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A B S T R A C T   

Background: Janus kinase inhibitors (jakinibs) are immunomodulators used for treating malig-
nancies, autoimmune diseases, and immunodeficiencies. However, they induce adverse effects 
such as thrombosis, lymphocytosis, and neutropenia that could be mediated by extracellular 
vesicles (EVs). These particles are cell membrane-derived structures that transport cellular and 
environmental molecules and participate in intercellular communication. Jakinibs can modify the 
content of EVs and enable them to modulate the activity of different components of the immune 
response. 
Objective: to evaluate the interactions between immune system components of healthy individuals 
and EVs derived from monocytic and lymphoid lineage cells generated in the presence of bar-
icitinib (BARI) and itacitinib (ITA) and their possible effects. 
Methods: EVs were isolated from monocytes (M) and lymphocytes (L) of healthy individuals, as 
well as from U937 (U) and Jurkat (J) cells exposed to non-cytotoxic concentrations of BARI, ITA, 
and dimethyl sulfoxide (DMSO; vehicle control). The binding to and engulfment of EVs by pe-
ripheral blood leukocytes of healthy individuals were analyzed by flow cytometry using CFSE- 
stained EVs and anti-CD45-PeCy7 mAb-labeled whole blood. The effect of EVs on respiratory 
burst, T-cell activation and proliferation, cytokine synthesis, and platelet aggregation was eval-
uated. Respiratory burst was assessed in PMA-stimulated neutrophils by the dihydrorhodamine 
(DHR) test and flow cytometry. T-cell activation and proliferation and cytokine production were 
assessed in CFSE-stained PBMC cultures stimulated with PHA; expression of the T-cell activation 
markers CD25 and CD69 and T-cell proliferation were analyzed by flow cytometry, and the 
cytokine levels were quantified in culture supernatants by Luminex assays. Platelet aggregation 
was analyzed in platelet-rich plasma (PRP) samples by light transmission aggregometry. The EVs’ 
fatty acid (FA) profile was analyzed using methyl ester derivatization followed by gas 
chromatography. 
Results: ITA exposure during the generation of EVs modified the size of the EVs released; however, 
treatment with DMSO and BARI did not alter the size of EVs generated from U937 and Jurkat 
cells. Circulating neutrophils, lymphocytes, and monocytes showed a 2-fold greater tendency to 
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internalize ITA-U-EVs than their respective DMSO control. The neutrophil respiratory burst was 
attenuated in greater extent by M-EVs than by L-EVs. Autologous ITA-M-EVs reduced T-cell 
proliferation by decreasing IL-2 levels and CD25 expression independently of CD69. A higher 
accumulation of pro-inflammatory cytokines was observed in PHA-stimulated PBMC cultures 
exposed to M-EVs than to L-EVs; this difference may be related to the higher myristate content of 
M-EVs. Platelet aggregation increased in the presence of ITA-L/M-EVs by a mechanism presum-
ably dependent on the high arachidonic acid content of the vesicles. 
Conclusions: Cellular origin and jakinib exposure modify the FA profile of EVs, enabling them, in 
turn, to modulate neutrophil respiratory burst, T-cell proliferation, and platelet aggregation. The 
increased T-cell proliferation induced by BARI-L/M-EVs could explain the lymphocytosis 
observed in patients treated with BARI. The higher proportion of arachidonic acid in the FA 
content of ITA-L/M-EVs could be related to the thrombosis described in patients treated with ITA. 
EVs also induced a decrease in the respiratory burst of neutrophils.   

1. Introduction 

JAKs and STATs are proteins involved in intracellular signaling and regulation of genes involved in cells growth and differentiation 

List of abbreviations 

BARI Baricitinib 
DMSO Dimethyl sulfoxide 
EVs Extracellular vesicles 
ITA Itacitinib 
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J-EVs J-derived EVs 
L-EVs L-derived EVs 
M-EVs Monocyte-derived EVs 
U-EVs U-derived-EVs 
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BARI-J-EVs J-EVs released under BARI exposure 
BARI-L-EVs L-EVs released under BARI exposure 
BARI-M-EVs M-EVs released under BARI exposure 
BARI-U-EVs U-EVs released under BARI exposure 
DMSO-J-EVs J-EVs released under DMSO exposure 
DMSO L-EVs L-EVs released under DMSO exposure 
DMSO-M-EVs M-EVs released under DMSO exposure 
DMSO-U-EVs U-EVs released under DMSO exposure 
ITA-J-EVs J-EVs released under ITA exposure 
ITA-L-EVs L-EVs released under ITA exposure 
ITA-M-EVs M-EVs released under ITA exposure 
ITA-U-EVs U-EVs released under ITA exposure 
CFSE Carboxyfluorescein Succinimidyl Ester 
DHR123 Dihydrorhodamine 123 
DLS Dynamic Light Scattering 
iFBS Heat-inactivated Fetal Bovine Serum 
PDI Polydispersity Index 
PI Propidium Iodide 
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RA Rheumatoid Arthritis 
VTE Venous thrombo-embolism  
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as well as inflammation-related genes [1,2]. JAK-STAT anomalies are linked to disorders such as myeloproliferative diseases and 
lymphomas. Also, the expression of SOCS1, a JAK-STAT pathway repressor, is reduced in patients with systemic lupus erythematosus 
(SLE) [3]. JAK inhibitors (jakinibs) have been developed for treating cancer [4,5] and curbing inflammation [6] and autoimmune 
responses [7–9]. 

Tofacitinib and baricitinib (BARI) are U.S. Food and Drug Administration (FDA)-approved jakinibs considered safe for treating 
patients with rheumatoid arthritis (RA). Upon treatment with these jakinibs, patients with RA showed less fatigue and a 50 % decrease 
in joint pain [10,11]. In addition, jakinibs also decrease TNF-α accumulation and interferon-gamma (IFN-γ)-associated gene expression 
[7,12–14]. 

BARI has been successful in patients with RA, but it has been reported to cause neutropenia and lymphocytosis [15–17]. Less than 
ten percent of the RA patients treated with BARI had neutropenia with a count of less than 1500 neutrophils/mm3 [15,18], and 90 % of 
patients with RA have a non-significant decrease in the neutrophil count [17]. Fifteen percent of patients with SLE treated with BARI 
showed absolute neutrophil counts below 2000 cells/mm3 [19]. Furthermore, lymphocytosis was observed after one week of BARI 
treatment in patients with psoriasis (20 % increase up to week 4) [20], RA (significant increase of 30 % up to week 12) [15,16], and SLE 
(non-significant increase up to week 24; appendices) [19]. 

Itacitinib (ITA), a selective JAK1 inhibitor [21], not yet approved by the FDA, has been used in some trials to treat patients with 
myelofibrosis, breast adenocarcinoma, and acute graft-versus-host disease (aGVHD). However, long-term ITA treatment has been 
reported to induce neutropenia [22–25]. Patients with myelofibrosis and adenocarcinoma treated with ITA showed neutropenia with a 
count of less than 1000 neutrophils/mm3 [22,23]. Likewise, neutropenia was observed in 45 % of patients with aGVHD under ITA 
treatment [25]. 

The precise mechanism responsible for jakinib-induced thrombosis is far from clear. Jakinibs may indirectly affect the FA content of 
leukocyte membranes by modulating signaling pathways involved in their metabolism or events of the immune response [26]. The FA 
oxidation can fuel agonist-induced platelet activation and thrombus formation [27]. In addition, the JAK2-STAT3 pathway is involved 
in collagen-induced platelet activation [28]. Moreover, the JAK2-JNK/PKC-STAT3 signaling pathway is also implicated in this process 
[29]. These findings suggest that jakinibs could potentially modulate platelet activation. 

Extracellular vesicles are particles naturally released by cells and enclosed within a lipid bilayer [30]. These vesicles can be 
considered indicators of an organism’s homeostasis. In addition, they serve as intercellular communicators due to their varied content 
and many interactions with cells [31–33]. Since EVs can induce respiratory burst, platelet aggregation, and T-cell proliferation, they 
may contribute to neutropenia, cardiac events, and lymphocytosis. 

Extracellular vesicles have diverse effects, such as induction of neutropenia through increased respiratory burst, and may be key 
players in anti-inflammatory processes. Their impact on reactive oxygen species (ROS) accumulation varies depending on their cellular 
origin, types of target cells, and cellular environment [34]. For example, NADPH oxidase-rich EVs derived from aortic endothelial cells 
of C57BL6/J mice promoted cellular accumulation of ROS [35], and EVs released from pancreatic tumor cells induced ROS production 
by human monocytes [36]. 

Depending on their cellular origin, EVs can stimulate or inhibit T-cell proliferation [37–40]. For example, CD4+FasL + T 
cells-derived EVs loaded with ovalbumin can suppress naïve T-cell proliferation by inducing lymphocyte death through FasL-CD95 
interactions. Conversely, EVs released by U937 cells, dendritic cells, and human monocyte-derived macrophages enhanced allor-
eactive T-cell proliferation by expressing the surface co-stimulatory molecules CD80, CD86, and HLA-DR. 

Extracellular vesicles released by circulating cellular elements have been associated with platelet aggregation and coagulation 
[41]. Indeed, EVs can be rich in lipids such as phosphatidylserine [42] and arachidonate [43] and enzymes such as secretory phos-
pholipase A2 [44], all of which are involved in thrombus formation [45]. In addition, EVs may contain proteins of the coagulation 
cascade, such as factors X, VII, and III (tissue factor) [46]. These lipids and proteins could be related to the cardiovascular disorders 
described in patients undergoing therapy with jakinibs. Of note, platelet-derived EVs may exert an anticoagulant effect by inactivating 
factor Va [41]. 

We hypothesized that some of the adverse effects associated with therapies with jakinibs are mediated by EVs released under 
treatment with these drugs. This work evaluated the composition of EVs derived from human lymphoid and monocytic lineage cells 
exposed in vitro to BARI and ITA and their effects on human circulating leukocytes and platelets. The lipid composition of EVs varied 
depending on the cell source and the jakinib used. Furthermore, when co-incubated with neutrophils, lymphocytes, monocytes, and 
platelets, the EVs modulated neutrophil respiratory burst, T-cell proliferation, and platelet aggregation. 

2. Materials and methods 

2.1. Reagents, materials, and antibodies 

RPMI-1640 medium, Dulbecco’s phosphate buffered saline (DPBS), fetal bovine serum (FBS), Histopaque-1077, penicillin (5000 
IU)-Streptomycin (5 μg), trypan blue dye, anhydrous dimethyl sulfoxide (DMSO ≥99.9 %), Phorbol myristate acetate (PMA), and 
phytohemagglutinin A (PHA) derived from Phaseolus vulgaris were purchased from Sigma-Aldrich (St. Louis, MO, USA). RNase A 
(DNase and protease-free) and Igepal™ CA-630 were purchased from Thermo Fisher Scientific, Inc. (Pittsburgh, PA, USA). Ethyl-
enediaminetetraacetic acid (EDTA) was obtained from Promega (Madison, WI, USA). Propidium Iodide (PI), Annexin-V, Annexin-V 
binding buffer, Cytofix™ fixation buffer, Phosflow™ wash, and permeabilization buffer, Pharmingen™ stain, and FACSFlow™, were 
purchased from BD Pharmingen (San Diego, CA, USA). AG126 and AG490 inhibitors were obtained from Calbiochem (San Diego, CA, 
USA). Jakinibs (itacitinib and baricitinib) were purchased from Cayman Chemical (Ann Arbor, MI, USA). Carboxyfluorescein 
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succinimidyl ester (CFSE), dihydrorhodamine 123 (DHR123), and Life/death cell viability Vioblue, and 3,3′-dihexyloxacarbocyanine 
iodide (DIOC6) dyes were purchased from Thermo Fisher Scientific, Inc. (Pittsburgh, PA, USA). ELISA kit for quantifying Arachidonic 
Acid (Abcam, Cambridge, UK; detection range = 78.125 ng/mL – 5000 ng/mL) 

Vacutainer®EDTA and Vacutainer®citrate blood collection tubes, were purchased from BD Pharmingen. Polyethylene tubes (12 
mm × 75 mm) were purchased from BD Falcon (San Diego, CA, USA). Acrodiscs® syringe filters with 0.2 - μm membrane were 
purchased from Advantec (Tokyo, Japan). Cell culture 48- and 96-well plates were obtained from Corning (New York, NY, USA). 
Sphero™ polystyrene beads (NFPPS-015-5; 220 nm to 1.3 μm in size) (were purchased from Sperothech (Lake Forest, IL, USA). 

Fluorochrome-conjugated anti-human mAbs used for flow cytometry (FCM) analysis were: CD14-RD1, (clone MY4, 322 A-1) from 
Beckman Coulter; CD56-PE (clone B159), CD19-V450 (clone HIB19), CD3-PeCy7 (clone UCHT-1), CD45-PeCy7 (clone 30-F11), CD8- 
PeCy5 (clone HIT8A), CD25-PeCy5 (clone M-A251), CD69-PE (clone FN50), and Stat1 (pY701)-Alexa Fluor®647 (clone 4a) (RUO) 
from BD Biosciences (San Diego, CA, USA); HLA-DR-APCCy7 (clone L243) from Biolegend (San Diego, CA, USA); HMGB1-APC (clone 
115603) from R&D systems (Minneapolis, MN, USA); and CD3-E Fluor 450 (clone 17A2) from Thermo Fisher Scientific, Inc. 

2.2. Isolation of peripheral blood mononuclear cells 

Peripheral blood samples were collected from 26 healthy volunteers (7 women and 19 men) aged between 20 and 30 years. Blood 
samples were drawn into Vacutainer® EDTA tubes (for in vitro cell cultures) and onto glass beads for defibrination (for monocyte 
enrichment by adherence to plastic and subsequent isolation of EVs). Both samples were diluted 1:1 with DPBS and centrifuged on a 
density gradient using Histopaque (1077 g/L) at 900×g for 30 min at room temperature (RT); then, peripheral blood mononuclear cells 
(PBMCs) were removed and washed with DPBS. Cell number and viability were determined by trypan blue dye exclusion using a 
Neubauer chamber (viability was always ≥98 %). In addition, PBMCs isolated from defibrinated blood samples were stained with anti- 
CD14-RD1 conjugated mAb and acquired on LSRFortessa™ cell flow cytometer (BD Biosciences) to calculate the CD14+ monocyte 
concentration. 

PBMCs were then resuspended in RPMI 1640 medium without antibiotics and supplemented with heat-inactivated FBS (56 ◦C for 
40 min) (iFBS). 

2.3. 2.3sorting of lymphocytes and monocytes 

A total of 10 × 106 PBMCs were resuspended in 1 mL of RPMI with 2 % EDTA. They were then labeled with anti-CD3-PE-Cy7 and 
anti-CD14-RD1 conjugated mAbs for two-way sorting using the BD FACSAria™III Cell Sorter (BD Biosciences). Cells were collected in 
RPMI 1640 supplemented with 4 % iFBS. 

2.4. Monocyte enrichment by adherence to plastic plates 

PBMC suspensions (containing 3 × 105 CD14+ cells) were seeded per well in 48-well polystyrene tissue culture plates and 
resuspended in 500 μL of RPMI 1640 supplemented with 0.5 % v/v iFBS. Cells were incubated at 37 ◦C in a 5 % CO2 atmosphere for 2 h, 
and then washed with DPBS containing 0.5 % iFBS to remove non-adherent cells. Cells adhered to the plate were incubated in 500 μL of 
RPMI supplemented with 10 % iFBS at 37 ◦C and 5 % CO2. After 24 h, cells were detached with a glass scrapper and suspended in RPMI 
supplemented with 10 % iFBS. To verify monocyte enrichment and determine their purity, cells were stained with anti-CD19-V450, 
anti-CD3-PE-Cy7, and anti-CD56-PE mAbs and acquired on a BD LSRFortessa™ cell flow cytometer [47]. 

2.5. Inhibitory activity of non-cytotoxic concentrations of jakinibs 

The inhibition of the JAK-STAT pathway by the non-cytotoxic concentrations of jakinibs chosen for the present experiments ac-
cording to previously published data was evaluated in terms of STAT1 phosphorylation at Y701. For this purpose, monocytes detached 
from polystyrene plates (300.000 cells/500 μL RPMI 10 % iFBS), were exposed for 1 h to reported non-cytotoxic concentrations of ITA 
(25 μM), BARI (200 nM), the JAK2 inhibitor AG490 (25 μM), and the tyrosine kinase inhibitor AG126 (12.5 μM); 0.5 % DMSO was used 
as a vehicle control. Cells were then stimulated with 2 ng/mL IFN-γ for 10 min, fixed, permeabilized, and stained with anti-STAT1 
(pY701)-Alexa Fluor 647, according to the BD™PhosphoFlow protocol [48], and acquired on the BD LSRFortessa™ cell flow 
cytometer. 

2.6. HLA-DR expression on jakinib-treated monocytes 

The effect of jakinibs on IFN-γ-induced HLA-DR expression in peripheral blood monocytes was also evaluated. For this purpose, 3 ×
105 PBMCs/well were seeded in 48-well cell culture plates and resuspended in 500 μl RPMI 1640 supplemented with 10 % iSBF, 
exposed to jakinibs and controls (at concentrations described above), for 1 h and stimulated with 2 ng/mL IFN-γ. After 24 h, cells were 
stained with Propidium iodide (PI) (to exclude dead cells), anti-HLA-DR-APCCy7, anti-CD19-V450, and anti-CD14-RD1 mAbs and 
acquired on the BD LSRFortessa™ cell flow cytometer. 
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2.7. Isolation of EVs from in vitro cell cultures exposed to jakinibs 

Extracellular vesicles were isolated from sorted lymphocytes, sorted monocytes, as well as from lymphoblastoid Jurkat (ATCC TIB- 
152) and promonocytic U937 (ATCCCRL-1593) cell lines exposed to jakinibs as follows. 

Sorted lymphocytes and monocytes, were seeded into 48-well cell culture plates (3 × 105 cells per well in 500 μL of RPMI medium 
supplemented with 10 % iFBS previously filtered through 0.2 μm-pore size nylon membrane). Next, cells were treated for 24 h with a 
combination of 25 μM ITA and 200 nM BARI. DMSO (0.5 %) was used as vehicle control. ITA and BARI concentrations were determined 
from results of the viability assays (data not shown). 

Additionally, the CD4+ lymphoblastoid Jurkat and the promonocytic U937 cells (2.5 × 105) were cultured in 25 cm2 tissue culture 
flasks containing 5 mL of RPMI medium supplemented with 1 % streptomycin-penicillin and 10 % filtered iFBS, 25 μM ITA, 200 nM 
BARI, and 0.5 % DMSO (vehicle control). After 24 h, cell viability and cell cycle were assessed (data not shown), and EVs were isolated 
as follows. 

Cells were centrifuged at 600×g for 10 min. Culture supernatants were collected in 1.5 mL Eppendorf® tubes and centrifuged at 
17,000×g for 1 h to pellet EVs [49]. Supernatants were discarded, leaving the pellets (containing the EVs) resuspended in 100 μL of the 
culture medium. Afterward, EVs were washed with 1 mL of filtered RPMI followed by centrifugation at 17,000×g for 1 h to remove 
traces of inhibitors. The supernatants were discarded, leaving EVs pellets resuspended in 100 μL of medium. Finally, 100 μl of filtered 
DPBS were added and the EV suspensions were frozen at − 70 ◦C. 

2.8. Characterization of EVs generated in vitro 

2.8.1. Dynamic light scattering: The size and size distribution of the EVs isolated were determined on a Horiba LB 550 dynamic 
light scattering (DLS) system (Minami-ku, Kyoto, Japan) in an aqueous medium at neutral pH and RT. The hydrodynamic diameters of 
the particles were calculated using the Stokes-Einstein equation. All measurements were performed five times. The size of EVs was 
reported as mean hydrodynamic diameter ± Standard deviation (SD). The polydispersity index (PDI) was calculated as the square of 
the standard deviation divided by the square of the mean (SD/mean)2. 

2.8.2. Transmission electron microscopy (TEM): Representative samples of EVs were evaluated by TEM. Briefly, vesicles were 
washed with 0.5 X DPBS, applied to copper-coated carbon grids, and dried on racks at 40 ◦C. Negative staining was also performed for 
better visualization of EVs by pre-treatment with 2 % w/v uranyl acetate solution and drying at RT. Vesicle preparations were 
visualized on a Tecnai™G2 F20 TE microscope (FEI Company, Hillsboro, OR, USA); EVs images were captured with an Ultra-
Scan®1000XP camera (Gatan, Inc, Pleasanton, CA, USA). 

2.9. Internalization of EVs by peripheral blood leukocytes 

Frozen suspensions of EVs (200 μL) were brought to a volume of 1 mL with filtered DPBS, stained with 0.5 μl of CFSE (5 μM), and 
incubated for 10 min at 37 ◦C. Then, 100 μl of filtered iFBS were added and the incubation was prolonged for another 5 min. Afterward, 
EVs were centrifuged at 17,000×g for 1 h, and the supernatants were discarded. Then, to remove the excess CFSE dye, EVs were 
incubated with 1 mL of RPMI supplemented with 10 % filtered iFBS for 40 min, and then centrifuged at 17,000×g for 1 h. A 10 μl 
aliquot of the CFSE-stained EVs was used for direct counting on the CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA). 

EDTA-anticoagulated peripheral blood (25 μL) from healthy volunteers was diluted with 300 μl of RPMI in 12 × 75 mm poly-
ethylene tubes and incubated for 1 h with different concentrations of CFSE-stained EVs (0.75 × 106, 2.25 × 106 and 3.75 × 106). Anti- 
CD45-PeCy7 was then added to stain the leukocytes. Events were acquired on the BD LSRFortessa™ flow cytometer by setting a 
threshold based on the FSC-H and CD45-PeCy7 fluorescence signals. A first acquisition was performed to assess the percentage of cells 
bound to EVs or that had internalized EVs. Subsequently, leukocyte fluorescence corresponding to membrane-bound EVs was 
quenched by adding trypan blue at a final concentration of 0.3 % v/v [50]. A second acquisition was then performed to assess only the 
percentage of leukocytes that had ingested EVs. 

2.10. Neutrophil isolation and ROS production 

Neutrophils were isolated through density gradients following the protocol of Kuhns et al. [51]. Briefly, neutrophils (2 × 105 

cells/300 μL) were deposited into 12 mm × 75 mm polyethylene tubes containing RPMI 1640 and stained with DHR123, at a final 
concentration of 5 nM, and incubated at 37 ◦C in a water bath for 10 min. Subsequently, cells were exposed to 1.75 × 106 L-EVs and 
M-EVs for 40 m at 37 ◦C. After incubation, neutrophils were stimulated with PMA, at a final concentration of 10 ng/mL, for 10 min. 
Cells were acquired on a BD LSRFortessa™ cell flow cytometer [52]. 

2.11. T-cell activation and proliferation 

PBMCs were stained with 1 μL of CFSE (5 μM) in 10 mL of PBS and incubated for 20 min at 37 ◦C and 5 % CO2. Subsequently, they 
were centrifuged at 600×g for 10 min, and the supernatant was removed. Next, cells were incubated with RPMI supplemented with 10 
% iFBS for 40 m at 37 ◦C and 5 % CO2 to eliminate the excess CFSE dye. CFSE-stained PBMCs (1 × 105 cells per well in 200 μl of RPMI 
1640 supplemented with 5 % v/v iFBS) were then seeded in 96-well cell culture plates. Cell proliferation was induced with 4 % v/v 
PHA (0.1 mg/mL) in the presence of 1.25 × 106 L-EVs and M-EVs released under treatment with jakinibs. After 6 h of PHA stimulation, 
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supernatants were collected to quantify cytokines, and incubation went on to complete 96 h at 37 ◦C and 5 % CO2. Cells were finally 
stained with Life/Death-Vioblue to exclude dead cells and were labeled with fluorescent anti-CD69-PE, anti-CD25-Pe-Cy5, anti-CD8- 
PeCy5, and anti-CD3-PeCy7 mAbs. Cells were acquired on a BD LSRFortessa™ cell flow cytometer. 

2.12. Quantification of cytokines 

The levels of IL-2, MIP-1α, MIP-1β, IP-10, IL-1β, RANTES, IL-4, MCP-1, VEGF, IL-17, IL-10, IL-1Rα, IL-8, and TNF-α in cell culture 
supernatants were quantified by flow cytometry using the Luminex® 200™ system and the xPONENT® software following the 
manufacturer’s instructions. 

2.13. Platelet aggregation 

Citrate-anticoagulated peripheral blood samples drawn from healthy individuals were centrifuged at 1800×g for 140 min to obtain 
platelet-rich plasma (PRP). PRP samples (50 μL) were mixed with EV suspensions (30 μL) in cuvettes maintained at 37 ◦C and stirred at 
600 rpm in a Lumi-Aggregometer PAP-8E (Sentinel Diagnostics, MI, Italy); measurements were recorded every 8 min. 

2.14. Analysis of fatty acids 

2.14.1. Fatty acid extraction 
The isolated EVs were resuspended in 1.7 mL of CHCl3:CH3OH (2:1 v/v) and vortexed vigorously for 2 min. Then, 0.650 mL of 

CHCl3 were added, followed by vortexing for 1 min. Subsequently, 650 μL of 0.8 % (w/v) KCl in saline was added followed by vortexing 
for 1 min. The samples were centrifuged at 1800×g for 5 min at 4 ◦C to collect the organic phase; this procedure was repeated once 
more. The collected organic phases were mixed, and frozen at − 20 ◦C until derivatization [53]. 

2.14.2. Fatty acid methyl ester derivatization 
Samples containing FAs were dried under nitrogen and methylated as described elsewhere [54]. Briefly, the carboxylic acids were 

esterified as follows: MeOH/NaOH refluxed at 90 ◦C for 7 min, boron trifluoride CH3OH (catalyst) refluxed for 2 min, heptane (1 mL) 
refluxed for 1 min, followed by washing with saturated NaCl solution and extraction of the product in heptane into glass stoppered 
vials. Finally, samples containing the fatty acid methyl esters (FAMEs) were loaded on the gas chromatograph system (Agilent; Santa 
Clara, CA, USA) for analysis. 

2.14.3. Gas chromatography. Standard addition method 
Two microliters of each sample were mixed with internal standards (C19 or AA) and injected into the gas chromatograph. A FAME 

column (FAMEs model jiwdb23; Agilent) and hydrogen gas were used. Chromatographic conditions were as follows: Inlet gas flow rate 
of 40 mL/min; injector temperature of 220 ◦C, detector temperature of 240 ◦C, and column pressure of 23.04 psi. A split injection was 
carried out without automated sampling, and the temperature ramp for FAMEs separation comprised an initial column temperature of 
200 ◦C for 10 min which was then increased at a rate of 20 ◦C/min to 220 ◦C. 

2.14.4. Arachidonic acid quantification 
Culture media samples and EV-derived lysates obtained after thawing were centrifuged at 20,000×g for 10 min at 4 ◦C. Then, 

supernatants were collected for AA quantification using an ELISA KIT (Abcam, Cambridge, UK), following the manufacturer’s in-
structions. The kit was supplied with anti-AA-biotin mAb, streptavidin-HRP conjugate, H2O2/tetramethylbenzidine (TMBS), and acid 
to stop the enzymatic reaction. Abs450nm was determined in a spectrophotometer (Multiskan SkyHigh Microplate Spectrophotometer 
(Thermo Fisher Scientific Inc., Waltham, MA) immediately after incubation at 37 ◦C for 10 min. Each sample was analyzed in triplicate. 

2.15. Experimental design and statistics 

Experimental design. First, the doses of jakinibs to be used in the experimental assays were optimized according to their effects on 
the surface HLA-DR expression and STAT-1 phosphorylation in IFN-γ-stimulated monocytes. Next, U937 (myeloid) and Jurkat 
(lymphoid) cells were used as a primary source of EVs. Additionally, for comparison with primary cells, EVs were isolated from CD3+ T 
cells and CD14+ monocytes electromagnetically sorted and exposed to optimized doses of jakinibs. All these EVs were then charac-
terized by DLS, TEM, FA content by GC-FAME, and flow cytometry (Supplementary Figure S1). Once identified as EVs, the isolated 
vesicles were labeled with CFSE and co-incubated with human peripheral blood to study their uptake by different leukocyte subsets. 
Subsequently, the effects of EVs on neutrophil (ROS production), T cells (activation, proliferation, and cytokine synthesis), and 
platelets (aggregation) were evaluated. Finally, the significant effects exerted by EVs were confirmed in assays with isolated lym-
phocytes or monocytes to define activities associated explicitly with myeloid or lymphoid cell populations. 

Statistics. The sample size was calculated based on previously published data [55]. Normality and homogeneity of variances were 
determined for each set of experiments. All experimental data failed the Shapiro-Wilk test for normality. Therefore, Kruskal-Wallis 
one-way ANOVA or two-way ANOVA was used to determine significant differences between independent groups. Dunn’s and Bon-
ferroni’s tests were applied as post hoc tests for multiple comparisons. The Wilcoxon test was run to compare paired data. Statistical 
significance was set at critical values of *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. Analyses were run on GraphPad Prism version 8.0 
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(GraphPad Software Inc., San Diego, CA, USA) and STATGRAPHICS Centurion XVI, version 16.1.18 (Statistical Graphics Corporation, 
Rockville, MD, USA) software. Flow cytometry data were analyzed using the FlowJo™ version 10.1. software (BD Life Science, 
Ashland, OR, USA). 

3. RESULTS 

3.1. Non-cytotoxic concentrations of jakinibs inhibited IFN-γ-induced STAT1 activation 

We selected the minimum non-cytotoxic concentrations of jakinibs and control inhibitors (AG126 and AG490) according to PBMC 
viability data published in the literature [56–58], as follows: 200 nM for BARI, 12.5 μM for AG126, and 25 μM for AG490 and ITA. 
PBMCs exposed to these doses of inhibitors for 24 h showed more than 70 % of DIOC6high cells and less than 20 % DIOC6low cells 
(Supplementary Fig. S2) [56–58]. 

Then, the impact of non-cytotoxic doses of jakinibs on STAT1 phosphorylation (pY701) in IFN-γ-stimulated monocytes was 
analyzed. This assay was intended to assess whether the selected doses of jakinibs could altered the STAT1 signaling pathway as 
expected, and the generation of EVs. Plastic adherent monocytes were pre-treated with 200 nM BARI and 25 μM ITA for 1 h before IFN- 
γ stimulation. STAT1 (pY701) was not diminished in the presence of AG126 or AG490 (Fig. 1A and B), but it was significantly reduced 
in monocytes exposed to either jakinib (Fig. 1C, D and E, *p < 0.05). 

The up-regulation of the HLA-DR expression in response to IFN-γ depends on the JAK-STAT1 signaling pathway and is a well- 
known phenomenon. In the present study, the activity of the selected doses of jakinibs was also evaluated by analyzing the HLA- 
DR expression on peripheral blood monocytes stimulated with IFN-γ. In Fig. 2A, the gating strategy is depicted for delineating 
HLA-DR expression on viable (PI-), single monocytes (CD14+). The HLA-DR expression on monocytes exposed to DMSO was signif-
icantly decreased in the presence of ITA (p < 0.01), AG126 (p < 0.001), and AG490 (p < 0.05), regardless of IFN-γ stimulation. 
However, this effect was not observed in the presence of BARI (Fig. 2B). Cell viability after experimental interventions exceeded 95 % 
in all cases (Fig. 2C). In conclusion, low, non-cytotoxic concentrations of ITA and BARI effectively inhibit the JAK-STAT1 signaling 
pathway in IFN-γ-stimulated monocytes isolated from peripheral blood. 

3.2. U937 and Jurkat cells treated with jakinibs released heterogeneous-sized EVs 

To address the challenge of limited EV recovery from peripheral blood monocytes (EV-M) and lymphocytes (EV-L) and for opti-
mizing the control of the experimental setting, U937 and Jurkat cells were selected as alternative sources of EVs. These cell lines were 

Fig. 1. Inhibition of STAT1 phosphorylation in monocytes by non-cytotoxic concentrations of jakinibs. Monocytes isolated by adherence to 
plastic were pre-treated with 12.5 μM AG126 (A), 25 μM AG490 (B), 200 nM bariticinib (C), and 25 μM itacitinib (D) for 1 h and then stimulated 
with IFN-γ for 10 min. STAT1 phosphorylation was assessed by flow cytometry using anti-STAT1 (pY701)-Alexa Fluor®647 mAb. p < 0.05; **p <
0.01; ***p < 0.001 correspond to differences when compared to IFN-γ-stimulated cells (E). Representative histograms of one experiment. The dot 
plot chart shows the median MFI ± IQR of STAT1 (pY701). n = 3 independent experiments. 
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also valuable controls to define whether the release of EVs in the presence of jakinibs could be attributed to the inhibitors themselves or 
whether it was a phenomenon inherent to the cell source. 

To ensure that EVs released from jakinib-treated U937 cells (BARI-U-EVs and ITA-U-EVs) and jakinib-treated Jurkat cells (BARI-J- 
EVs and ITA-J-EVs) did not come from apoptotic bodies, cell viability and apoptosis were evaluated. U937 and Jurkat cells were 
exposed to ITA, BARI, and DMSO (vehicle control) for 24 h, stained with PI, and analyzed by. flow cytometry (data not shown). Cell 
viability remained consistently above 95 %, and no evidence of DNA fragmentation was observed. 

The isolated EVs were characterized by different methods. First, DLS measurements were used to calculate the size and PDI of U-EVs 
and J-EVs. The size of both types of vesicles showed a normal distribution but varied as a function of the jakinib treatment. ITA-J-EVs 
(mean diameter = 455 ± 111 nm; PDI = 0.06) were smaller than J-EVs released in the presence of DMSO (DMSO-J-EVs) and BARI 
(BARI-J-EVs) (mean diameter = 583 ± 137 nm; PDI = 0.05) (Fig. 3A). The calculated PDI values (less than 0.1) indicated that all the 
EVs isolated had a narrow unimodal size distribution. 

On the other hand, EVs released from U937 cells cultured in RPMI exposed to DMSO or BARI showed a bimodal size distribution. U- 
EVs derived from cell cultures exposed to DMSO or BARI included small particles with mean diameters of 444 ± 180 nm and 425 ±
170 nm, respectively, and large particles with mean diameters of 1976 ± 719 nm and 2105 ± 742 nm, respectively. Interestingly, ITA 
treatment induced U-EVs with a unimodal size distribution (821 ± 543 nm; PDI = 0.44) (Fig. 3B). The size of all isolated EVs pop-
ulations was corroborated by TEM (Fig. 3C). 

3.3. Jakinibs do not alter protein expression on the surface of EVs 

Janus kinase-dependent signaling pathways are known to modulate the surface expression of several cellular receptors. Therefore, 
cells exposed to jakinibs are expected to release EVs phenotypically different from those generated from cells not exposed to any 
treatment. 

Fig. 2. Inhibition of HLA-DR expression on monocytes by non-cytotoxic concentrations of jakinibs. Human PBMCs were pre-treated with 
200 nM baricitinib, 12.5 μM AG126, 25 μM AG490 and 25 μM itacitinib for 1 h, and then stimulated with IFN-γ for 24 h. Cells were stained with PI, 
anti-HLA-DR-APC-CY7, anti-CD19-V450, and anti-CD14-RD1 mAbs. A. Gating strategy for CD14+ cells (monocytes), and representative histograms 
of HLA-DR expression in monocytes cultured with and without IFN-γ. B. The bar chart represents the mean % ± 95%CI of HLA-DR MFI on 
monocytes relative to HLA-DR MIF in DMSO controls. Overton subtractions were performed to evaluate differences between treatments C. The bar 
chart represents the mean % ± SEM of cell viability relative to DMSO controls after 24 h-incubation with or without IFN-γ evaluated by PI exclusion 
and flow cytometry. *p < 0.05; **p < 0.01; ***p < 0.001 differences when compared to control without IFN-γ. Two-way ANOVA and post hoc 
Bonferroni’s tests n = 3 independent experiments. 
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Cytometry analyses showed that the surface expression of CD45+, CD4+, CD3+, CD14+, and HLA-DR were similar in EVs isolated 
from all sources. Moreover, the presence of HMGB1 on the vesicle surface and the exposure of phosphatidylserine on the outer leaflet of 
the vesicle membrane were evaluated by labeling with anti-HMGB1-APC mAb and Annexin V, respectively, and flow cytometry. These 
surface markers were evaluated for their involvement in the immunogenicity of EVs and their potential as biomarkers to monitor 
treatment outcomes. HMGB1 was not detected in any group of EVs. Supplementary Fig. S3 shows those ones isolated from primary 
cells. 

3.4. ITA-U-EVS were mainly ingested by circulating phagocytes 

Since EVs can target different target cells and induce diverse effects on them, the interaction between EVs and peripheral blood 
leukocytes was assessed. The binding and uptake of EVs by circulating leukocytes were evaluated by flow cytometry after incubating 
CD45-PeCy7-labeled-blood samples with increasing concentrations of CFSE-labeled EVs released from Jurkat and U937 cells previ-
ously exposed to DMSO, ITA, and BARI. CFSE + leukocytes corresponded to those that could bind or internalize EVs. After the addition 
of trypan blue to quench CFSE fluorescence on the leukocyte membrane, fluorescent signals corresponded only to internalized EVs. 

A dose-dependent effect was evident in the internalization of J-EVs and U-EVs by neutrophils (Fig. 4A), lymphocytes, and 
monocytes (data not shown). It is noteworthy that EVs binding was a saturable process; therefore, the proportion of cells able to 
internalize EVs at the two highest concentrations of EVs were very similar. 

Supplementary Figs. S4A and S4B show the consolidated percentages of leukocytes that internalized J-EVs and U-EVs released from 
cell cultures exposed to DMSO, ITA, and BARI. When blood samples were incubated with 3.75 × 106 EVs, 60 % of neutrophils, 50 % of 
monocytes, and 10 % of lymphocytes were observed to internalize vesicles regardless of their cellular origin. Thus, the cellular source 
of EVs did not affect the ability of circulating leukocytes to internalize them. 

The effect of jakinibs on EV uptake by leukocytes was assessed in cultures of blood samples co-incubated with 0.75 × 106 J-EVs and 
U-EVs released from cultures previously exposed to DMSO, ITA, and BARI. The internalization of BARI-, ITA-, and DMSO-J-EVs by 
circulating leukocytes (neutrophils, monocytes, and lymphocytes) were similar (Fig. 4B and C). Furthermore, there were no significant 
changes or evidence of a distinct pattern in J-EVs internalization as a function of the jakinib used. Therefore, jakinibs were concluded 
not to significantly affect J-EV uptake by neutrophils, lymphocytes, or monocytes. 

On the other hand, DMSO-U-EVs were ingested by a median of 10 % of neutrophils, 5 % of lymphocytes, and 20 % of monocytes; 
similar results were observed for BARI-U-EVs (Fig. 4D). Interestingly, higher percentages of leukocytes, i.e., 30 % of neutrophils, 10 % 
of lymphocytes, and 35 % of monocytes were able to ingest ITA-U-EVs (Fig. 4E). Thus, ITA-U-EVs were internalized approximately 
twice as much as DMSO-U-EVs (Fig. 4D and E). 

Neutrophils and monocytes showed the highest EV ingestion capacity. Moreover, greater internalization (not significant) of EVs by 

Fig. 3. Size of extracellular vesicles derived from Jurkat and U937 cells treated with jakinibs. Extracellular vesicles were isolated from Jurkat 
(A) and U937 (B) cells cultured in the presence of 200 nM baricitinib (BARI), 25 μM itacitinib (ITA), or 0.5 % DMSO (vehicle control) for 24 h. The 
absolute sizes of EVs were determined by dynamic light scattering. C. EVs were negatively stained and analyzed under TEM. Images captured by 
UltraScan ®1000XP camera. Particle diameters are shown; n = 1 independent experiment. 
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each leukocyte subset (monocytes, lymphocytes, and granulocytes) due to the interaction of two critical factors, cell source and 
treatment, was observed. Given that only the internalization of the ITA-U-EVs was superior to that of DMSO-U-EVs, BARI-U-EVs, and 
any type of J-EVs, it is possible to conclude that ITA-U-EVs have characteristics that favored their uptake by circulating leukocytes. 

3.5. Human monocyte-derived EVs attenuated neutrophil ROS production 

Considering the ability of EVs to target various cell types and to elicit various effects, the interaction between EVs and human 
peripheral blood leukocytes was evaluated. 

Since neutrophils internalized J-EVs and U-EVs to a greater extent than lymphocytes and monocytes, the impact of EV uptake on the 
neutrophil respiratory burst was assessed. Thus, neutrophils previously exposed to L-EVs and M-EVs were stimulated with PMA and 
incubated with DHR123 to evaluate the respiratory burst by flow cytometry. Notably, neither L-EVs nor M-EVs induced respiratory 

Fig. 4. Peripheral blood leukocytes internalize extracellular vesicles derived from lymphoid and monocytic cell lines. Whole blood samples 
(187.500 cells approximately) from healthy volunteers were stained with CD45-PeCy7 and incubated with different concentrations of CFSE-labeled 
EVs released from Jurkat and U937 cells exposed to 0.5 % DMSO, 200 nM bariticinib o 25 μM itacitinib for 24 h. Leukocyte (CD45+ cells) were 
further discriminated by granularity (SSC–H) to calculate the percentage of CFSE-EV+-neutrophils, -lymphocytes, and -monocytes after quenching 
the CFSE fluorescence on the cell surface with trypan blue. A. Representative dot plots of DMSO-U-EVs and ITA-U-EVs uptake by neutrophils. 
Internalization of J-EVs (B, C) and U-EVs (D, E) by neutrophils, lymphocytes, and monocytes following exposure to baricitinib (B, D) or itacitinib 
(C, D). Wilcoxon text for paired groups; n = 3 independent experiments. J: Jurkat, U: U937. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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Fig. 5. Effect of extracellular vesicles derived from lymphocytes and monocytes treated with jakinibs on platelet aggregation. Platelet rich 
plasma samples were exposed to A. J-EVs, B. L-EVs, C. M-EVs and D. U-EVs released in the presence of 0.5 % DMSO, 200 nM bariticinib, and 25 μM 
itacitinib (100 cells: 1250 EVs). After 8 m, percentages of light transmission were measured. Lines represent median ± IQR. *p < 0.05; **p < 0.01; 
***p < 0.001; Kruskal Wallis and post-hoc Dunn’s tests; n = 5 independent experiments. J: Jurkat, L: Lymphocytes, M: Monocytes, U: U937. 
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Fig. 6. Effect of extracellular vesicles derived from lymphocytes and monocytes treated with jakinibs on cytokine accumulation in PHA- 
stimulated PBMC cultures. 1 × 105 CFS-labeled PBMCs from healthy donors were stimulated with 4 % v/v PHA (0.1 mg/ml) in the presence of 
autologous L-EVs (n = 3) and M-EVs (n = 5) released under treatment with 0.5 % DMSO, 25 μM itacitinib, and 200 nM bariticinib (100 cells: 1250 
EVs). Culture supernatants were collected at 6 h and levels of cytokine were quantified by Luminex®Multiplex Assay. A. Heat map representing the 
accumulation of cytokines in every experimental condition. B. Bar charts represent concentration (median ± IQR) of IL-8, C. MIP-1β, D. MCP-1, E. 
IP-10, F. IL-1Ra, G. IL-2, H. MIP-1α, and I. TNF-α. *p < 0.05; **p < 0.01; ***p < 0.001; two-way ANOVA and Bonferroni post-hoc tests. CN: 
negative control, CFSE: CFSE control without stimulus. 
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burst in neutrophils (Supplementary Figs. S5A, S5B, and S5D). Furthermore, PMA-induced ROS production remained relatively un-
altered in neutrophils previously exposed to DMSO-L-EVs (119 %) or ITA-L-EVs (109 %). However, a non-significant decrease was 
observed in the presence of BARI-L-EVs (87 %) (Fig. S5C). Similarly, PMA-induced ROS production showed a non-significant decrease 
in the presence of DMSO-M-EVs (60 %), BARI-M-EVs (83 %), and ITA-M-EVs (41 %) (Supplementary Fig. S5E). Collectively, these data 
indicated that M-EVs can attenuate the neutrophil respiratory burst more than L-EVs (Supplementary Figs. S5C and S5E), suggesting 
that the cellular source of EVs may modulate ROS generation. In addition, ITA-M-EVs were more effective in suppressing the neutrophil 
respiratory burst than DMSO-M-EVs and BARI-M-EVs. Similarly, in two out of three experiments, BARI-L-EVs reduced neutrophil 
respiratory burst more than DMSO-L-EVs and ITA-L-EVs. In summary, the cellular origin and culture conditions under which EVs are 
released confer specific characteristics that contribute to attenuating the neutrophil respiratory burst. 

3.6. M-EVs released in the presence of jakinibs tend to modulate T-cell proliferation 

Considering the ability of lymphocytes to bind and internalize EVs, the impact of these vesicles on lymphocyte functionality, 
particularly on PHA-stimulated T-cells, was evaluated. CFSE-labeled PBMCs were stimulated with PHA and exposed to autologous EVs 
released from highly purified lymphocytes and monocytes cultured in the presence of the jakinibs. 

T-cell proliferation in PHA-stimulated cultures exposed to DMSO-L-EVs and DMSO-M-EVs was set as 100 %. Notably, L-EVs had no 
discernible effect on CD4+ or CD8+ T-cell proliferation (Supplementary Fig. S6A). In contrast, ITA-M-EVs induced a non-significant 
decrease in CD3+ (up to 75 %), CD4+ (up to 85 %), and CD8+ (up to 90 %) T-cell proliferation (Supplementary Fig. S6B). Interest-
ingly, increased T-cell proliferation (110 % for CD4+ T-cells and 130 % for CD8+ T-cells) was observed in the presence of BARI-M-EVs. 
These findings indicated a likely differential immunomodulatory effect of EVs on T-cell functionality, influenced by the cellular source 
of EVs and the presence of jakinibs during vesicle generation. 

To rule out the possibility that the effects attributed to vesicles were due to residual concentrations of jakinibs in the vesicle 
suspensions, EVs were thoroughly washed with filtered RPMI to reduce the concentration of inhibitors by tenfold compared to vesicle 
preparations (25 μM ITA and 200 nM BARI). Additional proliferation assays were then carried out with PHA-stimulated PBMCs 
exposed to these lower inhibitor concentrations. Linear regression analyses were done to assess dose-dependent effects. The slopes of 
the regression lines were not statistically different from zero for both ITA (p = 0.3316) and BARI (p = 0.1856) (Supplementary Fig. S7 
A and B). These findings confirmed that the modulation of T-cell proliferation observed in the presence of EVs, could undoubtedly be 
attributed to EVs and not to residual jakinibs present in vesicle suspensions. 

In addition, we evaluated the expression of CD69 and CD25 on T-cells in PHA-stimulated PBMC cultures exposed to different types 
of EVs for 96 h. The MFI values of CD69 and CD25 of cultures exposed to DMSO-L-EVs and DMSO-M-EVs were set as 100 % marker 
expression. These vesicles did not significantly alter CD69 or CD25 expression on T-cells compared to PHA-stimulated control cultures 
(Supplementary Figs. S6A and S6B). However, a non-significant decrease in CD25 expression was observed in the presence of ITA-L- 
EVs (68 %) and ITA-M-EVs (56 %) (Supplementary Figs. S6A and S6B), possibly related to the lower T-cell proliferation observed in 
cultures exposed to these EVs. In contrast, BARI-M-EVs induced higher expression of CD25 (29 %) compared to DMSO-M-EVs (Sup-
plementary Fig. S6B), consistent with the increased proliferation of CD3+, CD4+, and CD8+ T-cells in the presence of these type of 
vesicles. 

3.7. Extracellular vesicles derived from lymphocytes and monocytes treated with itacitinib promote platelet aggregation 

PRP samples were exposed to L-EVs, J-EVs, M-EVs, and U-EVs generated in the presence of DMSO, BARI, and ITA to evaluate their 
impact on platelet aggregation by LTA. Compared with control DMSO-EVs, platelet aggregation increased significantly in the presence 
of ITA-J-EVs (p < 0.001, Fig. 5A), ITA-L-EVs (p < 0.01, Fig. 5B), ITA-M-EVs (p < 0.001, Fig. 5C), and ITA-U-EVs (p < 0.001, Fig. 5D). 

A slight increase in platelet aggregation was also observed in PRP samples exposed to BARI-L-EVs (30 %) and BARI-M-EVs (40 %) 
(Fig. 5B and C) compared with DMSO-EVs. Importantly, neither BARI nor ITA directly affected platelet aggregation, as their percent 
light transmission values resembled those of DMSO controls (data not shown). 

Furthermore, EVs derived from monocytic cells exposed to jakinibs, ITA-U-EVs and ITA-M-EVs, displayed a greater capacity to 
activate platelet aggregation, reaching 70 % and 90 % values, respectively, compared with 50 % and 70 % when exposed to lymphoid 
cells, ITA-J-EVs and ITA-L-EVs, respectively. Although the type of jakinib was the primary factor influencing platelet aggregation, the 
cell source of EVs also played a role, albeit no significant interaction between the two factors was observed. 

3.8. Extracellular vesicles derived from lymphocytes and monocytes treated with jakinibs modulate cytokine accumulation in PHA- 
stimulated PBMC cultures 

The effect of EVs generated in the presence of jakinibs on the immune response was evaluated by quantifying cytokines accu-
mulated in PHA-stimulated PBMC cultures. For this purpose, CFSE-labeled PBMC were stimulated with PHA (0.1 mg/ml) and exposed 
to autologous EVs generated in the presence of DMSO, BARI, and ITA. The levels of pro- and anti-inflammatory cytokines in super-
natants collected 6 h after PHA treatment and exposure to the different autologous EVs were determined by Luminex assays. 
Interleukin-10, IL-1β, IL-17, IL-4, RANTES, and VEGF levels remained similar in cultures incubated with EVs, regardless of their 
cellular origin or the specific jakinib used (Fig. 6A). Thus, neither the cellular origin of EVs nor the jakinib selected had an apparent 
impact on the synthesis of these cytokines. 

In contrast, the levels of other cytokines (IL-8, MIP-1β, MCP-1, IP-10, IL-2, MIP-1α, and TNFα) increased in PHA-stimulated PBMC 
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cultures not exposed to EVs. However, the presence of any type of EVs resulted in a decreased level of these cytokines. In particular, IL- 
8 levels diminished in the presence of L-EVs (p < 0.001) and M-EVs (p < 0.001), regardless of the cellular source or the jakinib used 
(Fig. 6A and B). MIP-1β was significantly decreased by 95 % in the presence of L-EVs (p < 0.01) and by 70 % with M-EVs (p < 0.001) 
(Fig. 6C). Similar trends were observed for MCP-1 and IP-10 in cultures exposed to L-EVs (p < 0.001) and M-EVs (p < 0.01) (Fig. 6E). 
Furthermore, IL-2 was significantly reduced in the presence of L-EVs (p < 0.001) and more prominently in the case of M-EVs (p <
0.001) (Fig. 6F), suggesting that the cellular source of EVs had a more pronounced modulatory effect on MCP-1 (Fig. 6D), IP10 
(Fig. 6E), and IL-2 levels than the jakinib used during EV generation. 

On the other hand, IL-1Ra levels did not increase in PHA-stimulated PBMC cultures but increased in response to L-EVs (p < 0.001) 
and M-EVs (p < 0.001) (Fig. 6G). Indeed, DMSO-L-EVs, BARI-L-EVs, and ITA-L-EVs induced IL-1Ra accumulation to a greater extent 
than their monocytic counterparts (p < 0.05; Fig. 6G). In contrast, MIP-1α and TNF-α levels were modulated by EVs in a manner 
dependent on their cellular origin and the specific jakinib present during their generation. Lymphocyte-derived EVs displayed a more 
pronounced effect on MIP-1α and TNFα levels than M-EVs. MIP-1α concentrations decreased in the presence of L-EVs (p < 0.001) and 
M-EVs (p < 0.01) (Fig. 6H). Similarly, TNF-α levels decreased in cultures exposed to L-EVs (p < 0.001) and, to a lesser extent, to M-EVs, 
except in the case of DMSO-M-EVs, which significantly reduced the levels of this cytokine (Fig. 6I). 

Additionally, MIP-1α levels were significantly reduced in the presence of DMSO-M-EVs (p < 0.001) and BARI-M-EVs (p < 0.01), in 
comparison with ITA-M-EVs (Fig. 6H). In contrast, TNF-α levels were 10-fold higher in the presence of ITA-M-EVs when compared with 
DMSO-M-EVs (p < 0.001), BARI-M-EVs (p < 0.001), and ITA-L-EVs (p < 0.001) (Fig. 6I). These findings highlighted that the cellular 

Fig. 7. Fatty acid profile of extracellular vesicles derived from lymphocytes and monocytes treated with jakinibs. Extracellular vesicles 
were isolated from sorted monocytes and lymphocytes cultured in the presence of 0.5 % DMSO, 200 nM bariticinib, 25 μM itacitinib. A. The heat 
map represents the fatty acid composition and the fatty acid saturation index of the EVs. Bar charts represent the median ± IQR percentages of 
myristate (B), arachidonate (C), arachidonate detected by ELISA (D) and the fatty acid saturation index of the EVs (E). *p < 0.05; **p < 0.01; ***p 
< 0.001; Kruskal-Wallis and post-hoc Dunn’s tests. L-EVs: n = 3 independent experiments. M-EVs: n = 5 independent experiments. L-EVs: 
lymhocyte-derived EVs M-EVs: monocyte-derived EVs. 
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origin of EVs and the specific jakinib present during their generation had a significant role in the modulatory effect of EVs on MIP-1α 
and TNF-α levels. 

3.9. Jakinibs modulate the fatty acid content of extracellular vesicles 

Fatty acids are structural components of cell membranes and have functional roles in cell signaling. The FA composition of EVs can 
influence their biological functions. Specific FA are involved in the regulation of inflammation, immune responses, and other bio-
logical processes. Studying the FA profile of EVs, provides researchers with insights into the potential functional roles of these vesicles 
in various physiological and pathological contexts. 

The FA profile of EVs, generated under different experimental conditions, was analyzed by FAME derivatization followed by GC. 
The heat map (Fig. 7A) shows the variation of the FA content of EVs as a function of cell lineage and jakinib present during their 
generation. M-EVs were found to contain a significantly higher proportion of myristate compared with L-EVs (p < 0.011), as depicted 
in Fig. 7B. Furthermore, ITA-M-EVs exhibited a significantly higher arachidonate content than DMSO-M-EVs (p < 0.001) and BARI-M- 
EVs (p < 0.001), as shown in Fig. 7C. Although not statistically significant, a trend towards increased arachidonate content was 
observed in ITA-L-EVs than in DMSO-L-EVs (Fig. 7C). 

Additionally, a commercial ELISA kit was used to determine the concentration of AA in EV-derived lysates, to analyze the EVs’ AA 
content from a different perspective. The AA concentrations of vesicle lysates showed a similar profile to that evidenced through GC- 
FAME, as shown in Fig. 7D. 

Analyses of the fatty acid saturation index (FA-SI) showed a higher proportion of saturated FAs in BARI-M-EVs than in DMSO-M- 
EVs (p < 0.001) and ITA-M-EVs (p < 0.001) (Fig. 7E). Interestingly the SI values for ITA-M-EVs and ITA-L-EVs were slightly lower than 
in their respective DMSO controls. No significant differences were found in the proportions of oleate, palmitate, linoleate, linolenate, 
and laurate in the different EVs (Fig. 7A). 

Additionally, the FA profile was analyzed in EVs isolated by two different methods to evaluate the possible effect of such strategies 
on the features of EVs. For this purpose, U-EVs released in cultures under different treatments were isolated by the standard high-speed 
centrifugation method and a size exclusion chromatography approach. Particles were similar in size as evidenced by the DLS patterns 
(Figs. S8A and S8B), and the FA profiles were analyzed by GC using a FAME column. Although the FA profiles were overall similar, a 
highest variability in arachidonate, palmitate, and oleate amounts was observed when FAs were extracted from EVs using the FAME 
column (Figs. S8C and S8D). 

4. Discussion 

Janus kinase inhibitors are beneficial in treating autoimmune diseases, GVHD [59], and cancer. ITA and BARI, though generally 
well-tolerated, can cause side effects such as thrombosis, lymphocytosis, and neutropenia [20,60–62]. Emerging evidence suggests that 
EVs are crucial in platelet aggregation and coagulation disorders. They can interact directly with platelets, inducing activation and 
aggregation. For instance, EVs released by activated endothelial cells or leukocytes can bind to platelet receptors (P-selectin and 
GPIIb/IIIa), promoting adhesion and aggregation. In addition, EVs can enhance platelet activation by releasing bioactive molecules 
such as tissue factor and arachidonic acid [63]. The present study focused on the immunomodulatory effects of EVs derived from 
myeloid and lymphoid cells exposed to ITA and BARI. 

The cellular uptake of EVs varies according to cell type. EVs generated in the presence of jakinibs, especially lymphoid and 
monocytic origin, are more easily internalized by neutrophils and monocytes due to the specific receptors expressed by these 
phagocytic cells [64,65]. The high phagocytic activity of neutrophils and monocytes, and their role in clearing material released by 
dying cells, contributes to their ability to take up EVs efficiently [66]. In contrast, lymphocytes have a lower EV uptake capacity, which 
is furthermore different between B-cells and T-cells given their differential endocytic activity. Monocytes are the leukocytes with the 
highest EV uptake capacity [67]. Previous research from our group has also found that monocytes ingest EVs more efficiently than 
lymphocytes [68]. Furthermore, evidence support that EV uptake by peripheral blood leukocytes is also affected by the cellular origin 
of the vesicles [65,69]. 

We observed that neutrophils, monocytes, and lymphocytes tend to ingest more ITA-U-EVs than DMSO-U-EVs. This observation 
suggests that the FA composition of the vesicle membranes may influence the mechanisms of their cellular uptake. Some vesicles with 
long-chain polyunsaturated FA may promote their endocytosis through specific receptor-mediated pathways, whereas others may be 
internalized through less regulated processes. The higher proportion of unsaturated FA in M-EVs released under ITA treatment could be 
related to changes in membrane fluidity [70,71]. 

The proportion of unsaturated FAs in EVs might be related to their effect on the respiratory burst of neutrophils. Indeed, ROS 
production decreased when neutrophils were exposed to ITA-M-EVs and DMSO-M-EVs. Moreover, this effect correlated with a lower 
FA-SI and a higher content of unsaturated FA, such as arachidonate (C20:4) and oleate (C18:1) within the vesicles. Furthermore, pre- 
treatment of neutrophils with BARI-L-EVs and ITA-L-EVs resulted in reduced ROS production, consistent with increased oleate, 
linoleate (C18:2), and linolenate (C18:3) content within the vesicles. These findings support previous research on the antioxidant 
properties of polyunsaturated FAs [72–76]. For instance, Richard et al. demonstrated that different FAs could modulate ROS pro-
duction by human aortic epithelial cells. Arachidonate micelles (5 μM) reduced ROS production by 45.6 ± 2 %, whereas oleate and 
linoleate inhibited superoxide anion production by 25.5 ± 3.4 % and 37.4 ± 2.8 %, respectively. Significantly, higher levels of un-
saturated FAs were associated with lower ROS production [72]. Even at a lower concentration (3.3 μM), AA protected embryoid body 
formed from pluripotent stem cells from ROS damage and cell death [75]. 
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Similarly, in murine macrophage cultures, the PMA-induced respiratory burst decreased when the media was supplemented with 
linoleate and linolenate (at a ratio of 10:1 or 1:10) in a dose-dependent manner [73]. These results may be attributed to the mechanism 
described by Massaro et al., suggesting that FA unsaturation was related to inhibition of cytochrome C reduction and, consequently, 
ROS synthesis reduction [74]. Saffaryazdi et al. found that there was a high and positive correlation (Pearson’s correlation coefficient 
analysis) between the amounts of α-linolenic acid and linoleic acid and antioxidant activity assessed by DPPH (2,2-diphenyl-1-pi-
crylhydrazyl) [76]. However, other studies have shown that oleate, linoleate, linolenate, and arachidonate can induce ROS production 
dose-dependently [77,78]. 

It’s important to note that the results concerning the respiratory burst were obtained from experiments with sodium salts of FAs and 
not with EVs containing FAs. Therefore, other factors and interactions may be involved, and some complex aspects remain unknown. 
For instance, in addition to unsaturated FAs, EVs may contain antioxidant agents like SOD2 and catalase [79]. Exosomes derived from 
peroxide-exposed granulocytes have been found to contain elevated levels of Nrf2 and antioxidants such as catalases, peroxiredoxins, 
and thioredoxins [80,81]. All these proteins help mitigate the effects of the respiratory burst. 

We also studied the effect of EVs on PHA-induced T-cell responses. We found no statistically significant reduction in CD3+, CD4+, or 
CD8+ T-cell proliferation in cultures exposed to EVs. Moreover, CD69 expression on T cells remained constant in all treatment groups. 
These findings indicated that the EVs had no inhibitory effects on PHA-induced T-cell activation. 

In contrast, ITA-L/M-EVs appeared to influence CD25 expression. This effect could be related to the high arachidonate content 
within the vesicles. Interestingly, previous experiments with T cells co-cultured with dendritic cells pre-treated with an arachidonate 
ester resulted in reduced T-cell proliferation and lower CD25 expression [82]. These findings are consistent with the reduced IL-2 levels 
detected in cultures exposed to ITA-M-EVs. 

Fatty acids can also influence T-cell proliferation in a dose-dependent manner [83]. Specifically, palmitate, oleate, stearic acid, and 
linoleate have been shown to reduce T-cell proliferation by decreasing IL-2 synthesis [84]. In the present study, we found higher 
concentrations of oleate and linoleate in ITA-L/M-EVs, which showed more potent inhibitory effects on T-cell proliferation. To inhibit 
T-cell proliferation, the concentration of oleate and linoleate apparently should be close to 50 μM. Consequently, it can be deduced that 
EVs do not affect T-cell activation but negatively regulate T-cell proliferation by reducing IL-2 levels and CD25 expression. Of note, in 
addition to FAs, some EVs may contain molecules such as arginase I or FasL that can inhibit T-cell proliferation [37,85]. FasL promotes 
T-cell death, whereas arginase I reduces the expression of the CD3 zeta-chain on T cells, thereby inhibiting their activation [85]. 

Treatment of PHA-stimulated PBMCs with DMSO-L/M-EVs and Jakinib-L/M-EVs significantly reduced significantly the level of 
several pro-inflammatory cytokines, including IL-8, MIP-1β, IL-2, IP-10, MCP-1, and MIP-1α, as shown in Fig. 6. In general, the 
reduction vas more significant in cultures exposed to L-EVs than M-EVs, except for IL-2, which decreased to a greater extent in the 
presence of M-EVs. On the other hand, all types of EVs consistently induced an increased accumulation of the anti-inflammatory 
cytokine IL-1Rα. 

Interestingly, L-EVs were found to reduce the TNF-α levels while simultaneously promoting the accumulation of IL-1Ra. In contrast, 
M-EVs tended to favor an increase in TNF-α and raised IL-1Ra levels, although to a lesser extent than L-EVs. These observations 
suggested that L-EVs have more anti-inflammatory activity than M-EVs. This difference could be attributed to the higher myristate 
content in M-EVs. Notably, the gene expression of TNF-α, MCP-1, and IL-6 was increased in murine 3T3-L1 preadipocytes exposed 6 h 
to 0.5 μM myristate complexed with albumin [86]. Although no previous evidence supports the elevation of MIP-1β, IP-10, and MIP-1α 
levels following myristate exposure, it is plausible to suggest that this FA could be responsible for the increased accumulation of these 
other pro-inflammatory chemokines. Therefore, further studies on myristic acid are warranted. 

Furthermore, it’s worth mentioning that within the M-EV group, BARI/ITA-M-EVs induced a more substantial accumulation of 
MIP-1β, MCP-1, IP-10, MIP-1α, and TNF-α. This observation underscores that the inhibitory effects of these vesicles on the accumu-
lation of pro-inflammatory cytokines are not solely dependent on their cellular origin but are also influenced by jakinib exposure. ITA 
and BARI appear to alter the features of the vesicles, enabling them to modulate cytokine levels in culture. It is essential to remember 
that EVs can exert enhancing and inhibitory effects on cytokine accumulation. These opposing effects could be associated with their 
lipid composition and their cargos [87]. 

Although we have identified variable levels of some cytokines in the supernatants analyzed, probably related to EV-dependent 
modulation, this research can only scratch the surface of their true significance. Cytokines play a critical role in cellular communi-
cation and regulation of immune responses. Normally, when released, cytokines bind to specific receptors on target cells, initiating a 
wide range of cellular reactions [88]. However, it’s essential to consider that, in some cases, cytokines can bind to soluble receptors, 
which can deeply affect immune and inflammatory responses. These effects may include the neutralization of cytokine activity and 
attenuation of the responses they mediate due to the sequestration of cytokines with soluble receptors. This regulatory effect serves as a 
natural feedback mechanism to prevent uncontrolled responses and probably alters the half-life of cytokines [88]. 

When evaluating the effect of EVs on platelets, it was found that ITA-L/M-EVs increased platelet aggregation. This result may be 
associated with vesicles’ higher arachidonate and lower linoleate proportions. Since platelets can endocytose EVs [89,90], the ve-
sicular arachidonate could induce platelet aggregation [40,91]. In fact, at low concentrations (2 μg/mL), arachidonate can induce 
platelet activation and phosphatidylserine exposure and promote a procoagulant state [92]. In addition, cyclooxygenase-1 can convert 
arachidonate into thromboxane A2 (TxA2) [93,94], thus amplifying the vesicular arachidonate effects [95–97]. 

Finally, given the increasing availability of EV isolation methods, we evaluated the variations of some critical parameters of EVs 
isolated by centrifugation and size exclusion chromatography. In particular, the FA profile and the ability to promote platelet ag-
gregation were evaluated. Interestingly, no significant differences attributable to the isolation methods were observed (Supplementary 
Fig. S8). However, it is noteworthy that size exclusion chromatography showed a higher efficiency in the recovery of EVs than the 
centrifugation-based method. 
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In conclusion, this study has provided valuable information on L/M-EVs generated in the presence of Janus kinase inhibitors. The 
lipid composition of these EVs varied depending on their cellular origin and the jakinib used during their generation. They were 
predominantly ingested by neutrophils and showed different effects on peripheral blood cells. ITA-L/M-EVs reduced ROS production 
by PMA-activated neutrophils by a mechanism likely attributable to their higher proportion of unsaturated FAs. Furthermore, ITA-L/ 
M-EVs increased platelet aggregation, an effect that could be related to their high arachidonate content. Additionally, ITA-M-EVs were 
found to contain substantial proportions of oleate and linoleate, both known inhibitors of T-cell proliferation. Surprisingly, L/M-EVs, 
particularly L-EVs, attenuated the levels of pro-inflammatory chemokines and cytokines in PHA-stimulated PBMC cultures. This effect 
is possibly associated with a lower myristate fraction in L-EVs, highlighting the pivotal role of the cellular source of EVs in their 
downstream effects. All these findings underline the complexity of the composition of EVs and their potential impact on immune 
responses and intercellular communication. 

4.1. Perspectives 

This study revealed the complex role of Jakinib-L/M-EVs in intercellular communication and immune responses, suggesting av-
enues for future research: 

Investigating neutrophil-EV interaction: Understanding how neutrophils preferentially uptake Jakinib-L/M-EVs may lead to tar-
geted therapeutic strategies. 

Analyzing the impact of EV lipid composition on immune response: Identifying specific lipids responsible for immune modulation 
may help design lipid-based immunomodulatory therapies. 

Exploring EV-mediated ROS and platelet regulation: Investigating the connections between EV lipid content, neutrophil ROS 
production, and platelet aggregation may have therapeutic implications for inflammatory and thrombotic conditions. 

Studying the effects of oleate and linoleate on T-cell proliferation: Investigating how these ITA-M-EVs lipids influence T-cell 
function could lead to novel immunomodulatory approaches. 

Understanding EV-mediated immune suppression: Investigating the signaling pathways involved in the suppression of pro- 
inflammatory molecules by L/M-EVs could lead to therapies for dampen excessive inflammation. 
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