25°C 

without agitation. This cycle was repeated a total of 2 times.  

2.6. Characterization of isolated EVs 

Nanoparticle Tracking Analysis (NTA) 

To determine the particle size and concentration in the eluted SEC fractions, NTA analyses were 

carried out with two instruments depending on in which lab the experiment had been performed 

(in Verona or during the abroad stay in Erlangen, Germany). Both instruments were used for 

analysis in scatter and fluorescence mode (when applicable). 

NS300 NanoSight (Malvern Panalytical) was used to perform NTA experiments in Verona. Each 

fraction was diluted in degassed autoclaved 0.22 µm filtered PBS (dilution factors ranging from 

1:20 to 1:200) in 1 mL total volume and injected into the instrument. For each sample, 3 videos 

of 60 seconds each were recorded, and the camera level was set to give a clear sharp image of the 

particles. The acquired video were analyzed using NanoSight 2.3 software with a detection 

threshold from 3 to 5 and only the measurement within the linear range of the instrument have 

been considered (81). 

ZetaView MPX-220 Duo-NTA (ParticleMetrix) was used to carry out the experiment in Erlangen. 

Each day, before the starting of the analysis, alignment with 100 nm standard polystyrene standard 

beads (Particle Metrix) diluted 1:250,000 (v:v) was performed. Furthermore, to ensure a sharp 

and focused image during fluorescence measurement, YG488 fluorescently conjugated 

polystyrene standard beads (Invitrogen) diluted 1:250,000 (v:v) were analyzed in fluorescence 

mode. Each fraction eluted from the SEC column was diluted (dilution factors ranging from 1:100 

to 1:1000) in degassed, autoclaved, 0.22 µm filtered PBS to 1 mL final volume. Measurements 

were performed at 25°C. Scattering capture settings were: sensitivity 80, shutter 100, minimum 

trace length 15, 488 nm laser. Fluorescence capture settings were: sensitivity 95, shutter 100, 

minimum trace length 7, 488 nm laser and 500 nm filter.  

Protein concentration assessment 

Protein concentration of each fraction eluted from the SEC column was measured by 

Bicinchoninic acid assay (BCA) using commercial kits (QuantiProTM BCA Assay kit, Sigma-

Aldrich, or Pierce BCA Protein Assay Kit, ThermoFisher) following the manufacturer’s 

instructions. Before each measurement, a calibration curve (500, 250, 125, 62.5, 31.25, 15.62 and 

0 µg/mL) made with standard Bovine Serum Albumin (BSA) was prepared in triplicate. Each 

fraction was measured in duplicate. The measurements were performed with a Multiplex M Nano 

microplate reader (Tecan). 
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EGFP-STAT3 quantification 

EGFP-STAT3 was quantified by measuring the fluorescence emission of EGFP at 535 nm upon 

excitation at 485 nm. A six-point calibration curve (100, 50, 15, 12.5, 6.25 and 0 µg/mL) was 

prepared in triplicate starting from an EGFP-STAT3 solution at known concentrations. 80 µL of 

each fraction were added to a black 96-wells plate and the fluorescence was measured with a 

Multiplex M Nano microplate reader (Tecan). Each fraction was measured in duplicate. 

Protein Slot Blot 

The assay was performed using a Bio-Dot® SF Microfiltration Apparatus (BioRad) following the 

manufacturer’s instructions.100 µL from each fraction were loaded on each well and blotted on a 

nitrocellulose membrane (Bio-Rad). The membrane was blocked with 5% BSA (w/v) in TBS-T 

at RT for 1h under gentle agitation and incubated overnight at 4°C with primary anti-CD63 

antibody (Santa Cruz Biotechnology, sc-365604, 1:1000). The following steps were performed 

as described in paragraph 2.3. 

Western Blot (WB) 

The EVs pellets from Polymeric Precipitation were resuspended 10 µL of 2× reducing Laemmli 

Sample Buffer and heated at 95°C for 5 min. The samples were then diluted to get 1× 

concentration of the sample buffer and run on a 10% SDS-PAGE gel. Gel run and blotting were 

performed as described above in paragraph 2.3.  

The membrane was then probed using the primary antibody against STAT3 (Santa Cruz 

Biotechnology, sc-8019; 1:1000). The immunocomplexes on the membrane were revealed as 

described above in paragraph 2.3. 

Assessment of protein encapsulation 

Fluorescence-positive fractions were gathered and subjected to the precipitation step. The new 

pellet was resuspended in 100 µl of PBS buffer and the total protein amount was determined by 

BCA.  

The sample was then divided in 4 aliquots and each one was subjected to a different treatment. 

The first aliquot was lysed upon treatment with SDS. The second one was lysed with SDS and, 

subsequently, was subjected to proteolysis upon treatment with Proteinase K. The third one was 

treated only with Proteinase K while and the fourth one was used as a control. To lyse the EVs, 

aliquots 1 and 2 were firstly incubated for 30 min at 25°C under mixing at 400 rpm in a thermal 

mixer in 1% (v/v) SDS solution. Afterwards, aliquots 2 and 3 were incubated for 1h at 37°C under 

mixing in presence of Proteinase K (QIAGEN) to induce proteolysis. Proteinase K was used in a 

final EVs proteins-Proteinase K ratio of 1:100 (w/w). 

After the treatments, reducing Laemmli sample buffer was added to 1× final concentration. The 

aliquots were heated at 95°C for 5 min and loaded onto 10% SDS polyacrylamide gel. SDS-PAGE 
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and WB were performed as described in paragraph 2.3, using a primary antibody against STAT3 

(Santa Cruz Biotechnology, sc-8019, 1:1000).  

2.7. Evaluation of the cellular uptake of EGFP-STAT3 loaded EVs 

MDA-MD-231 cell culture 

Human breast cancer cell line MDA-MD-231 (ATCC HTB-26) were cultured in DMEM 

supplemented with 10% FBS, 100 UI/mL penicillin, 100 µg/mL streptomycin, and 40 µg/mL 

gentamycin in a 5% CO2 atmosphere at 37°C. 

Staining of EVs 

EVs (EGFP-STAT3 loaded or unloaded) were subjected to an additional labelling step with DiD, 

a carbocyanine fluorescent dye. In detail, 1 µL of DiD solution (Molecular Probes Inc.) was added 

to the EVs suspension directly after ultracentrifugation, for unloaded EVs, or after incubation 

with EGFP-STAT3, for loaded EVs. The mixture was incubated for 30 min at 30°C and then 

purified by SEC as described in paragraph 2.4. The labelling has been evaluated by measuring 

the fluorescence emission of DiD at 670 nm upon excitation at 640 nm with a Multiplex M Nano 

microplate reader (Tecan). Each fraction was measured in duplicate. 

Treatment of MDA-MD-231 cells with EGFP-STAT3 EVs 

9 × 105 cells/well were seeded in 24-wells plate in 500 µL medium volume and left overnight in 

the incubator. After 24 hours, the medium was removed, the cells were washed twice with sterile 

DPBS and the suspension of EGFP-STAT3 DiD-stained-EVs (1.5 × 108 particles in fresh medium) 

was added to the cells. At selected times (1h, 2h, 5h, 24h) the medium containing the EVs was 

temporarily replaced with Hanks' Balanced Salt Solution (HBSS) and observed under a 

fluorescence microscope (Zeiss Axiovert AX10) using a bright field and a fluorescence filter 

(Zeiss Filter set 38, Excitation 470 nm, Emission 525nm). Representative images were captured 

with the hardware camera and processed using ZEN software (Zeiss microscopy) and ImageJ 

(Rasband, W.S., ImageJ, U. S. National Institute of Health, Bethesda, Maryland, 

http://rsb.info.nih. gov/ij/, 1997–2008). 

Immunofluorescence and confocal analysis 

MDA-MD-231 cells were seeded on glass coverslips in 24-wells plate (9 × 105 cells/well) and let 

adhere overnight. On the following day, the medium was replaced with EGFP-STAT3 DiD-

stained EVs solution (1 × 109 total particles in 500 µL fresh medium). Untreated cells were used 

as control. 

After the treatment, the supernatant was removed, and the cells were washed twice with DPBS 

and fixed with 4% (v/v) paraformaldehyde (PFA) for 10 min at RT. The PFA excess was removed, 

and the glass slides were washed twice with DPBS for 10 min under gentle agitation. Fixed cells 
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were permeabilized with 0.1% (v/v) Triton X-100 in DPBS for 5 min and blocked with 5% (w/v) 

BSA + 0.05% (v/v) Triton X-100 in DPBS for 1h at RT under agitation. Nuclei staining were 

performed with 4ʹ,6-diamidino-2-phenylindole (DAPI, ThermoFisher,1:1000) for 15 min at RT. 

After washing, the coverslips were mounted on the glass slides with Dako Fluorescence Mounting 

Medium (Agilent). 

Confocal analyses were performed with a confocal laser-scanning fluorescence microscope Leica 

SP5 (Leica Microsystem) using a 488 nm laser for excitation of EGFP-STAT3, 405 nm laser for 

DAPI and 633 nm laser for DiD. Images were captured at 40× magnification and processed using 

Adobe Photoshop and ImageJ software. 
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Fig.17. Schematic representation of the workflow for the described experiment. Created with Biorender.com. 
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Results and Discussion 

1. Purification of EGFP-STAT3 and STAT3 recombinant proteins 

In this work, a novel fusion construct in which recombinant STAT3 is fused with the fluorescent 

protein EGFP has been proposed. This design allows to exploit the fluorescence properties of 

EGFP for easy visualization and tracking of the STAT3 protein. In more detail, the human full-

length STAT3 gene is linked to the EGFP gene through an aminoacidic linker, which, in turn, can 

be hydrolysed by the TEV protease. Moreover, a sequence coding for a 10× poly-Histidine has 

been added to the 5’ end of the EGFP gene (Fig. 18) to simplify the purification process. 

 
Fig. 18. Schematic representation of the EGFP-STAT3 fusion protein. In red: poly-Histidine tag. In green: 
Enhanced Green Fluorescent Protein (EGFP). In yellow: Tobacco Etch Virus Cleavage Site (TEV-CS). In light blue: 
Signal Transducer and Activator of Transcription 3 (STAT3). 

EGFP-STAT3 was expressed in ExpiSf9 cells and purified to apparent homogeneity (Fig. 19 A 

lane 1-4). The purified EGFP-STAT3 was then cleaved with TEV protease and purified by 

loading the reaction mixture into a Ni2+-column to obtain the cleaved target in the flow-through 

and retain the EGFP tag.  
SDS-PAGE of the proteolysis mixture before loading onto Ni2+-column confirms that the TEV 

has not completely cleaved the EGFP-STAT3 in STAT3 and EGFP (Fig. 19 A lane 5). The 

loading on the Ni2+-column allowed the successful removal of EGFP and TEV protease, but not 

completely of the non-cleaved EGFP-STAT3 (Fig. 19 B, lane 6). 
As a final step of purification, STAT3 was fractionated by size exclusion chromatography (SEC). 

The chromatographic profile reveals the presence of two peaks at 10.03 mL and 14.45 mL elution 

volume which are not completely resolved and partially overlap (Fig. 19 C). SDS-PAGE analysis 

of the fractions eluted from 10 to 13 mL shows three main bands with apparent molecular masses 

corresponding to ~80 kDa (STAT3), ~120 kDa (EGFP-STAT3), and >180 kDa (Fig. 19 B, lanes 

7-10). It could be hypothesised that the latter band corresponds to a dimeric form of STAT3, 

resistant to denaturing and reducing treatments routinely performed for SDS-PAGE gel samples. 

Moreover, analogous speculations can be made for EGFP-STAT3 regarding the upper band 

visible in Fig. 19 A, lanes 3-4. These results suggest the need to perform further experiments to 

fully characterise the dimerization mechanism of STAT3, a topic already under investigation in 

the Laboratory of Prof. Mariotto (244,245). Nonetheless, this is beyond the scope of this thesis.  

SDS-PAGE analysis of the fractions at 14 and 16 mL elution volumes shows the highest 

STAT3:EGFP-STAT3 ratio, suggesting that the peak at 14.45 mL is the peak of cleaved STAT3 

(Fig. 19 B, lanes 12 and 13). 
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Fig. 19. Purification of recombinant WT STAT3 and EGFP-STAT3. (A-B) SDS-PAGE gel Coomassie-stained and 
fluorescence detection of the unstained gel. Lane 1: Cell lysate. Lane 2: Flow-through Ni2+-column loading. Lane 3: 
Eluted (in buffer B+250 mM Imidazole) EGFP-STAT3 (∼5 µg). Lane 4: EGFP-STAT3 after concentration and buffer 
exchange with PD10 (∼20 µg). Lane 5: sample after overnight treatment with TEV (∼18 µg). Lane 6: isolated STAT3 
(∼7 µg) from Ni2+-column before SEC. Lanes 7 to 12: aliquots (5 µL) of fractions eluted at 10, 11, 12, 13, 14, and 16 
mL. (C) SEC chromatogram of STAT3 (after TEV treatment). 
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2. Biophysical and biochemical characterization of EGFP-STAT3 and STAT3 

recombinant proteins 

The folding states of STAT3 and EGFP-STAT3 were assessed by Circular Dichroism 

spectroscopy. The Far-UV spectrum of the recombinant purified STAT3 shows the typical 

dichroic signal of a protein rich in α-helix secondary structure (Fig. 20 A, black line). Precisely, 

two minima are present at 209 and 220 nm, which are slightly shifted in comparison with the 

reference spectra of α-helix proteins (240). 

However, estimation of the secondary structure content confirms the predominant α-helix 

composition of the protein and the presence of a small percentage of random coil structure (Table 

10). These results are in accordance with the deposited three-dimensional structure (PDB: 1BG1) 

and previous CD analyses on the recombinant construct of STAT3 core (residues 124-723) (244).  

The Far-UV spectrum of EGFP-STAT3 presents a flatter shape at approximately 220 nm and a 

lower signal intensity than the STAT3 spectrum (Fig. 20 A, red line). The minima values are set 

at 210 and 218 nm, further shifted compared to STAT3 spectrum minima. The secondary structure 

is remarkably different from that of STAT3, with an estimated percentage of α-helix dropping to 

37.7% and an increase in β- and random coil structure to 17% and 45.3%, respectively. These 

differences could be ascribed to the presence of the EGFP domain, which is mainly composed of 

β-strands (250). 

 
Fig. 20. CD spectra of EGFP-STAT3 and STAT3 in far and near UV regions. (A) Far-UV spectra recorded in the 
250-200 nm spectral range. (B) Near-UV spectra recorded in the 320-250 nm spectral range. STAT3 (black line), 
EGFP-STAT3 (red line). 

In the near-UV spectrum, STAT3 presents a negative dichroic band from 250 to 260 nm and from 

290 to 300 nm (Fig. 20 B, black line). This CD spectrum is comparable with the near UV spectrum 

previously obtained for the STAT3 core protein (244,245). The EGFP-STAT3 near-UV spectrum 

shows a predominant contribution of EGFP in the range from 260 to 290 nm when compared to 

the near-UV spectrum of GFP (251) (Fig. 20 B, red line). 
 



 57 

 

 α-helix β-sheet Random Coil 

STAT3 (124-723)a 67.4 14.9 17.7 

STAT3 67.3 8.9 23.8 

EGFP-STAT3 37.7 17 45.3 

Table 10. Secondary structure content of STAT3 core (124-723), STAT3, and EGFP-STAT3. Values are expressed 
in percentages. a Values reported from (2). 

The thermal stability of both proteins was investigated by monitoring the ellipticity at 208 nm 

(θ208nm) between 10 and 96°C (Fig. 21). Both EGFP-STAT3 and STAT3 profiles exhibit a 

sigmoidal trend compatible with a two-state unfolding process and almost identical melting 

temperatures, for EGFP-STAT3 Tm=55°C, for STAT3 Tm=55.34 °C.  

Taken together these data suggests a proper folding of both proteins. 

 
Fig. 21. Thermal denaturation of EGFP-STAT3 and STAT3 monitored by CD spectroscopy. Raw experimental 
data were interpolated with a sigmoidal 4PL curve providing the melting temperatures (Tm) for both proteins. EGFP-
STAT3 (red dots), STAT3 (black dots). Data analysis was performed using GraphPad Prism v 9.0. 

According to the canonical model (209, 252), phosphorylation of Tyr residue 705 is fundamental 

for the recruitment and dimerization of STAT3. Thus, phosphorylation by JAK2 active kinase 

was investigated for both proteins. 

As shown in Fig. 22, both EGFP-STAT3 and STAT3 are successfully phosphorylated providing 

evidence of the correct folding of the proteins and proper accessibility of Tyr residue 705. 
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Fig. 22. In vitro JAK2 kinase assay with EGFP-STAT3 and STAT3. Both STAT3 and EGFP-STAT3 were subjected 
to an in vitro JAK2 kinase assay, the resulting membrane was probed with anti-pTyr705 STAT3 antibody and, after 
stripping, with anti-STAT3 antibody. 

3. Isolation and characterization of EVs from RO cells 

The work presented in these paragraphs was carried out part in the Laboratory of Prof. G. 

Fuhrmann at the Friedrich Alexander Universität in Erlangen, Germany, and part in the 

Laboratory of Prof. S. Mariotto in Verona. 

EVs were isolated from RO cells conditioned medium (CCM) by ultracentrifugation and purified 

by SEC. After elution from the SEC column, the protein content of each fraction was quantified 

using BCA assay, and the SEC elution profile was built (Fig. 23 A). The obtained profile shows 

a peak centred at 12 mL elution volume due to proteins associated with the EVs and a later and 

wider peak due to proteins co-precipitated during the ultracentrifugation step. These data confirm 

that SEC provides an efficient method for separating EVs from protein impurities. 

The evaluation of particle size by NTA (NanoSight N300, Malvern) confirms that the first SEC 

peak contained particles in the size range of EVs (from 100 to 200 nm) (Fig. 23 B, red bars). NTA 

data shows that fraction 12 presents the highest particle concentration, in the range of 1010 

particles/mL (Fig. 23 B, black bars). Particle size distribution shows a main peak centred at 

approximately 130 nm but particles with hydrodynamic diameters from 70 to 300 nm were also 

detected (Fig. 23 C). Notably, this fraction also presents the highest protein concentration. On the 

other hand, the size distribution graph relative to fractions 10 to 15, after pooling and 

concentration, displays a main peak centred at approximately 130 nm, but a broader size 

distribution compared to fraction 12 before concentration (Fig. 23 D), suggesting the formation 

of aggregates. It could be hypothesized that the method used for the fraction concentration, that 

is, polymeric precipitation, might induce EVs aggregation in these experimental settings. Further 

experiments will be performed using other concentration methods (e.g., ultracentrifugation or 



 59 

ultrafiltration) to clarify whether polymeric precipitation is the cause of EVs aggregation or if 

other factors come into play. This evaluation will allow us to determine which would be the more 

convenient approach in relation to our specific aim.  

 
Fig. 23. Characterization of unloaded EVs from RO cells. (A) BCA assay of SEC eluted fractions. Mean±SD. (B) 
Graph representing average particle concentration (part/ml) and mean particle size (nm) for the EVs-rich SEC fractions 
(9-15) upon NTA measurement using a Nanosight N300 instrument. n=3 technical replicates. mean±SEM. (C) 
Representative particle size distribution of one of the EVs-rich SEC fractions (fraction 12). (D) Representative particle 
size distribution of the reunited fractions (10-15). n=3 technical replicates. SEM are displayed in a lighter shade. Y 
axes refers to the concentration of the samples before dilution required for NTA analysis.  

To support the hypothesis of the presence of EVs in the isolated peak, aliquots from each fraction 

of SEC were blotted onto a nitrocellulose membrane by slot blotting and probed using an anti-

CD63 antibody. CD63 is a tetraspanin that has been demonstrated to span the lipid bilayer of the 
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EVs (253). Since no lysis of the EVs had been carried out before blotting, only a surface marker 

could be considered, leading to the choice of CD63. 

Immunoblotting analysis of each fraction shows enrichment of CD63 in fractions 10 to 15, further 

corroborating the successful separation of EVs from the contaminants (Fig. 24).  

 
Fig. 24. Characterization of unloaded EVs from RO cells. (A) Slot Blot of SEC eluted fraction probed with anti 
CD63 antibody. (B) Densitometric analysis of (A).  

4. Encapsulation and characterization of EGFP-STAT3 loaded EVs 

The encapsulation of recombinant STAT3 into EVs was performed using a membrane 

permeabilizer-assisted approach by incubation of the mixture of EVs and EGFP-STAT3 with the 

natural surfactant saponin, following the protocol described in the Material and Methods section 

(paragraph 2.5). Thereafter, SEC was performed to remove free EGFP-STAT3 and other non-

desired components.  

BCA analysis (Fig. 25 A) and fluorescence readings (Fig. 25 B) of each eluted fraction allowed 

the construction of chromatographic profiles that show two different peaks as for the unloaded 

EVs (Fig. 23 A). Again, this indicates the successful separation of the EVs from the other 

components.  

The peak relative to the EVs is centred around 15 mL while the “contaminants” peak span from 

20 mL to the end of the column volume. The presence of EGFP-STAT3 fluorescence emission 

signal in the fractions corresponding to the EVs suggests the presence of EGFP-STAT3 loaded 

vesicles, or at least of EGFP-STAT3 molecules associated with the EVs. 

NTA analyses were performed on each eluted fraction, as for the unloaded EVs. The obtained 

data show that the fluorescent positive particles are a fraction of the total number of particles 

detected by scattering (Fig. 26 A e B). Moreover, no fluorescence-positive particles were detected 

in fractions 10 and 11, in accordance with the fluorescence emission readings performed with the 

multiplate reader (Fig. 26 B). 
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Fig. 25. SEC chromatographic profiles of EGFP-STAT3 EVs. (A) Total protein concentration, determined by BCA 
assay, has been reported for each fraction. The obtained values were calculated from a BSA calibration curve. (B) 
EGFP-STAT3 concentration, for each eluted fraction, was determined by recording the emission intensity of the sample 
at 535 nm upon excitation at 488 nm. The values were calculated using an EGFP-STAT3 calibration curve. For both 
graphs n=3 biological replicates, mean±SD. 

The reported NTA analyses for EGFP-STAT3 were performed using the ZetaViewer instrument, 

which is different from the one available in Verona, the NanoSight N300. Unfortunately, the two 

instruments, although working following the same principles, use different hardware and 

software, leading to considerable difficulties in comparing the obtained results (254). Taking this 

into account, comparisons regarding particle concentration and size between samples analysed 

with ZetaViewer and NanoSight instruments will not be made.  
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Fig. 26. NTA results for loaded EVs after SEC. (A-B) Graphs representing average particle concentration (part/mL) 
and mean particle size (nm) for the EVs-rich SEC fractions (10-18), (A) in scattering mode (laser 488 nm and no filter) 
and (B) in fluorescence mode (laser 488, filter 500 nm). Measurements were carried out with the instrument settings 
detailed in the Methods section, paragraph 2.6. n=3 biological replicates. Mean±SD. Y-axes refer to the concentration 
of the initial sample, before dilution performed for NTA analysis. NTA instrument used was ZetaViewer. (C-D) 
Representative shots of the videos taken for (C) scattering and (D) fluorescence analysis. (E-F) Particle size distribution 
of fraction 14 in (E) scattering and (F) fluorescence mode. 

To confirm the presence of STAT3 in EVs, WB analysis of concentrated fractions using anti-

STAT3 antibody was performed (Fig. 27). It should be noted that WB was performed on two 

different preparations: encapsulated EVs obtained using 2 mg as EGFP-STAT3 initial protein 

amount (the condition used for all the other reported experiments) and encapsulated EVs obtained 

using 1 mg as EGFP-STAT3 initial amount. Different amounts of recombinant EGFP-STAT3 

were loaded onto the gel for comparison. The membrane probed with an anti-STAT3 antibody 

shows the presence of EGFP-STAT3 in both the preparations (Fig. 27). 
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In summary, the presence of fluorescence-positive particles is confirmed by NTA, and both WB 

and fluorescence intensity measurements provide evidence of the presence of EGFP-STAT3 as 

an EV-associated protein.  

 
Fig. 27. WB analysis of EGFP-STAT3 loaded EVs. EVs were lysed with reducing Laemmli buffer, heated at 95°C 
for 5 min, and loaded onto a 10% SDS-PAGE gel. Increasing amounts (50, 100, 250, 500 ng) of EGFP-STAT3 were 
loaded along on the same gel. 

The obvious following question is whether the protein is mainly located inside the lumen of the 

EVs or merely interacting with the external portion of the membrane lipidic bilayer. Indeed, the 

need to determine the topology of EV-associated components has been widely discussed and 

endorsed by the EVs scientific community (48,54). Recently, Rankin-Turner et al. underlined the 

importance of distinguishing whether the therapeutic cargo (e.g., small organic molecule, nucleic 

acid, or protein) is luminally incorporated or only associated with EVs (135). This would be of 

utmost importance for the correct determination of encapsulation efficiency and loading capacity, 

and therefore, for the definition of the most effective criteria for EVs drug loading. As 

recommended in (48) and taking into consideration the experiments performed in (255) and 

(153,168), a protocol has been optimized in the attempt to determine the localization of EGFP-

STAT3 in the obtained preparations. 

If cargo protein is localised inside the EVs (Fig. 28 A), it should be protected from degradation 

by proteases since proteases are not likely to penetrate through the lipidic bilayer (54). In contrast, 

if it only adheres to the membrane, it would be exposed to the protease activity and sensitive to 

digestion (Fig. 28 B).  

In this protocol, Proteinase K (PK) was used as protease given its broad-spectrum enzymatic 

activity, but other proteases such as trypsin have been used for analogous purposes (256). At the 

same time, it is important to evaluate the proteolysis upon treatment of EVs with a lysing agent, 

such as SDS to verify, the effectiveness of the treatment (Fig. 28 C). The detergent determines 

the exposure of the entire EVs proteinaceous content to the enzymatic action of PK. Evaluation 

of the results of the assay was performed by Western blot analysis using anti-STAT3 antibody. 
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Fig. 28. Schematic representation of treatment of the EGFP-STAT3 EVs with Proteinase K for the assessment 
of the main localization of the protein. (A) The proteins are in the EV lumen. Proteinase K cannot lyse them. (B) The 
proteins are outside, adherent to the EV surface. Proteinase K manages to lyse them. (C) The proteins are in the lumen, 
but treatment with SDS induces the permeabilization of the EV allowing Proteinase K to get in contact with the proteins 
and lyse them. 

As shown in Fig.29, the proteolytic digestion is more extended when the EVs have been 

previously lysed in comparison to the other treatment conditions. Proteolysis products of 

untreated EVs are likely due to protein autoproteolysis as previously observed in other WBs and 

SDS-PAGE gels (data not shown).  

These results indicate that the main portion of the EV-associated EGFP-STAT3 is protected by 

the EVs membrane and is not sensitive to digestion, corroborating the hypothesis of the successful 

incorporation of EGFP-STAT3 inside the EVs.  

 

Fig. 29. Western Blot results for the assessment of EGFP-STAT3 encapsulation. Aliquots of loaded EVs were 
treated as described above, mixed with reducing Laemmli buffer to stop the PK reaction, heated at 95°C for 5 min, and 
loaded on a 10% SDS-PAGE gel. 



 65 

It is worth noting that, to the best of the author’s knowledge, only a small number of the published 

papers on EVs as Drug Delivery Systems proposed an exogenous (post-isolation) approach to 

achieve the protein loading into the EVs (four independent research groups, as reported in Table 

3 in the Introduction section). Among these, only a few cases (two out of four groups) clearly 

expressed the encapsulation efficiency as a percentage of encapsulated protein relative to the total 

amount of initial protein. In particular, in a study by Haney et al., the amount of encapsulated 

catalase was retrieved from the enzymatic activity assay performed with the loaded EVs, and it 

was 18.5% in the case of saponin-assisted encapsulation (153). In another case, the protein amount 

determined by BCA was considered to be correspondent to the amount of encapsulated 

therapeutic protein. Indeed, the authors assumed that the loading procedure (electroporation) led 

to the complete removal of EVs protein content; thus, the amount of the loaded therapeutic protein 

could be retrieved by BCA. This calculation led to a claimed encapsulation efficiency of 73.5% 

(170).                       

Since in our case it is not possible to quantify the amount of encapsulated protein from the protein 

activity nor it would be suitable to use the BCA assay to determine the amount of encapsulated 

protein, we mainly focused on the EGFP-STAT3 fluorescence measurement.  

EGFP fluorescence intensity detection (Fig. 25 B) shows that a large amount of EGFP-STAT3 is 

not encapsulated. Indeed, by retrieving the mean amount of EGFP-STAT3 from the area under 

the curve of the different elution profiles, the encapsulation efficiency is 2.92%.  

Even though this might suggest a very poor encapsulation efficiency, it may also suggest that the 

initial amount of protein is too elevated in comparison with the effective loading capacity of the 

particles. Indeed, as shown in Fig. 27, no remarkable differences can be appreciated between 1 

mg and 2 mg of initial protein. To test this hypothesis, further experiments will be performed 

using lower amount of initial EGFP-STAT3. 

Nonetheless, it might be more appropriate to evaluate not only the plain numbers but also the in 

vitro biological outcome. 

5. Evaluation of EGFP-STAT3 EVs uptake by MDA-MD-31 cells 

To evaluate whether the EGFP-STAT3 EVs could be internalised by the cells, a pilot experiment 

was performed using MDA-MD-31 cells as a cellular model. 

For this purpose, isolation, encapsulation, and characterization of EGFP-STAT3 EVs were carried 

out as described above. It is important to note that the elution volume of the enriched EVs fractions 

is likely to shift slightly with every new EVs preparation. Therefore, for quick evaluation of the 

EV- enriched fractions, BCA assay (Fig. 30 A), fluorescence measurements (Fig. 30 B) and slot 

blot analysis (using anti-CD63 antibody) (Fig. 30 C-D) were performed on the first 18 fractions. 
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Fig. 30. Quick evaluation of the EVs-enriched fractions. (A) Protein quantification by BCA assay, (B) EGFP-STAT3 
concentration by fluorescence detection, (C) anti-CD63 immunoblotting and (D) its densitometric analysis of fractions 
from 1 to 18. 

MDA-MD-231 cells were seeded at 90,000 cells/well and treated with 1.5 × 108 particles, resulting 

in a 1.6 × 103 particle:cells ratio. An increase in the fluorescence signal was detected over time 

upon observation of the cells under a fluorescent microscope (Fig. 31), suggesting an interaction 

between the cells and EGFP-STAT3 EVs. 

 
Fig. 31. Uptake of EGFP-STAT3 EVs by MDA-MD-231 cells by fluorescence microscopy. Arrowheads indicate 
colocalization of MDA-MD-231 cells and EGFP-STAT3. Scale bar: 50 μm. 
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To further investigate the hypothesis of the cellular uptake of EGFP-STAT3 EVs, confocal 

microscopy analysis was performed on MDA-MD-231 cells treated with EGFP-STAT3 EVs for 

24 h at the particles:cells ratio previously used. The EVs used in this experiment were also stained 

with a fluorescent membrane dye, that is, DiD. As shown in Fig.14, the DiD-positive fractions 

corresponded to the EVs-enriched fractions (Fig. 32). 

 
Fig. 32. Evaluation of DiD staining of EVs. DiD fluorescence emission at 670nm upon excitation at 640 nm was 
measured for each eluted SEC fraction. 

Analysis by confocal microscopy confirms that EGFP-STAT3 EVs were internalized after 24 

hours of treatment (Fig. 33). Very interestingly, the images highlight a co-localization of EGFP 

and DiD signals, supporting the hypothesis of the delivery potential of EGFP-STAT3 by EVs. 
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Fig. 33. Uptake of EGFP-STAT3 EVs by MDA-MD-231 cells after 24 hours, confocal microscopy. (A) Confocal 
analysis performed using a 40× objective lens. (B) 3× magnification of the section. Scale bar in panel A:10 μm. Images 
are representative of three different experiments. 
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Conclusions and Outlook 

In this work, a novel biogenic EV-based drug delivery system to restore STAT3 signalling in AD-

HIES patients is proposed.  

Firstly, an EGFP-STAT3 fusion protein was designed to introduce a tracking moiety for STAT3. 

EGFP is nowadays routinely used as a fluorescent tag (e.g., for studies on localization and 

movement of a certain protein) (257). Therefore, we choose EGFP to exploit the fluorescence 

signal for tracking STAT3 loaded EVs in in vitro cell experiments and for the detection and 

evaluation of STAT3 loading efficiency in the EVs. 

Moreover, the designed construct also presents a poly-Histidine tag for an easy purification 

protocol of the recombinant protein and a protease cleavage site to obtain the untagged full-length 

STAT3 recombinant protein by a straightforward proteolysis reaction. 

This construct was cloned and expressed in a baculovirus expression system, and the recombinant 

EGFP-STAT3 was successfully purified from the infected insect cells. The average yield of the 

performed purifications was 7.3 mg/100mL of insect cell culture. The establishment of this system 

allows us to obtain the full-length STAT3, which has never been previously obtained in our 

laboratory in the classical E. coli expression system. 

The biochemical and biophysical analysis of the EGFP-STAT3 confirmed the proper folding and 

functionality of the fusion construct when compared with the untagged STAT3. These results 

suggested that, despite its steric hindrance, the EGFP tag might not affect the overall STAT3 in 

vitro activity. 

Moreover, a protocol for the encapsulation of the EGFP-STAT3 protein in cells derived EVs has 

been established. A commercially available cell line was used for this purpose. Indeed, even 

though the limited ethical concerns regarding the use of PBMC (258), we considered more 

appropriate not to use EVs from PBMC in these first steps. Specifically, we used RO cells, a B-

lymphoblastoid cell line. Importantly, RO cells present some major advantages which are 

remarkably favourable for our experimental settings (possibility of a serum-free culture condition, 

high conditioned media yield and potential low immunogenicity (247,248)). 

Overall Nanoparticle Tracking Analysis results, fluorescence detection, and Western Blot 

analysis confirmed the presence of EGFP-STAT3 as an EV-associated protein. Very importantly, 

Proteinase K assay suggested successful encapsulation of the target protein in the EVs lumen. 

Future experiments will try to define a more suitable method for the determination of 

encapsulation efficiency, with close attention to the stability and aggregation propensity of the 

EVs.   
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Very encouragingly, the experiments performed on the model cell system (MDA-MD-231 cells) 

showed a degree of cellular uptake of the encapsulated EVs.  

In the next steps EGFP-STAT3 EVs will be administered to PBMC from healthy donor to evaluate 

the EVs cellular uptake and, eventually, to determine if the delivered EGFP-STAT3 could be 

phosphorylated. EGFP-STAT3 phosphorylation will be evaluated using different techniques (e.g., 

immunoblotting, confocal microscopy, and flow activated cell sorting (FACS)), upon treatment 

with an appropriate cytokine cocktail. Subsequently, the cellular localization and the transcription 

of STAT3-related genes will be assessed. As following step, the delivery system will be evaluated 

and validated in a pathological model isolating the CD4+ naïve T cells from AD-HIES patients 

to test the efficacy and feasibility of our systems. Indeed, the crucial point will be to determine if 

this treatment would be successful in inducing the differentiation of the CD4+ T cells in TH17 

cells upon proper stimuli. 

In conclusion, the data obtained thus far pave the way for the development of a new personalized 

therapy based on the use of EGFP-STAT3 EVs for the treatment of AD-HIES. Indeed, the use of 

EVs isolated in autologous manner for re-administration to the patient, after loading of the 

therapeutic cargo, might represent an alternative approach to the current conventional treatments.  
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Appendixes 

Appendix I 

During my 2nd and 3rd years as PhD student in the Biomolecular Medicine Program, I was involved 

in a second project in the laboratory of Prof. S. Mariotto. 

Precisely this project was aimed to elucidate the role of STAT1 in EVs released by activated 

microglial cells in the context of neuroinflammation. This project was presented in the poster 

session of two congresses, FEBS 2021 (3-8 July 2021), and SIB 2021 (23-24 September 2021). 

Hereafter the research output of this project is presented. 

Microglial cells release STAT1-containing EVs: possible implications in M1 

activated microglia-neurons communication 

Background 

Extracellular Vesicles (EVs) play a paramount role in the central nervous system (CNS), which 

is built on connectivity and fine-tuned cell-to-cell interactions. Indeed, it has been observed that 

all major cell types in the CNS are able to send and receive messages through EVs (259). In 

particular, microglia, the resident macrophages of the CNS, have been suggested to largely rely 

on EVs as a means to propagate cytokine-mediates inflammatory responses across the CNS (260). 

As key players in immune regulation in the CNS, microglial cells are very dynamic cells, 

constantly expanding and retracting their pseudopods, patrolling the surrounding environment 

(261). Under physiological conditions, microglia are in a resting state but these cells may undergo 

a morphological and phenotypical shift in a process called M1 polarization in response to any 

stimuli that could compromise brain homeostasis, like in case of pathogen invasion (262), 

presence of misfolded proteins (263), or hypoxic conditions (264). M1 activated microglia react 

through phagocytic activity, releasing inflammatory cytokines such as IFN-γ, IL-6, IL-1β and 

TNF-α, and producting neurotoxic mediators, such as reactive oxygen species (264). In spite of 

this, it has been demonstrated that the overactivation of microglia can sustain the inflammatory 

response, leading to a vicious cycle of neurotoxicity (265,266). Indeed, hyperactivation of 

microglia is one of the hallmarks of neuroinflammation (267) (Fig.34).  

Within this framework, during the last few years, Prof. Mariotto’s group carried out investigations 

aimed to elucidate the molecular mechanisms underlying microglial activation in hypoxic 

environment. Specifically, studies have been focused on the role of the nuclear transcription factor 

STAT1, one of the key players in the regulation of inflammatory response and cell death (268). 

The obtained data demonstrate that hypoxia induces oxidative stress, leading to the activation of 

STAT1 through its phosphorylation and S-glutathionylation in the microglia BV2 cell line. 
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Indeed, aberrant activation of STAT1 drives microglia towards pro-inflammatory M1 phenotype 

modulating the expression of downstream targets inducible nitric oxide synthase (iNOS) and 

cyclooxygenase-2 (COX2) (269,270). Very interestingly, pre-treatment of microglial cells with 

the anti-STAT1 polyphenol myricetin counteracted hypoxia M1 activation and led to a 

neuroprotective effect in an in vitro model of neurotoxicity (271).  

 
Fig. 34. Schematic representation of microglial activation in hypoxic conditions. Image created with 
BioRender.com. 

These results demand further investigations on the involvement of activated STAT1 in the 

crosstalk between M1 polarized microglia and neurons. Given the crucial role of EVs in cell-to-

cell communication, their involvement as actors in the trafficking of oxidative stress-activated 

STAT1 from M1 microglia to neurons has been hypothesized. 

Materials and Methods  

Materials 

All chemicals used were of the highest analytical grade, purchased from Sigma, unless otherwise 

specified. Dulbecco’s modified Eagle’s medium (DMEM), penicillin, streptomycin, gentamycin, 

and fetal bovine serum (FBS) were obtained from Thermo Fisher Scientific.  

Cell culture 

Murine microglial BV2 cells (a kind gift from Prof. Persichini, University of Roma Tre) were 

cultured in DMEM supplemented with 5% FBS, 100 UI/mL penicillin, 100 µg/mL streptomycin 

and 40 µg/mL gentamycin. Normoxic culture conditions were obtained in 5% CO2 humidified 

atmosphere at 37 °C, whereas hypoxic culture conditions were achieved by culturing the cells in 

a multigas incubator containing a gas mixture composed of 94% N2, 5% CO2, and 1% O2 

(RUSKINN C300 in vivo, RUSKINN Technology Ltd). 

EVs Isolation and Purification  

BV2 cells (2 × 106 cells) were seeded in T175 flask in DMEM complete medium and let adhere 

overnight. The day after, the medium was replaced with serum-free media and the cells were 

grown for 18 hours under hypoxic or normoxic conditions. Cell conditioned media were then 

collected and centrifuged at 500 × g for 5 min and 2000 × g for 30 min to remove any cellular 



 73 

components and debris. The resulting suspensions were filtered through a 0.22 μm sterile syringe 

filter and concentrated using a 30 kDa cut-off Amicon ultracentrifuge filter unit (Millipore). 

Isolation of EVs was performed by polymeric precipitation using the Total Exosome Isolation 

reagent (Invitrogen) following the manufacturer’s instructions. The obtained pellets were 

resuspended in sterile DPBS previously filtered using a 0.22 μm sterile syringe filter. 

Transmission Electron Microscopy and Nanoparticle Tracking Analysis 

Both EVs derived from BV2 cells subjected to acute hypoxic conditions (HEVs) and from BV2 

cells cultured in normoxic conditions (NEVs) were analysed with Transmission Electron 

Microscopy (TEM) using a Morgagni 268D electron microscope (Philips) operating at 80 kV. 

Briefly, 10 μl of EVs suspension were placed on a formvar/carbon-coated grid, fixed with a 4% 

paraformaldehyde solution until completely dried, and negatively stained with UranyLess 

contrast solution (Electron Microscopy Sciences). 

NS300 NanoSight (Malvern Panalytical) was used to perform Nanoparticle Tracking Analysis. 

Serial dilutions (ranging from 1:1000 to 1:5000) were prepared in 0.22 µm filtered DPBS from 

both HEVs and NEVs to achieve a final particle count between 20 and 120 per frame. Each 

measurement was performed in technical replicates (three videos of 60 seconds each), the capture 

parameters were set in order to obtain a sharp image of the particles and the acquired videos were 

processed using the instrument’s software (81).  

Western Blot 

BCA assay on isolated HEVs and NEVs was used to quantify the protein amount in the isolated 

samples using the Pierce™ BCA Protein Assay Kit (ThermoFisher) following the manufacturer’s 

instructions. Before the BCA assay, EVs were lysed by the addition of SDS to a final 

concentration of 1% (v/v) for 30 min at 25°C under mixing. For this assay, a calibration curve 

(500, 250, 125, 62.5, 31.25, 15.62 and 0 µg/mL) was constructed using standard Bovine Serum 

Albumin (BSA), in triplicate. Each sample was measured in duplicate. All the measurements were 

performed using a Multiplex M Nano microplate reader (Tecan). 

Aliquots containing 12 µg of both HEVs and NEVs were mixed with 4x reducing Laemmli 

Buffer, heated at 95°C for 5 minutes, resolved by SDS-PAGE, and transferred to a PVDF 

membrane (Immobilon P, Millipore) by wet tank blotting. The membrane was blocked with a 

solution of 5% (w/v) BSA in Tris-buffer saline supplemented with 0.1% (v/v) Tween 20 (TBS-

T) at RT for 1h under gentle agitation. Immunoblotting was performed by probing the membrane 

with anti-Hsp70 (Santa Cruz Biotechnology, sc-1060, 1:500), anti-Alix (Santa Cruz 

Biotechnology, sc-49268, 1:50), anti-Flotillin 1 (BD Bioscience, 610820, 1:500), and anti-STAT1 

(Santa Cruz Biotechnology, sc-346, 1:1000) antibodies. After washing, membranes were 

developed using anti-rabbit, anti-mouse (Cell Signaling Technology, 7074S rabbit, 7076S mouse, 
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1:2000), or anti-goat IgG peroxidase-conjugated antibody (Santa Cruz Biotechnology, sc-2354, 

1:2000) and chemiluminescent detection system (Immobilon® ECL Ultra Western HRP 

Substrate, Millipore). Immunoreactive proteins were detected using a ChemiDoc XRS Imaging 

System (BioRad).  

Confocal Microscopy 

Samples from both NEVs and HEVs were fixed on glass slides with 4% paraformaldehyde for 30 

minutes, permeabilized with 0,1% Triton X-100 in PBS for 10 min and blocked with 5% BSA, 

0,05% Triton X-100 in PBS for 1h at RT. The samples were then incubated overnight with anti-

STAT1 antibody (sc-364, Santa Cruz Biotechnology, 1:50) at 4°C, washed with PBS, and 

incubated with Alexa Fluor™ 488 anti-rabbit secondary antibody (A-11008, Invitrogen, 1:1000) 

for 1h at room temperature. Finally, samples were stained with Concanavalin A Alexa Fluor™ 

633 Conjugate (Thermo Fisher Scientific). Images were captured using a confocal laser-scanning 

fluorescence microscope Leica SP5 (Leica Microsystems) with a 63x objective. Adobe Photoshop 

and ImageJ software (Rasband, W.S., ImageJ, U. S. National Institute of Health, Bethesda, 

Maryland, http://rsb.info.nih. gov/ij/, 1997–2008) were used for image processing. 

Results 

Characterization of Normoxia and Hypoxia Extracellular Vesicles 

To assess the quantity, size, and morphology of the isolated extracellular vesicles (NEVs and 

HEVs) Transmission Electron Microscopy (TEM) and Nanoparticle Tracking Analysis (NTA) 

analyses were carried out.  

TEM imaging of both isolated HEVs and NEVs  (Fig. 35 A and B) shows several spheroidal 

structures, some displaying a central depression, which is consistent with the EVs characteristic 

morphology in TEM images (48,93). Moreover, the visualized particles presented size of around 

100-200 nm.  

 
Fig. 35. Characterization of HEVs and NEVs by TEM. Characterization of vesicle size and morphology (A) NEVs 
and (B) HEVs. Scale bar corresponds to 500 nm.  
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NTA analysis allowed the quantification of the number and size distribution determination of the 

vesicular population. NTA analyses of both NEVs and HEVs (Fig. 36 A) show a size distribution 

typical of EVs with a peak at approximately 120 nm, in accordance with the TEM results.  

Immunoblotting allowed the detection of EVs protein markers Hsp70, Alix and Flotillin 1 in both 

the NEVs and HEVs samples (Fig. 37 B). Importantly, STAT1 is also detected in both types of 

EVs.  

 

 
Fig. 36. Characterization of HEVs and NEVs by NTA and WB. (A) NTA of the HNEVs (⎯) and NEVs (⎯) 
extracellular vesicles: typical particles size distribution and concentration graph of the isolated particles, enclosed a 
representative video frame. n=3 technical replicates. SEM was omitted to obtain a clear representation of the data. Y 
axis refers to the concentration before dilution required for NTA analysis. (B) Detection of STAT1 and three EVs 
markers (Alix, Hsp70 and Flotillin 1). The images are representative of two independent experiments. 

To further investigate the association of STAT1 with the EVs secreted from BV2 microglia, 

immunofluorescence experiments were carried out. Concanavalin A Alexa Fluor™ 633 

Conjugate was used as dye for the surface of EVs. Confocal microscopy images show the 

colocalization of STAT1 and Concanavalin A signals, in both NEVs and HEVs samples, 

corroborating the previous evidence on the presence of STAT1 in the EVs (Fig. 37). Orthogonal-

view images confirm the presence of STAT1 within the vesicular compartment (data not shown).  

Overall, the obtained data support the hypothesis of the role of EVs as actors in the trafficking of 

STAT1 from microglial cells and provide strong bases for the hypothesis of the involvement of 

STAT1 in cell-to-cell communication in the CNS. 
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Fig. 37. Characterization of HEVs and NEVs by confocal microscopy. NEVs and HEVs were immunostained for 
STAT1 (green). EVs’ membranes were stained with Concanavalin A (ConcA) 633 Alexa Fluor Conjugate (magenta). 
Objective lens 63x. Scale bar:1 μm. Images are representative of three different experiments. 

Future Perspectives 

Further experiments will be performed using an in vitro model of neurotoxicity as previously 

described (271). Viability and modification in metabolic activity of human neuroblast-like SH-

SY5Y cells will be evaluated upon administration of the HNEVs and NEVs. Moreover, EVs 

uptake by SH-SY5Y cells will be assessed by confocal microscopy.  

Hopefully, the data obtained from these experiments will shed light on the role of STAT1 in 

microglia-neuron communication, especially in the context of neuroinflammation. 
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Appendix II 

During my 1st year as PhD student, I was involved in different projects in the Laboratory of Prof. 

G. Gotte focused on the structural and enzymatic characterization of dimeric forms of “pancreatic-

type” ribonucleases. 

In particular, the first project aimed to unveil the dimerization mechanism of the “pancreatic-

type” ribonuclease Angiogenin (ANG) and of three of its pathogenic variants (H13A, S28N and 

R121C). In this work, it was demonstrated that wild type ANG, as well as S28N and R121C 

variants, can form enzymatically active dimers through the three-dimensional domain swapping 

(3D-DS) mechanism. Moreover, molecular modelling was used to predict the structure of the N-

termini domain-swapped dimer, starting from the crystal structure of the domain-swapped dimers 

of Ribonuclease A (RNase A). 

In a second project, RNase A large aggregates, slowly formed from not highly concentrated 

RNase A oligomeric precursors, were investigated. The obtained results showed that these large 

aggregates did not present the typical linear structure of fibrils or annular structures but could be 

regarded as amorphous protein aggregates. Interestingly, the aggregates could be obtained only 

from oligomers containing at least two subunits undergoing N-termini swapping.  

I also contributed to a third project whose purpose was to obtain and resolve the crystallographic 

structure of the dimeric form of Onconase (ONC), another “pancreatic-type” ribonuclease, and to 

compare its catalytic and antitumoral activity to the monomeric form. The resolved crystal 

structures demonstrated that these dimers are formed through swapping of the N-terminal helices. 

Moreover, comparable catalytic activity was detected for the dimer in comparison with the 

monomer, suggesting that the dimerization do not alter the global and local structural features of 

the active site residues. Finally, a reduction in the viability of two different melanoma cell lines 

was observed upon treatment with the ONC dimers, although to a lesser extent than the ONC 

monomer. 

The results obtained from these projects have been published in three peer-reviewed papers. 

• Fasoli S*, Bettin I*, Montioli R, Fagagnini A, Peterle D, Laurents DV, Gotte G. Dimerization 
of Human Angiogenin and of Variants Involved in Neurodegenerative Diseases. International 
Journal of Molecular Sciences. 2021; 22(18):10068. https://doi.org/10.3390/ijms221810068 
*Co-first authors 

• Gotte G, Butturini E, Bettin I, Noro I, Mahmoud Helmy A, Fagagnini A, Cisterna B, Malatesta 
M. Slow Evolution toward “Super-Aggregation” of the Oligomers Formed through the 
Swapping of RNase A N-Termini: A Wish for Amyloidosis? International Journal of 
Molecular Sciences. 2022; 23(19):11192. https://doi.org/10.3390/ijms231911192  

• Gotte G, Campagnari R, Loreto D, Bettin I, Calzetti F, Menegazzi M, Merlino A. The crystal 
structure of the domain-swapped dimer of onconase highlights some catalytic and antitumor 
activity features of the enzyme. International Journal of Biological Macromolecules. 2021; 
191:560-571. https://doi.org/10.1016/j.ijbiomac.2021.09.095 
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