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A B S T R A C T   

Extracellular Vesicles (EVs) have been proposed as a promising tool for drug delivery because of their natural 
ability to cross biological barriers, protect their cargo, and target specific cells. Moreover, EVs are not recognized 
by the immune system as foreign, reducing the risk of an immune response and enhancing biocompatibility. 
Herein, we proposed an alternative therapeutic strategy to restore STAT3 signaling exploiting STAT3 loaded EVs. 
This approach could be useful in the treatment of Autosomal Dominant Hyper-IgE Syndrome (AD-HIES), a rare 
primary immunodeficiency and multisystem disorder due to the presence of mutations in STAT3 gene. These 
mutations alter the signal transduction of STAT3, thereby impeding Th17 CD4+ cell differentiation that leads to 
the failure of immune response. We set up a simple and versatile method in which EVs were loaded with fully 
functional STAT3 protein. Moreover, our method allows to follow the uptake of STAT3 loaded vesicles inside 
cells due to the presence of EGFP in the EGFP-STAT3 fusion protein construct. Taken together, the data presented 
in this study could provide the scientific background for the development of new therapeutic strategy aimed to 
restore STAT3 signaling in STAT3 misfunction associated diseases like AD-HIES. In the future, the administration 
of fully functional wild type STAT3 to CD4+ T cells of AD-HIES patients might compensate its loss of function 
and would be beneficial for these patients, lowering the risk of infections, the use of medications, and 
hospitalizations.   

Introduction 

Extracellular Vesicles (EVs) are a heterogenous group of nano-sized 
membrane vesicles virtually released by all cell types that transport 
macromolecules for cell-to-cell communication under physiological and 
pathological conditions [1–3]. EVs can be isolated from many biological 

fluids (e.g. blood, cerebrospinal fluid, and urine) as well as from 
conditioned medium of cell culture. Recently, EVs have been proposed 
as a promising tool for drug delivery because of their natural ability to 
cross biological barriers, protect their cargo, and selectively target 
specific cells or tissues [4]. They are not recognized by the immune 
system as foreign, which reduces the risk of an immune response and 
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enhances biocompatibility [5–7]. EVs-based drug delivery has shown 
promise for a variety of applications, including cancer therapy, regen
erative medicine, neurodegenerative disease treatment, and immuno
therapy. In cancer therapy, EVs have been used to deliver 
chemotherapeutic agents (i.e. paclitaxel [7,8] and doxorubicin [9]) to 
cancer cells, resulting in reduced tumor growth and improved survival 
in animal models. Additionally, EVs loaded with small interfering RNAs 
have been shown to effectively silence target genes in in vitro and in vivo, 
demonstrating their potential as gene therapies [10,11]. Moreover, EVs 
loaded with curcumin, protect mice from lipopolysaccharide-induced 
brain inflammation with higher effect respect to curcumin alone [12]. 
Finally, the EVs formulation of catalase has been shown to decrease 
brain inflammation and increase neuronal survival in a mouse model of 
Parkinson’s disease [13]. 

Despite the promising results, several challenges still need to be 
addressed before EVs-based drug delivery can be used in a clinical 
setting. The major issue is the production of pure EVs with consistent 
quality and efficacy at large scale. Notably, the lack of standardized 
methods for EVs isolation and characterization can lead to variability in 
results and hinder comparability between studies. Nevertheless, the 
findings on EVs treatment validate them as a useful and promising tool 
for new therapeutic approaches in different diseases and several clinical 
trials have recently been reported on the ClinicalTrials.gov database 
(https://clinicaltrials.gov/). 

Autosomal Dominant Hyper-IgE Syndrome (AD-HIES), or Job’s 
syndrome, is a rare primary immunodeficiency and multisystem disor
der due to the presence of dominant negative STAT3 mutations [14–18]. 
Signal Transducer and Activator of Transcription 3 (STAT3) is a latent 
cytoplasmic transcription factor activated by cytokine and growth fac
tors that transmits signals to the nucleus [19]. In stimulated-cells, STAT3 
is recruited to activated receptor tails through its SH2 domains and is 
phosphorylated at a specific tyrosine residue (TYR705). Tyrosine phos
phorylated STAT3 proteins dimerize and the dimer translocates to the 
nucleus where it promotes the expression of a large variety of genes 
[20–25]. Under physiological condition the activation of STAT3 is a 
rapid and transient event that regulates immune response, proliferation, 
apoptosis, and cell survival [22,23,26]. As described in literature, 
STAT3 mutations in AD-HIES patient cells hinder the DNA-binding 
ability of the transcription factor and converge in its loss of function 
leading to the perturbation of cytokine type and level and to the failure 
of Th17 CD4+ cell differentiation. These events sensitize patients to 
recurrent bacterial infection [27,28]. Until now, the discovery of loss of 
function mutations in STAT3 gene of AD-HIES patients cells retains only 
diagnostic value. 

Herein, we propose the use of EVs as drug delivery system for the 
fully functional wild-type STAT3 to restore STAT3 signaling. We set up a 
simple and versatile method for STAT3 loading in EVs using EGFP- 
STAT3 fusion protein that provides the opportunity to follow the up
take of loaded vesicles inside cells. Overall, the data of this work 
represent the essential starting point to develop new therapeutic strat
egy aimed to restore STAT3 signaling in STAT3 misfunction associated 
diseases like AD-HIES. 

Materials and methods 

Chemicals 

All chemicals used throughout the present study were of the highest 
analytical grade, purchased from Sigma-Aldrich (Milwaukee, WI, USA), 
unless otherwise specified. Roswell Park Memorial Institute (RPMI) 
1640 and Dulbecco’s Modified Eagle Medium (DMEM) cell culture 
media, penicillin, streptomycin, gentamycin, sodium pyruvate, 
phosphate-buffered saline (PBS), Insulin-Transferrin-Selenium- 
Ethanolamine (ITS-X; Cat. no. 51500056), Fetal Bovine Serum (FBS) 
were obtained from ThermoFisher Scientific (Waltham, MA, USA). 
ExpiSf CD medium, enhancer and Expifectamine (Cat. no. A38841), Bac- 

to-Bac™ N-His TOPO™ Expression System kit (Cat. no. A11101) con
taining the pFastBac CT-TOPO vector and the DH10Bac E. coli compe
tent cells were purchased from Gibco™ part of ThermoFisher Scientific. 
Proteinase K (Cat. no. 19131) was bought from Qiagen (Hilden, 
Germany). 

The anti-pTYR705 STAT3 (Cat. no. 9131), the anti-rabbit IgG 
Horseradish Peroxidase (HRP) conjugated secondary antibody (Cat. no. 
7074S) and anti-mouse IgG-HRP conjugated secondary (Cat. no. 7076S) 
antibodies were purchased from Cell Signaling Technology (Danvers 
MA, USA). The anti-pTYR1007/1008JAK2 antibody (Cat. no. 04-1098) was 
bought from Millipore, (Darmstadt, Germany). The anti-STAT3 (Cat. no. 
sc-482) and the anti-CD63 (Cat. no. sc-365604) antibodies were ob
tained from Santa Cruz Biotechnology (Santa Cruz, CA). The Alexa 
Fluor® 568 anti-rabbit (Cat. no. A11036) was purchased from Ther
moFisher Scientific (Waltham, MA, USA). 

Protein engineering, expression and purification 

A fusion construct comprising 10xHIS N-terminal tagged EGFP, To
bacco Etch Virus (TEV) recognition site and wild-type STAT3 sequence 
(human isoform, residues 1–770; uniprot ID P40763-1) was generated 
by overlap extension PCR and cloned into the pFastBac CT-TOPO vector 
(ThermoFisher Scientific; Cat. no. A11098). The sequence of primers 
and fusion construct are reported in the Supplementary material. The 
resulting plasmid was purified, sequence verified and transformed into 
DH10Bac E.coli competent cells. Recombinant bacmid DNA from a 
positive colony was isolated and used to transfect a suspension culture of 
ExpiSf9 cells (25 mL, 2.5 × 106 cells/mL) by treatment with Expifect
amine according to the manufacturer’s instructions. After 96 h the cul
ture medium (P0 viral stock) was isolated by centrifugation and used to 
generate a new, high titer (> 108 PFU/mL) P1 baculovirus stock. For 
protein expression, ExpiSf9 cells were seeded in 30 mL of ExpiSf CD 
medium at a density of 5 × 106 cell/mL in sterile flasks and grown 
overnight at 27 ◦C. The next day, cells were infected with 1 mL of P1 
stock (corresponding to a multiplicity of infection (m.o.i.) of ~ 5) and 
incubated for 72 h at 27 ◦C with constant shaking at 120 rpm. Cells were 
harvested and lysed by Dounce homogenization in ice-cold 20 mM Tris 
HCl pH 7.5, 300 mM NaCl, 20 mM Imidazole, 0.2 % (v/v) NP40, 0.5 mM 
Tris (2-carboxyethyl) phosphine (TCEP), 5 mM MgCl2 supplemented 
with 100 Units of DNase (Roche Diagnostics, Rotkreuz, Switzerland), 1 
mM PMSF, 1 × SigmaFast™ Protease Inhibitor (Sigma-Aldrich 
Biotechnology; Cod. no. 11873580001) and 0.1 mM Na2VO3. After 
centrifugation, the supernatant was loaded onto a 5 mL Nichel chelated 
agarose resin (Ni2+-NTA; ThermoFisher Scientific; Cat. no. 88221) col
umn equilibrated in 20 mM Tris HCl pH 7.5, 300 mM NaCl, 0.5 mM 
TCEP supplemented with 20 mM Imidazole. After extensive washing 
with 20 and 50 mM imidazole, EGFP-STAT3 was eluted with 250 mM 
imidazole. The purity of the final preparations was checked by SDS- 
polyacrylamide gel electrophoresis (SDS-PAGE). The green fractions 
containing EGFP-STAT3 were pooled and concentrated with Amicon® 
Ultra-15 ultrafiltration device (50 kDa cut-off, Millipore). The protein 
solution was then loaded on a PD10 desalting column (Cytiva Life Sci
ence, Amersham, UK) to completely remove imidazole and exchange the 
buffer in 20 mM Tris HCl pH 7.5, 150 mM NaCl, 0.5 mM TCEP. All 
purification steps were carried out at 4 ◦C. 

To obtain wild-type STAT3, the purified EGFP-STAT3 fusion protein 
was cleaved with TEV protease overnight at 4 ◦C and further purified by 
reverse Immobilized Metal Ion Affinity Chromatography (IMAC). As a 
final step of purification, STAT3 was fractionated by Size Exclusion 
Chromatography (SEC) using a SuperdexG200 column equilibrated with 
20 mM Tris HCl pH 7.5, 150 mM NaCl. The chromatographic run was 
performed using a 0.4 mL/min flow rate with detection at 280 nm in an 
ÄKTA prime plus system (Pharmacia, Uppsala, Sweden) and fractions of 
0.5 mL were collected with an automatic sampler collector. 
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Circular dichroism 

Far and near UV Circular Dichroic (CD) spectra were registered on 
Jasco J-715 spectropolarimeter equipped with a Peltier system to keep 
the sample compartment at 25 ◦C. Far UV spectra were registered in 1 
mm quartz cuvette with 1–1.5 µM recombinant proteins in buffer 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 3.5–4 µM recombinant 
proteins in buffer 20 mM Tris HCl pH 7.5, 150 mM NaCl, 0.5 mM TCEP. 
Routinely, three spectra for Far- UV and five for Near UV were recorded 
at a scan speed of 50 nm min-1 with a bandwidth of 1 nm. Thermal 
denaturation of EGFP-STAT3 (1 µM) and STAT3 (3.3 µM) was monitored 
between 15 ◦C and 90 ◦C using the same conditions as for the far-UV 
spectra. The ellipticity signal at 208 nm (θ208) was recorded at a scan 
rate of 1.5 ◦C/min and at a response time of 4 s, using a 0.1 cm quartz 
cuvette. Mean residue ellipticity [θ]MRW (deg cm2 dmol− 1) was calcu
lated 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 con
centration (in mg/mL). Secondary structure estimation has been per
formed using BeStSel online tool [29]. 

STAT3/JAK2 in in vitro kinase assay 

STAT3/JAK2 kinase assay was performed using recombinant JAK2 
active protein (Sigma-Aldrich Biotechnology Cat. no. 14-640), as pre
viously described [30]. Briefly, kinase reactions were performed by 
incubating 500 ng of EGFP-STAT3 or STAT3 with 50 ng of recombinant 
JAK2 active protein in 15 µL of kinase reaction buffer (20 mM Tris HCl 
pH 7.5, 50 mM MgCl2, 100 µM ATP) within the linear reaction range. 
The reaction mixtures were incubated for 30 min at RT under mild 
agitation. The reactions were quenched by the addition of reducing 
Laemmli Sample Buffer followed by heating at 95 ◦C for 5 min. The 
samples were then separated by 7.5 % SDS-PAGE, transferred on a PVDF 
membrane (Immobilon P, Millipore) and probed with anti-pTYR705 

STAT3 antibody. After washings with Tris-buffered saline plus 0.1 % 
(v/v) Tween 20 (TBST), the membrane was hybridized with anti-rabbit 
IgG-HRP conjugated secondary antibody and developed by Western 
Chemiluminescent HRP Substrate (Millipore, Cat. No. WBKLS0500) 
using ChemiDoc XRS Imaging System (Bio-Rad, Feldkirchen, Germany). 
Blotted proteins were quantified using ImageLab (Bio-Rad). 

To verify the autophosphorylation of JAK2, membranes were re- 
hybridized with anti-pTYR1007/1008JAK2 antibody and recognized with 
anti-rabbit IgG-HRP secondary antibody. After stripping, membranes 
were re-hybridized with rabbit anti-STAT3 antibody. 

Cells culture 

Human B lymphoblastoid cells RO (DSMZ-German Collection of 
Microorganisms and Cell Cultures GmbH, Braunschweig, Germany, ACC 
452) were cultured in 5 % CO2 incubator at 37 ◦C using RPMI 1640 cell 
culture medium supplemented with 10 % (v/v) FBS, 100 IU/mL peni
cillin and 100 µg/mL streptomycin (Medium A). The cells were sub- 
cultured every 3–4 days. Before EVs isolation, the FBS was gradually 
replaced with RPMI 1640 medium supplemented with 1 % (v/v) ITS-X 
and 1 mM Sodium Pyruvate (Medium B). Specifically, the percentage 
of Medium A were lowered to 50 %, 25 % and 0 % using Medium B at 
each sub-culturing step. Then, cells were seeded at 0.35 × 105 cells/mL 
and after 48 h the cells conditioned culture media were collected. The 
collected media were stored at − 80 ◦C, up to 2 months. 

Human breast cancer cell line MDA-MB231 (American Type Culture 
Collection, ATCC Manassas, VA) was cultured in DMEM supplemented 
with 10 % FBS, 100 IU/mL penicillin, 50 μg/mL streptomycin, and 

40 μg/mL gentamycin in a 5 % CO2 atmosphere at 37 ◦C. 
Peripheral blood mononuclear cell (PBMC) samples from healthy 

donors were collected at the Hematology Unit of Verona, upon approval 
by the local Ethics Committee. In accordance with the Declaration of 
Helsinki, all subjects provided written informed consent to the use of 
their biological material for research purposes. Cells were grown in 
RPMI-1640 plus 10 % FBS, 50 U/mL penicillin and 50 μg/mL strepto
mycin under 5 % CO2 humidified air at 37 ◦C. 

EVs isolation and purification 

Isolation and purification of EVs were performed as previously 
described [31], with some modifications. Firstly, 400 mL of RO cells 
(2 × 108 cells) conditioned medium was centrifuged sequentially at 
300 × g, 2000 × g and 9500 × g to remove dead cells and debris. After 
two filtration steps with 0.45 µm and 0.22 µm sterile syringe filters, the 
medium was ultracentrifuged at 100,000 × g for 2 h at 4 ◦C (Rotor SW 
45 Ti, Optima XPN-80 Ultracentrifuge Beckman Coulter, Lifesciences) 
and the obtained pellet was resuspended in 500 µL PBS. EVs were pu
rified by SEC on Sepharose CL-2B column (Cytiva Life Science), col
lecting 1 mL fractions with PBS as elution buffer. The collected fractions 
were analyzed for protein content and particle size distribution as 
described below. The EVs-enriched SEC-fractions were pooled and 
concentrated by further ultracentrifugation step at 100,000 × g for 2 h 
at 4 ◦C (Rotor SW 45 Ti, Optima XPN-80 Ultracentrifuge Beckman 
Coulter, Lifesciences). 

Encapsulation of EGFP-STAT3 in EVs 

EGFP-STAT3 was loaded into isolated EVs using a saponin-assisted 
encapsulation method [32]. For protein loading, EVs suspension 
(1011–1012 particles/mL) was incubated with 2 to 0.1 mg/mL 
EGFP-STAT3 recombinant protein and 0.4 mg/mL saponin for 30 min at 
25 ◦C. Then, loaded EVs were purified by SEC using Sepharose CL-2B as 
described above. Isolated loaded EVs were directly used or stored at 
− 20 ◦C until further analysis. 

Characterization of EVs 

The particle concentration and size distribution were determined by 
Nanoparticle Tracking Analysis (NTA) using NanoSight NS300 (Malvern 
Instruments, UK). Samples were diluted up to 1000 × in PBS in order to 
have a concentration of 10–100 particles per frame. For each sample, 
three videos of 60 s each were recorded, and the camera level was set to 
give a clear sharp image of the particles. The acquired videos 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 instru
ment have been considered. 

Surface charge on the EVs was determined in terms of Zeta Potential 
by Dynamic light scattering (DLS) using Zetasizer Nano-S (Malvern In
struments, UK). 

For Transmission electron microscopy (TEM) analysis, 5 µL of the 
EVs sample was applied onto on an ultra-thin carbon coated copper grid 
(CF200H-Cu-UL, Electron Microscopy Sciences) and incubated for 
10 min at 37 ◦C. Images were acquired using a TEM Morgagni 268D (FEI 
Philips, Oregon, United States) at 80 kV. 

Protein concentration assessment 

Protein concentration of each sample was measured by Bicinchoninic 
acid (BCA) assay kit following the manufacturer’s instructions (Ther
moFisher Scientific; Cat. no. 23227). Before each measurement, Bovine 
Serum Albumin (BSA) calibration curve was prepared in triplicate. The 
measurements were performed with a Multiplex M Nano microplate 
reader (Tecan, Männedorf Switzerland). 
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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, 0 µg/mL) was prepared in triplicate 
starting from EGFP-STAT3 recombinant protein at known concentra
tion. The fluorescence measurements were performed using black 96- 
wells plate with a Multiplex M Nano microplate reader (Tecan, 
Männedorf Switzerland). 

Protein slot blot 

The assay was performed using a Bio-Dot® SF Microfiltration 
Apparatus (Bio-Rad, Feldkirchen, Germany) following the manufac
turer’s instructions. The indicated volume of samples was loaded on 
each well and blotted onto nitrocellulose membrane (Bio-Rad, Feld
kirchen, Germany). The membranes were incubated with anti-CD63 and 
anti-STAT3 antibodies. After washing with TBST, the membranes were 
hybridized with anti-mouse IgG-HRP conjugated secondary antibody 
and developed by Western Chemiluminescent HRP Substrate (Millipore, 
Darmstadt, Germany) using ChemiDoc XRS Imaging System (Bio-Rad, 
Feldkirchen, Germany). Blotted proteins were quantified using Image
Lab (Bio-Rad). 

Proteolytic digestion of EGFP-STAT3 loaded EVs-proteinase K assay 

To set up the proteinase K digestion, equal amount of purified EGFP- 
STAT3 were digested 0.5 to 3 h at 37 ◦C using protease:protein ratio 
1:100 (w/w). The reactions were stopped by the addition of reducing 
Laemmli sample buffer and the proteolysis mixtures were resolved by 
SDS-PAGE using two 10% polyacrylamide gel. The first gel was stained 
with Coomassie Brilliante blue (Fig. S1 A) and the second one was 
analyzed by Western Blot using anti-STAT3 antibody (Fig. S1 B). Spe
cifically, after SDS-PAGE the separated proteins were transferred to the 
PVDF membrane, probed with anti-STAT3 antibody and recognized 
with anti-rabbit IgG peroxidase-conjugated secondary antibody. Finally, 
the membrane was developed by Western Chemiluminescent HRP 
Substrate (Millipore) using ChemiDoc XRS Imaging System (Bio-Rad). 
Blotted proteins were quantified using ImageLab (Bio-Rad). 

To assess EGFP-STAT3 encapsulation, equal protein amount of EGFP- 
STAT3 loaded EVs were lysed with 2 % SDS solution for 30 min at 25 ◦C 
and then treated or not with proteinase K for 1 h at 37 ◦C. The same 
amount of loaded EVs was treated with protease without any lysis 
treatment. Control loaded EVs underwent the same procedure without 
any protease or SDS lysis treatment. The proteolysis mixture was 
resolved on 10 % SDS-PAGE and analyzed by Western Blot using anti- 
STAT3 antibody as previously described. The proteolytic digestion of 
loaded EVs is shown in the schematic workflow (Fig. S2). 

EVs cellular-uptake 

For cellular treatment, loaded and unloaded EVs were stained with 
DiD, a lipophilic carbocyanine membrane dye (Molecular Probes Inc., 
Cat. no. V22889) and purified by SEC as described above. 

MDA-MB231 cells and freshly prepared PBMCs, were seeded into 24- 
wells plate at density 0.9 × 105 and 1 × 105 cells/well, respectively. 
After 2 h the cells were treated with loaded or unloaded EVs in fresh 
medium for 24 h. Then, the cells were washed two times with PBS and 
cyto-centrifuged at 500 x g for 5 min on glass slides. Air-dried cytospins 
were fixed with 4 % (v/v) paraformaldehyde for 1 h at RT. Fixed cells 
were permeabilized with 0.1 % (v/v) Triton X-100 in PBS for 5 min and 
blocked with 5% (w/v) BSA + 0.05 % (v/v) Triton X-100 in PBS for 1 h 
at RT under agitation. Then, samples were incubated with anti-pTYR705 

STAT3 antibody overnight at 4 ◦C. After incubation, cells were washed 
three times for 3 min with PBS, incubated with Alexa Fluor® 568 anti- 
rabbit (ThermoFisher Scientific for 1 h at RT, and counterstained with 

4′,6-diamidino-2-phenylindole (DAPI, ThermoFisher Scientific) for 
15 min at RT. Cell images were captured using a confocal laser-scanning 
fluorescence microscope Leica SP5 (Leica Microsystem, Wetzlar Ger
many) at 63 × magnification and processed using Adobe Photoshop and 
ImageJ software. The nuclear localization of phosphorylated STAT3 was 
analyzed by ImageJ software by orthogonal view tool. 

Results 

Expression, purification, and biophysical/biochemical characterization of 
EGFP-STAT3 

To produce sufficient amount of full length recombinant STAT3 
protein, load it in EVs, and follow its cellular uptake, EGFP-STAT3 fusion 
protein was expressed in Sf9 cells and purified by Ni2+ affinity chro
matography to homogeneity at an apparent molecular weight of around 
120 kDa (Fig. S3 A and B). The CD spectrum of the fusion protein in the 
Far-UV region shows the typical dichroic signal of a protein rich in 
α-helix secondary structure (Fig. 1A, red line). The CD spectrum of wild- 
type recombinant STAT3, purified as described in the Supplementary 
Section (Fig. S4 A–C), is shown for comparison (Fig. 1A, black line). The 
estimated secondary structure content is different from that of STAT3 
[33,34] with a drop in the α-helix content and an increase in β- and 
random coil structures (Table 1). These differences can be ascribed to 
the presence of the EGFP domain, which is mainly composed of β-strands 
[35]. In the near-UV region, EGFP-STAT3 displays a predominant 
contribution of EGFP protein at 260–290 nm (Fig. 1B, red line) when 
compared to the near-UV spectrum of STAT3 (Fig. 1B, black line). 
Moreover, the thermal stability of EGFP-STAT3 protein was investigated 
by monitoring the ellipticity at 208 nm between 10 and 96 ◦C. 
EGFP-STAT3 exhibits a sigmoidal trend compatible with a two-state 
unfolding process and melting temperature (Tm) compatible with that 
of wild-type STAT3 (EGFP-STAT3 Tm = 55 ◦C; STAT3 Tm = 55.34 ◦C) 
(Fig. 1C). 

As described in literature, one of the critical steps in the activation of 
STAT3 signaling is its phosphorylation at tyrosine 705 residue, dimer
ization and successive translocation into the nucleus [25,26]. As shown 
in Fig. 2, EGFP-STAT3 was successfully phosphorylated by JAK2 active 
kinase, providing evidence of the proper accessibility of the TYR705 

residue. Notably, the anti-pTYR705 STAT3 antibody recognized the 
fusion protein in absence of kinase indicating that the recombinant 
protein is already partially tyrosine phosphorylated (Fig. 2). 

Taken together, these data suggest a proper folding of EGFP-STAT3 
protein. 

Encapsulation of EGFP-STAT3into EVs and their characterization 

EVs were isolated from human B-lymphoblastoid RO cells, a 
commercially available cell line obtained from a patient with severe 
combined immunodeficiency. These cells do not express MHC class II 
complexes and are characterized by low immunogenicity [36]. 

EVs were isolated from RO cells conditioned serum-free culture 
medium by ultracentrifugation, purified by SEC and characterized 
(Fig. S5 and S6). The isolation and characterization results are in line 
with those previously obtained with the same methodologies strength
ening the effectiveness of the used protocols [31,37]. 

The EGFP-STAT3 fusion protein was loaded into EVs by saponin- 
assisted drug loading approach [32]. Briefly, after incubation of the 
ultracentrifuged EVs pellet with EGFP-STAT3, loaded EVs were purified 
by SEC to remove free fusion protein and undesired components. The 
SEC profile presents two main total protein peaks at the same elution 
volume of unloaded EVs (Fig. 3A). The fluorescence emission signal, 
corresponding to EGFP-STAT3, was revealed in the enriched EVs frac
tions, suggesting successful loading of the fusion protein into EVs 
(Fig. 3B). The size of the loaded particles is in the range of EVs and 
confirms the recovery of EVs (Fig. 4A). As for unloaded EVs, each 
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fraction was then analyzed by Slot Blot using anti-CD63 antibody. The 
data confirm the nature of isolated particles (Fig. 4B). 

The EVs-enriched fractions were collected, pooled and analyzed by 
TEM. The images confirmed the overall cup-shaped and spherical shape 
of the EVs with a visible lipid bilayer. Moreover, the size range 
(80–150 nm) and mean diameter of the EVs (~ 120 nm) matched the 
NTA data (Fig. 5). 

The EVs-enriched fractions were then analyzed by NTA in scattering 
and fluorescence modes. It should be noted that scattering analysis 

considers all the particles present in the sample, whereas fluorescence 
reveals only EGFP-STAT3-loaded particles. The NTA analysis showed 
that total particles number in the scattered mode was higher than that in 
fluorescence mode (Fig. 6A and B, white bar). 

Finally, DLS measurements indicated a low zeta potential at − 18.30 
± 0.94 mV and confirmed the average diameters measured by NTA and 
TEM. Notably, saponin treatment did not alter zeta potential of loaded 
EVs respect to unloaded EVs (− 18.90 ± 0.76 mV). The negative surface 
charge is important for the stability of EVs in suspension and their up
take by cell membrane [38]. These data are in line with those reported in 
literature [31,37]. 

Then, the pooled fractions were concentrated by a second ultracen
trifugation step and analyzed by NTA. The scattering mode measure
ments revealed that the recovery of EVs after ultracentrifugation was 
around 15 % (Fig. 6A, grey bar). On the other hand, the analysis of the 
same sample in fluorescent mode showed that all the fluorescent EVs 
were recovered after ultracentrifugation (Fig. 6B, grey bar). Intrigu
ingly, these data suggest an enrichment of the fluorescent positive 
fraction during the second ultracentrifugation step. 

To confirm and quantify EGFP-STAT3 loaded in EVs, different con
centrations of EGFP-STAT3 recombinant protein, the pooled and 
pooled/concentrated fractions were loaded on the gel and analyzed by 
Slot Blot using an anti-STAT3 antibody (Fig. 7A). The chemiluminescent 
bands on the membrane were quantified by densitometric analysis 
(Fig. 7B). The protein calibration curve was build using the membrane 
densitometric data (Fig. 7C). The densitometric analysis of the bands 
indicates that 2.7 ± 0.9 µg and 2.5 ± 1.0 µg of EGFP-STAT3 were 
associated with the pooled EVs and pooled/concentered EVs, respec
tively. These data further confirm the recovery of STAT3 fusion protein 
associated with EVs after ultracentrifugation step. 

To assess if EGFP-STAT3 is localized in the EVs lumen, proteinase K 
assay on the pooled and concentrated fractions was performed. If the 
cargo protein is localized inside the nanoparticles, it should be protected 
from the protease that is not able to penetrate through the lipidic 
bilayer. Conversely, if the cargo protein adheres outside the membrane, 
it is exposed to protease activity and is sensitive to digestion. On the 
basis of the results obtained by the digestion of EGFP-STAT3 (Fig. S1), 

Fig. 1. Biophysical characterization of EGFP-STAT3 fusion protein. (A) CD spectra in Far-UV. (B) CD spectra in Near-UV. (C) Thermal denaturation. EGFP- 
STAT3, red line; STAT3, black line. 

Table 1 
Secondary structure content of STAT3s protein. Values are expressed in per
centages. a Values reported from [26].   

α-Helix β-structure Random coil 

STAT3 (124-732)a 67.4 14.9 17.7 
STAT3 67.3 8.9 23.8 
EGFP-STAT3 37.7 17 45.3  

Fig. 2. In in vitro JAK2 kinase assay. In in vitro JAK2 kinase assay was per
formed using JAK2 active protein and EGFP-STAT3 recombinant protein. 
Western Blot analysis shows that JAK2 increases EGFP-STAT3 TYR705 phos
phorylation, a pre-requisite for STAT3 functionality (lane 3). The kinase assay 
was also performed using EGFP-STAT3 purified protein without JAK2 kinase 
confirming its intrinsic phosphorylation (lane 2). Moreover, as negative control, 
EGFP-STAT3 was omitted in lane 1. The images are representative of 4 inde
pendent experiments. 
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the proteinase K assay of loaded EVs was carried out for 1 h at 37 ◦C. As 
shown in Fig. 8, the proteolytic digestion is more extended when the EVs 
have been lysed by SDS and then subjected to protease treatment in 
comparison to the other treatment conditions. 

Evaluation of EGFP-STAT3 EVs uptake by cells 

For the setting up of the EVs uptake experiment, MDA-MB231 cells 
were treated with EVs and observed at different time points with a 
fluorescent microscope (Zeiss Axio Imager) to survey the possible 
interaction between the EVs and the cells (data not shown). On the basis 

of these data, 0.9 × 105 MDA-MB231 cells were treated with around 
1.5 × 1010 EGFP-STAT3 loaded EVs for 24 h and analyzed by confocal 
microscopy to evaluate their uptake (Fig. 9). Confocal microscopy im
ages allow not only to verify the presence of EGFP-STAT3 inside the cells 
but also investigate the phosphorylation of the transcription factor 
thanks to the use of the anti-pTyr705-STAT3 antibody. The recombinant 
fusion protein is highlighted by fluorescence emission of EGFP tag 
(green), EVs by fluorescence emission of DID (magenta) and nuclei by 
fluorescence emission of DAPI (cyan). It is important to note that the 
anti-pTyr705-STAT3 antibody (red) recognized only the exogenous 
STAT3 since the endogenous transcription factor is not phosphorylated 

Fig. 3. SEC chromatographic profiles of EGFP-STAT3 loaded EVs. EGFP-STAT3 loaded EVs were purified by SEC. The total protein content and EGFP-STAT3 
concentration were analyzed in each collected fraction as described in Material and Method Section. (A) The SEC elution profile built using total protein concen
tration measured by BCA assay. (B) The SEC elution profile built using EGFP-STAT3 concentration measured by fluorescence method (λex535 nm/λex 485 nm). The 
images are representative of 10 independent experiments. 

Fig. 4. Characterization of the SEC EVs-enriched fractions. EGFP-STAT3 loaded EVs were purified by SEC and 1 mL fractions were collected. (A) Graph rep
resents average particle concentration (black bars) and mean particle size (red bars) for the EVs-enriched SEC fractions (n = 5 biological replicates, mean ± SD). (B) 
Slot Blot of SEC eluted fractions probed with anti-CD63 antibody. (C) Chromatographic profile of SEC obtained by the densitometric analysis of bands membrane. The 
images are representative of 5 independent experiments. 
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without appropriate stimuli in MDA-MB231 cell line. The presence of co- 
localization of red and green signals in the merge images (yellow) 
demonstrates that the internalized protein is tyrosine phosphorylated, a 
prerequisite to the functional activity of the transcription factor. These 
signals are near the nucleus (cyan) of cells highlighting STAT3 cyto
plasm /nucleus trafficking (Fig. 9). 

To investigated if EVs are reliable delivery system of wild type STAT3 
to blood cells, 1 × 105 PBMCs were seeded in 24 wells plate, treated 
with 5 × 1010 EGFP-STAT3 EVs and analyzed by confocal microscopy. 
As shown in Fig. 10B, STAT3 positive cells (green) were detected in 
PBMCs treated with EGFP-STAT3 loaded EVs. The internalized EGFP- 
STAT3 is tyrosine phosphorylated as revelated by anti-pTYR705 STAT3 
antibody staining (red). The presence of co-localization of red and green 
signals in the merge images highlighted in yellow, demonstrate that 
internalized protein in phosphorylated at tyrosine 705 residue. The Z- 
stack analysis revealed that phosphorylated EGFP-STAT3 translocated 
into the nuclei, confirming the physiological trafficking of the tran
scription factor (Fig. 10C). Unloaded EVs were used as control 

(Fig. 10A). 

Discussion 

Over the last decade, EVs-based drug delivery systems have attracted 
considerable interest as they may offer unique and new properties for 
drug delivery [39]. Their natural origin, protein and nucleic acid 
composition, and intrinsic pleiotropic therapeutic effects could enable 
new possibilities in the field of drug delivery and potentially succeed 
where conventional drug delivery systems fail. Importantly, EVs exhibit 
low immunogenicity and ability to escape the immune clearance 
although these hypotheses need to be investigated for each formulation. 
Moreover, EVs can cross tissue, cellular and intracellular barriers, 
including the blood brain barrier through transcytotic processes or small 
vessel opening, or by exploiting the enhanced permeability and reten
tion effect [40,41]. 

In the last years, proteins and peptides treatment have been proposed 
as pharmacological approaches in protein replacement therapy and 

Fig. 5. TEM analysis of pooled EVs fractions. TEM analysis of EGFP-STAT3 loaded EVs purified by ultracentrifugation and SEC. Representative images at the 
indicated scale bars. Magnification: up/left 44,000 ×, up/right 56,000; down/left: 71,000 ×; down/right 140,000 ×. 

Fig. 6. NTA of pooled EGFP-STAT3 EVs fractions. The pooled EGFP-STAT3 EVs fractions (white bars) and pooled/concentrated EGFP-STAT3 EVs fractions (grey 
bars) were analyzed by NTA. (A) NTA scattering mode; pooled/pooled and concentrated ratio is 6.4. (B) NTA fluorescence mode; pooled/pooled and concentrated 
ratio is 1.25. Bars represent total average particles number of 4 independent experiments (mean ± SD). 
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protein misfolding treatment [42–46]. However, stability, aggregation 
tendency, short elimination half-life, and immunogenicity of proteins 
have limited their clinical use [47]. To overcome these challenges, 
various synthetic nanoparticles and, recently EVs, have been proposed 
for protein delivery. 

In this work, we developed a novel EVs-based system able to deliver 
STAT3 protein inside cell nucleus. This set the first step for the devel
opment of delivery system able to restore STAT3 signaling as a possible 

therapeutic strategy in STAT3 misfunction associated diseases. 
Firstly, EGFP-STAT3 fusion protein was designed to introduce a 

tracking moiety for STAT3 in the EVs formulation and in in vitro cell 
experiments. Notably, the baculovirus expression system offers the 
advantage of producing proteins bearing appropriate post-translational 
modifications. These proteins are antigenically, immunogenically, and 
functionally more similar to the native human protein than those 
expressed in yeast or other eukaryotes [48]. Our data revealed that the 
insect cells produce a properly folded and partially tyrosine phosphor
ylated EGFP-STAT3. To the best of our knowledge, this is the first report 
on the production of this fusion protein that could be a useful tool in the 
research field of STAT3 trafficking. 

Then, we set up a protocol for the encapsulation of the EGFP-STAT3 
protein in EVs purified from RO cells culture media. These cells, isolated 
from a severe combined immunodeficiency patient, lack MHC class II 
molecules and have a potentially favorable biocompatibility [36]. 

As previously described, ultracentrifugation technique, combined 
with SEC purification, allows to obtained purified EVs with chemical- 
physical characteristics in line with the Minimal Information for 
Studies of Extracellular Vesicles (MISEV) guidelines [49]. Indeed, the 
isolated EVs presented a size distribution in the range of 100–150 nm, a 
cup morphology with lipid bilayer and typical surface marker as CD63. 
EGFP-STAT3 fusion protein was encapsulated post-EVs-isolation by 
permeabilization with saponin, a mild loading agent that did not induce 
significant changes in EVs membrane morphology and in EVs average 
size and zeta potential. Several methods have been developed for 
post-EVs-isolation loading, including sonication, electroporation and 
freeze-thaw cycles. Although sonication and extrusion result in major 
loading efficacy, they can permanently damage EVs membrane and 
cause aggregation of therapeutic agent [13,32,50]. Specifically, since 
STAT3 is a protein characterized by the presence of exposed hydro
phobic patches and, on the basis of our experience, by an high aggre
gation tendency we chose to avoid these methods. As suggested by the 
analysis of confocal microscopy images, the use of saponin assisted 
method preserve the folding state and functional activity of STAT3. 

Fig. 7. Quantification of EGFP-STAT3 loaded into EVs. (A) Slot Blot of EGFP-STAT3 recombinant protein, pooled EGFP-STAT3 EVs and pooled/concentrated 
EGFP-STAT3 EVs probed with anti-STAT3 antibody. a1: pooled EGFP-STAT3 EVs; a2, a3, b2 and b3: equal amount of pooled/concentrated EGFP-STAT3 EVs; c1 and 
d1: 32.25 ng of EGFP-STAT3 recombinant protein; c2 and d2 of 62.5 ng EGFP-STAT3 recombinant protein; c3 and d3 125 ng of EGFP-STAT3 recombinant protein; c4 
and d4 125 ng of EGFP-STAT3 recombinant protein. (B) Densitometric analysis of membrane. Green: pooled EGFP-STAT3 EVs; Light blue: pooled/concentrated 
EGFP-STAT3 EVs; Grey scale: EGFP-STAT3 calibration curve. (C) Calibration curve of EGFP-STAT3 recombinant protein plotted with the densitometric analysis data 
of 5 independent calibration curves. The image is representative of 5 independent experiments. 

Fig. 8. Proteinase K assay. Western Blot analysis of loaded EVs subjected to 
proteinase K assay. EGFP-STAT3 loaded EVs and with or without proteinase K 
were incubated at 37 ◦C for 1 h. The anti-STAT3 antibody was used to detect 
the transferred protein. The image is representative of 4 independent 
experiments. 
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Fluorescence measurement and Slot-Blot analyses with anti-STAT3 
antibody demonstrated that only a part of recombinant fusion protein 
was encapsulated into EVs but the obtained formulation successfully 
delivers STAT3 protein into PBMCs nucleus as revealed by confocal 
microscopy images. As expected, STAT3 enters the nucleus of cells due 
to the presence of phosphorylation at its TYR705 residue, a prerequisite 
to the functional activity of the transcription factor. It is important to 
note that only a small number of papers described the encapsulation of 
protein into EVs and only part of them reports a post-EVs isolation 
approach to achieve the protein loading [13,32,50,51]. 

Once established the association of STAT3 with the isolated EVs we 
questioned whether EGFP-STAT3 was mainly located inside the lumen 
of the EVs or merely interacting with the external portion of the mem
brane lipidic bilayer. The need to determine the topology of EVs- 
associated components has been widely discussed by the EVs scientific 
community [49,52] Recently, Rankin-Turner et al. underlined the 
importance of being able to distinguish whether the therapeutic cargo is 
luminally incorporated or only associated with EVs [53]. 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. The results of the proteinase 
K assay, proposed in this paper, point out that the main portion of the 
EVs-associated EGFP-STAT3 is protected by the EVs membrane and is 
not sensitive to digestion, suggesting the successful incorporation of 
EGFP-STAT3 inside EVs. 

Regarding the delivery of STAT3, this study demonstrated the ability 
of EVs to interact with target cells, cross blood cells membrane and 
release STAT3 in the cell cytoplasm. This aspect might be crucial for 
treatment of STAT3 misfunction related diseases. 

Conclusion 

Overall, the data of this work represent the essential starting point to 
develop a new therapeutic strategy aimed to restore STAT3 signaling in 
STAT3 misfunction related diseases, like AD-HIES. Despite the central 
role of STAT3 in the pathogenesis of this disorder, no therapeutic 
approach is nowadays available to restore STAT3 signaling. The 
administration of fully functional wild type STAT3 to CD4+ T cells from 
AD-HIES patients might compensate STAT3 loss of function and enhance 
the differentiation into TH17 cells. In a future personalized therapy, the 
use of EVs isolated in autologous manner for re-administration to the 
patient after loading of the therapeutic cargo might be a promising 
alternative approach to conventional therapy. Preclinical and clinical 

trials support the use of autologous EVs obtained by peripheral-blood or 
derived by cultured primary monocytes, indicating that autologous EVs 
administration is safe and well tolerated. However, further efforts are 
needed to standardize the EVs isolation procedure and the drug loading, 
thereby generating more consistent, clinically applicable, therapeutic 
products. 
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