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Abstract 

Targeting of disease-associated microglia represents a promising therapeutic approach that can be used 

for the prevention or slowing down neurodegeneration. In this regard, the use of extracellular vesicles 

(EVs) represents a promising therapeutic approach. However, the molecular mechanisms by which EVs 

regulate microglial responses remain poorly understood. In the present study, we used EVs derived 

from human oral mucosa stem cells (OMSCs) to investigate the effects on the lipid raft formation and 

the phagocytic response of human microglial cells. Lipid raft labeling with fluorescent cholera toxin 

subunit B conjugates revealed that both EVs and lipopolysaccharide (LPS) by more than 2 times 

increased lipid raft formation in human microglia. By contrast, combined treatment with LPS and EVs 

significantly decreased lipid raft formation indicating possible interference of EVs with the process of 

LPS-induced lipid raft formation. Specific inhibition of Toll-like receptor 4 (TLR4) with anti-TLR4 

antibody as well as inhibition of purinergic P2X4 receptor (P2X4R) with selective antagonist 5-BDBD 

inhibited EVs- and LPS-induced lipid raft formation. Selective blockage of αvβ3/ αvβ5 integrins with 

cilengitide suppressed EV- and LPS-induced lipid raft formation in microglia. Furthermore, inhibition 

of TLR4 and P2X4R prevented EV-induced phagocytic activity of human microglial cells. 

We demonstrate that EVs induce lipid raft formation in human microglia through interaction with 

TLR4, P2X4R, and αVβ3/αVβ5 signaling pathways. Our results provide new insights about the 

molecular mechanisms regulating EV/microglia interactions and could be used for the development of 

new therapeutic strategies against neurological disorders. 
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Introduction 

 

Microglial cells are key regulators of immune homeostasis in the central nervous system (CNS) 

(Augusto-Oliveira, Arrifano et al. 2022). Dysregulation of microglial function has been associated with 

pathogenesis of many neurological disorders, therefore targeting disease-associated microglia 

represents a promising therapeutic approach that can be used for the prevention or slowing down 

neurodegeneration and disease progression  (Ransohoff 2016, Song and Colonna 2018).  

Over the last few years, extracellular vesicles (EVs) attracted a significant interest as a potential 

therapy against various neurological conditions (Jarmalaviciute and Pivoriunas 2016, Wiklander, 

Brennan et al. 2019). EVs have several important advantages over traditional therapies because they 

can cross the blood-brain barrier (BBB) (Alvarez-Erviti, Seow et al. 2011) and also can be delivered 

into the brain by the minimally invasive intranasal routes (Narbute, Pilipenko et al. 2019, Herman, 

Fishel et al. 2021, Li, Wu et al. 2022). Furthermore, EVs can specifically target and accumulate in 

pathologically affected areas of the brain by yet unknown mechanisms (Guo, Perets et al. 2019, Perets, 

Betzer et al. 2019). Several reports demonstrated that EVs can be selectively internalized by the 

microglial cells and suppress activation and secretion of pro-inflammatory cytokines (Long, Upadhya 

et al. 2017, Losurdo, Pedrazzoli et al. 2020). However, the molecular mechanisms by which EVs 

regulate microglial responses still remain poorly understood.  

Recent findings demonstrated a critical role of lipid rafts as a key components during the inflammatory 

response of glial cells (Miller, Navia-Pelaez et al. 2020, Sviridov, Mukhamedova et al. 2020). Lipid 

rafts are plasma membrane microdomains enriched in the sphingolipids, cholesterol, and associated 

proteins (Sezgin, Levental et al. 2017). Different inflammatory stimuli induce rapid enlargement of 

lipid rafts that serve as organizing platforms bringing together important regulators of inflammation 

and initiating an inflammatory response. These so-called inflammarafts are enriched in the innate 

immune receptors TLRs 2 and 4, TREM2, IFNγR, purinergic receptors P2X and P2Y, and integrins 

(Miller, Navia-Pelaez et al. 2020, Sviridov, Mukhamedova et al. 2020). It has been demonstrated that 

TLR4 expressed by the spinal microglia is crucial for the neuroinflammatory sensitization of central 

pain signaling pathways (Miller, Navia-Pelaez et al. 2020). Lipid rafts create a membrane 

microenvironment that supports TLR4 receptor dimerization, a critical step in TLR4 activation 

(Plociennikowska, Hromada-Judycka et al. 2015). Apolipoprotein A-I binding protein (AIBP) removed 

the excess cholesterol from the plasma membrane thereby reducing lipid raft formation and TLR4 



dimerization (Woller, Choi et al. 2018). Intrathecal AIBP injections suppressed TLR4 dimerization, 

neuroinflammation and alleviated neuropathic pain in mice (Woller, Choi et al. 2018).  

Microglial purinergic P2X4 receptors are important regulators for  pain hypersensitivity, phagocytosis, 

and migration (Ohsawa, Irino et al. 2007, Ulmann, Hatcher et al. 2008, Zabala, Vazquez-Villoldo et al. 

2018). Several studies demonstrated that the association of P2X4 and P2X7 receptor complexes with 

lipid rafts was required for the initiation of downstream signaling pathways (Garcia-Marcos, Dehaye et 

al. 2009, Suurvali, Boudinot et al. 2017, Kopp, Krautloher et al. 2019). Stimulation of microglia with 

LPS increased the fraction of the P2X4 receptors at the plasma membrane (Boumechache, Masin et al. 

2009).  

Integrin compartmentalization in lipid rafts is also necessary for proper cell adhesion and signaling 

(Lietha and Izard 2020). Lipid raft-mediated partitioning of activated integrins is important for the 

specific interaction with other signaling proteins (Green, Zheleznyak et al. 1999).   

Our previous findings demonstrate that EVs may act as potent immunomodulators of human microglia 

by suppressing TLR4/ NFκB signaling pathway, promoting phagocytosis, and inducing metabolic 

reprogramming (Jonavice, Tunaitis et al. 2019). More recently we demonstrated that EVs derived from 

the dental pulp of human exfoliated deciduous teeth (SHEDs) induced lipid raft formation in human 

microglia and that this process was dependent on the milk fat globule-epidermal growth factor-VIII 

(MFG-E8) /αVβ3/αVβ5 integrins-dependent mechanisms (Jonavice, Romenskaja et al. 2021). We also 

showed that EVs promoted microglial motility through MFG-E8/P2X4R pathway (Jonavice, 

Romenskaja et al. 2021). However, it was unclear whether and how the process of EV-induced lipid 

raft formation is related to TLR4, P2X4R, and integrin αVβ3/αVβ5 signaling pathways.  

In the present study, we demonstrate that EVs interfere with TLR4 signaling by suppressing LPS-

induced lipid raft formation. We also demonstrate that TLR4, purinergic P2X4R receptor, and integrin 

αVβ3/αVβ5 signaling pathways are necessary for the EV-mediated induction of lipid rafts.  

Our findings could be useful for the development of new therapies targeting disease-associated 

microglia.   

 

 

 

 

 



Materials and methods 

 

Explant cultures  

For primary explant culture, human oral mucosal stem cells (OMSCs) were isolated from three 

retromolar explants of a 24-year-old healthy man, under the permission of the Bioethics committee. 

The biopsy was performed during dental surgery, and the explants were immediately placed in 1 mg/ml 

glucose DMEM medium containing 10% FBS and a triple dose of antibiotics. Each explant was 

transferred to a separate well of a 6-well plate, moistened with 100 μl of low glucose DMEM 

(Biochrom) (1 mg/ml), 10% FBS, and 200 U/ml penicillin, 200 μg/ml streptomycin (all from 

Biochrom, Berlin, Germany), and stored at 37 ºC in a humidified incubator with 5% CO2. After 

adhesion of the explants (approximately 3 to 4 hours), each well was filled with medium. Explants 

were maintained at 37 ºC in a humidified atmosphere with 5% CO2, and the medium was routinely 

changed twice per week. After the appearance of migrating cells, the explants were removed from the 

wells and the medium changed every three days until the cell cultures reached subconfluence. 

Human microglial cell line 

The immortalized (SV40) human microglial cell line was acquired from ABM. Human microglial cells 

were cultured in cell culture flasks coated with 50 μg/ml rat tail collagen I (Gibco) in high glucose 

DMEM (4.5 mg/ml) supplemented with GlutaMAX (Gibco) and 10% FBS (Biochrom) depleted of 

extracellular vesicles (EVs). 

Isolation of extracellular vesicles 

EVs were isolated by differential centrifugation according to Thery et al. with some modifications. All 

centrifugation steps were performed at 4 ºC. Supernatants from OMSCs cultured in FBS medium 

depleted of EVs were successively centrifuged at increasing speeds (300 g for 10 minutes, 2000 g for 

10 minutes, then 20000 g for 30 minutes). The final supernatants were ultracentrifuged at 100000 g for 

70 minutes in a Sorvall LYNX 6000 ultracentrifuge with a T29-8x50 rotor in oak ridge centrifuge tubes 

with caps (all from Thermo Fisher Scientific, Rochester, NY), then the pellets were resuspended in ice-

cold PBS and ultracentrifuged again at 100000 g for 70 minutes at 4ºC. The final pellet of EVs 

(exosomal fraction) was resuspended in filtered ice-cold PBS and stored at -70 ºC.  



Nanoparticle tracking analysis (NTA) was performed using NanoSight LM10 (Malvern Panalytical). 

The NTA analyses revealed that the EV fractions contained vesicles with a size of approximately     

132 nm (Suppl. Fig. 1C). The EV fractions were also positive for the characteristic markers of EVs 

(HSP70, MFG -E8, CD63) (Suppl. Fig. 1B). The yield of EVs obtained from the supernatants of 

OMSCs grown to subconfluence on cell culture flasks (with an area of 37.5 cm2) and conditioned for 

72 hours in high-glucose DMEM containing ultracentrifuged EV-depleted FBS medium was defined as 

one activity unit (1 AU). According to NTA measurements, 1AU of EV contained 3.65 × 108 vesicles.  

Lipid raft labeling 

Lipid raft labeling was performed with the Vybrant® Alexa Fluor® 594 Lipid Raft Labeling Kit 

(Thermo Fisher Scientific) according to the manufacturer's protocol with minimal modifications. After 

all treatments, cells were washed once with complete growth medium and then incubated with 1 µg/ml 

of fluorescent CT-B (cholera toxin subunit B) for 10 minutes at room temperature. CT-B selectively 

binds to ganglioside GM1 specifically enriched in the lipid rafts. After washing three times with PBS, 

the fluorescent CT-B-labeled lipid rafts were cross-linked with the anti-CT-B antibody (200-fold 

dilution in complete growth medium) for 15 minutes at room temperature. Cells were then washed 

three times with PBS and fixed in freshly prepared 4% PFA for 20 minutes at room temperature. Cells 

were washed three times with PBS and mounted on slides with Duolink® PLA mounting medium 

containing DAPI and analyzed using a Leica TCS SP8 confocal microscope (Leica Microsystems, 

Mannheim, Germany). Images were acquired with a 63× oil immersion objective. Quantification was 

performed using Leica Application Suite X (LAS X) software (Leica Microsystems). Mean 

fluorescence intensity values from each field of view were divided by the number of cells detected 

(determined by counting DAPI-stained nuclei). Data was collected from three-four biological replicates 

and quantification was performed in 15-20 fields of view for each experimental group.  

Cell treatments in lipid raft labeling experiments  

Microglial cells were pre-treated with one of the following agents: 

o 5 mM of methyl-β-cyclodextrin (MβCD) (Sigma-Aldrich), lipid raft disrupting agent, for 1 

hour; 

o 0.5 μg/ml anti-TLR4 blocker antibody (Abcam, HT125) for 4 hours; 

o 10 µM 5-BDBD (Tocris Bioscience), P2X4R blocking agent, for 30 min; 

o 10 µM of cilengitide (Sigma-Aldrich), an inhibitor of αvβ3/ αvβ5 integrins, for 2 hours. 



Cells were then exposed to either EVs (1 AU) or 5 μg/ml of LPS for 30 min, or a combination of both 

(5 μg/ml of LPS for 15 min and EVs for another 15 min).  

 

Immunocytochemistry 

Toll-like receptor 4 labeling was performed by immunocytochemistry. Immediately after treatments 

with EVs for 2, 6 and 24 hours, cells were fixed in freshly prepared 4% PFA for 20 minutes at room 

temperature. Then the cells were washed 3 times with PBS and blocked with 1% BSA-PBS solution for 

30 min at room temperature. Afterwards, the cells were incubated at 4 °C overnight with the primary 

antibodies against TLR4 (Novus Biologicals) diluted with a blocking solution in a ratio of 1:200. Next 

day, the cells were washed 3 times with PBS and incubated with the secondary antibodies conjugated 

with Alexa Fluor 488 (1:1000, Thermo Fisher Scientific) diluted in PBS at room temperature, in the 

dark, for 1 hour. Then the cells were washed three times with PBS and mounted on slides with 

Duolink® PLA mounting medium containing DAPI. Prepared samples were analyzed by Leica TCS 

SP8 confocal microscope (Leica Microsystems, Mannheim, Germany). Images were acquired with a 

63× oil immersion objective. Quantification was performed using Leica Application Suite X (LAS X) 

software (Leica Microsystems). Mean fluorescence intensity values from each field of view were 

divided by the number of cells detected (determined by counting DAPI-stained nuclei). Data was 

collected from three biological replicates and quantification was performed in at least 15 fields of view 

for each experimental group. 

 

Transmission electron microscopy  

TEM of EVs was performed according to the previously reported protocol (Thery, Amigorena et al. 

2006) with some modifications. Briefly, EVs in PBS were fixed in 2% paraformaldehyde (PFA) for 40 

min on ice. Formvar-carbon-coated copper grids were floated on a 10-µl drop of the fixed EV 

suspension for 20 minutes at room temperature. Then the grids were washed with PBS and floated on a 

30-µl drop of 1% glutaraldehyde solution for 5 minutes at room temperature. They were then washed 

again eight times by transferring from one drop of distilled water to another. Samples were contrasted 

on 30 µL drops of 2% neutral uranyl acetate for 5 min at room temperature in the dark. Finally, the 

grids were air-dried for 5 min. All incubations were displayed on a Parafilm sheet with the coated sides 

of grids facing to the drop. Samples were analyzed using a transmission electron microscope FEI 

Morgagni 268.  



Protein isolation and western blot analysis   

For total cell lysate preparation, cell monolayers were washed three times with cold PBS, pH 7.3, and 

lysed in Pierce RIPA buffer supplemented with 1× Halt protease inhibitor cocktail for 15 minutes on 

ice. Cells were scraped off, and lysates were transferred to eppendorfs for 10 minutes. Samples were 

centrifuged at 18000 g for 20 minutes at 4ºC. After centrifugation, the supernatants were transferred to 

the new 1.5 ml tubes. For protein isolation from the EVs, we used precipitation with cold acetone. 

Briefly, four volumes of (-20°C) acetone were added to the EV suspension, mixed, and incubated 

overnight at -20°C. The next day, after centrifugation (20000 g for 15 minutes at 4ºC), pellets were 

washed three times with 80 % acetone using the same conditions. Protein concentrations were 

measured using the NanoPhotometer Pearl (Implen, Munchen, Germany). For Western blot analysis, 

cell lysates diluted in Laemmli sample buffer were heated at 95 ºC for 5 minutes. 

Denatured proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) and blotted onto a PVDF membrane in a semidry Trans-Blot Turbo transfer system (Bio-

Rad). Membranes were blocked for 1 hour at room temperature with 5% BSA in PBS containing 0.18% 

Tween-20 (PBS-Tw). Membranes were then probed overnight at 4°C with primary antibodies against 

HSP70 (BD Biosciences), CD63, and MFG-E8 (both from Santa Cruz Biotechnology). 

After washing three times in PBS-Tw, the membranes were incubated with horseradish peroxidase 

(HRP)-conjugated secondary antibody (Thermo Fisher Scientific) for 1 h at room temperature. The 

washing procedure was repeated, and immunoreactive bands were detected with Clarity ECL Western 

blotting substrate (Bio-Rad) using the ChemiDoc MP system (Bio-Rad). 

 

Evaluation of the phagocytic activity of human microglial cells  

Microglial cells were plated on glass coverslips and pre-treated with 10 µM 5-BDBD (Tocris) for 30 

min or 4 hours with 0.5 μg/ml anti-TLR4 antibody (Abcam, HT125).  Afterwards, cells were treated 

with EVs (1 AU) and 2 μl/ml of latex beads (L3030, Sigma-Aldrich-Merck) for 6 hours. Digital images 

of randomly selected fields were acquired with a confocal microscope (Leica SP8, Leica 

Microsystems), and phagocytic activity was calculated according to the following formula: number of 

microglial cells containing engulfed latex beads /total number of cells counted × 100. Internalization of 

phagocytosed material was verified using Z-stacks acquired by confocal microscopy.  

 



Statistical analysis    

Statistical analysis was performed using data from at least three independent biological experiments. 

Plots show the mean and standard error of the mean (SEM). Differences between the groups were 

compared by the one-way ANOVA following Sidak's post-hoc test. Data that failed the Shapiro-Wilk 

normality test were analyzed with non-parametric one-way ANOVA (Kruskal-Wallis one-way analysis 

of variance) following Dunn’s post-hoc test. All results were considered significant when p < 0,05. 

Data was analyzed using Graph Pad Prism® 8.0.1 version software (Graph Pad Software, Inc., San 

Diego, CA, USA). 

 

Results 

 

EVs increase lipid raft formation in human microglia 

We first tested how EVs derived from the OMSCs affect lipid raft formation in human microglia cells. 

Fluorescent cholera toxin subunit B conjugates were used for the specific labeling of ganglioside GM1 

which is specifically enriched in the lipid rafts (see Materials and methods section). Microglial cultures 

were subjected to the following treatments: (1) 1 AU of EVs for 30 min; (2) 5 μg/ml of LPS for 30 

min; (3) 5 μg/ml of LPS for 15 min, then 1 AU of EVs for 15 min (Fig 1 A, C).  

 



 

Figure 1. The effects of EVs and LPS on the formation of lipid rafts in human microglia cells. A – 

Confocal images of labeled lipid rafts (red) in microglia cells. The cells were treated with either EVs (1 

AU) or LPS (5 µg/ml) or both for 30 min before lipid raft labeling and fixation. Lipid rafts were labeled 
in living cells using Vybrant® Alexa Fluor® 594 Lipid Raft Labeling Kit (Thermo Fisher Scientific) 

according to the manufacturer’s protocol (scale bar = 100 μm, magnification – 63x); B – Confocal images 

of labeled lipid rafts (red) in microglia cells pre-treated with 5 mM MβCD for 1 hour (scale bar = 100 

μm, magnification – 63x); C, D – The mean fluorescence intensity of ganglioside GM1 per cell were 

measured with Leica Application Suite X (LAS X) software. Data shown represent the results of 15 fields 

of view for each experimental group from three independent biological experiments (n = 3), plotted as 

the mean ± SEM, results normalized to control. Statistical significance was analyzed by Kruskal–Wallis 

test followed by Dunn’s post-hoc test in GraphPad Prism 8.0.1 software, * p<0,05; ** p<0,01; *** 

p<0,001; **** p < 0,0001. 



  

Our results show that both EVs and LPS significantly, by more than 2 times increased lipid raft 

formation in human microglia (n = 3, p < 0.0001; Fig. 1 A, C). Importantly, combined treatment with 

LPS and EVs significantly decreased lipid raft formation (compared to the treatment with LPS – by    

39 %, and with EVs – by 42 %) (Fig. 1 A, C). This finding indicates possible interference of EVs with 

the process of LPS-induced lipid raft formation.  

As expected, pre-treatment of cells with cholesterol removing agent methyl-β-cyclodextrin (MβCD) for 

1 hour inhibited EV- and LPS-induced lipid raft formation in microglia (n = 3, in case of treatment with 

LPS: p < 0.0001, with EVs: p = 0.0005; Fig. 1 B, D). 

 

Blockage of TLR4 prevents EV-induced lipid raft formation and phagocytosis 

Our finding that combined treatment of EVs and LPS inhibited lipid raft formation indicates possible 

cross-talk between these signaling pathways. We, therefore, tested how blockage of TLR4 with anti-

TLR4 antibody (HTA125, Abcam) affects EV-induced lipid raft formation in microglia. 

As expected, pre-treatment with blocking antibody for 4 hours significantly decreased LPS-induced 

lipid raft formation (by 54 %, n = 3, p = 0.0012; Fig. 2). 



 

Figure 2. Lipid raft formation after TLR4 receptor inhibition. A – Confocal images of labeled lipid 

rafts (red) in microglia cells in the presence and absence of pre-treatment with 0.5 μg/ml anti-TLR4 for 

4 hours (63× magnification immersion objective, scale bar = 100 µm); B – The mean fluorescence 

intensity of ganglioside GM1 per cell were measured with Leica Application Suite X (LAS X) software, 

data shown represent the results of 15 fields of view for each experimental group from three independent 

biological experiments (n = 3), plotted as the mean ± SEM, results normalized to control. Statistical 

significance was analyzed by Kruskal–Wallis test followed by Dunn’s post-hoc test in GraphPad Prism 

8.0.1 software, ** p < 0.01; *** p < 0.001; **** p < 0.0001.  

 

Importantly, pre-treatment with anti-TLR4 antibody completely suppressed EV-induced lipid raft 

formation (by 57 %,  n = 3, p < 0.0001; Fig. 2) indicating that TLR4 is indispensable for the EVs 

triggered lipid raft formation in microglia. 



We have previously demonstrated that EVs stimulate phagocytosis of human microglia (Jonavice, 

Tunaitis et al. 2019). We, therefore, tested whether pre-treatment of microglia with anti-TLR4 antibody 

can affect EV-induced phagocytosis.  

 

Figure 3. The effects of TLR4 receptor inhibition on the phagocytic activity of microglial cells. A 

– Microglial cells were plated on glass coverslips and pre-treated with 0.5 μg/ml of anti-TLR4 antibody 

(Abcam, HT125) for 4 hours, then cells were treated with EVs (1 AU) and 2 μl/ml of latex beads 

(Sigma-Aldrich-Merck) for 6 hours. Phagocytic activity was calculated according to the following 

formula: number of microglial cells containing engulfed latex beads /total number of cells counted × 
100. Data represent mean ± SEM values. Groups were compared with a one‐way analysis of variance 
followed by Sidak's post‐ hoc test (GraphPad Prism Software). ***p < 0.001, **p < 0.01. B – a 

representative digital image of randomly selected field acquired with a confocal microscope (Leica 

SP8, Leica Microsystems). Internalization of phagocytosed material was verified by using Z stacks 

acquired through confocal microscopy. 

 

The pre-treatment with anti-TLR4 antibody suppressed the EV-induced increase of phagocytic activity 

to the basal levels (n = 3, p = 0.0089; Fig. 3A ). Our results demonstrate the importance of TLR4 

signaling for EV-induced raft formation and phagocytosis in human microglia. 

 

 

Inhibition of P2X4R prevents EV-induced lipid raft formation and phagocytosis 

 

We have recently demonstrated the importance of purinergic receptor P2X4R signaling for EV-induced 

microglial migration (Jonavice, Romenskaja et al. 2021). Purinergic receptors are also enriched in the 



inflammatory lipid rafts (Garcia-Marcos, Dehaye et al. 2009). We, therefore, tested the effects of 

P2X4R inhibition on the EV-induced lipid raft formation and phagocytic activity of microglia. We 

found that pre-treatment with potent selective P2X4R antagonist 5-BDBD suppressed EV-induced lipid 

raft formation in microglia (by 58 %, n = 4, p = 0.0082; Fig.  4 A, B). Furthermore, blockage of P2X4R 

also inhibited LPS-induced lipid raft formation (by 65 %,  n = 4, p = 0.0017; Fig. 4 B). These findings 

suggest that the P2X4R pathway may play a universal regulatory role during the initiation of lipid raft 

formation in human microglia.  

 

Figure 4. The effects of P2X4R blocking on EV-induced lipid raft formation and phagocytosis.  A 

– Confocal images of labeled lipid rafts (red) in human microglia cells pre-incubated or not with 

selective P2X4R antagonist 5-BDBD. Images were taken with a Leica SP8 confocal microscope, 63× 
magnification immersion objective (scale bar - 100 µm). B – The mean fluorescence intensity of 

labeled ganglioside GM1 per cell was measured with Leica Application Suite X (LAS X) software. 

Data shown represent the results of 20 fields of view for each experimental group from four 

independent biological experiments (n = 4), plotted as the mean ± SEM, results normalized to control. 
Statistical significance was analyzed by Kruskal–Wallis test followed by Dunn’s post-hoc test in 

GraphPad Prism 8.0.1 software, ** p<0,01; **** p < 0,0001; C – Phagocytic activity was calculated 

according to the following formula: number of microglial cells containing engulfed latex beads/total 

number of counted cells × 100. Data represent mean ± SEM values. Groups were compared with a one‐
way analysis of variance followed by Sidak's post‐hoc test (GraphPad Prism Software). ***p < 0.001.  

 

We next tested the effects of selective P2X4R inhibition on the EV-induced phagocytic activity. 

Blockage of P2X4R with 5-BDBD significantly (by 21 % n =3, p = 0.0005; Figure 4 C) decreased 

phagocytic capacity of microglial cells.  

 

 



Inhibition of αvβ3/ αvβ5 integrins with cilengitide suppressed EV- and LPS-induced lipid raft 

formation in microglia  

 

We detected levels of the MFG-E8 protein in the EV preparations derived from the OMSCs (Suppl Fig. 

1C). MFG-E8 protein through its N-terminus Arg-Gly-Asp (RGD) motif binds to αvβ3 integrin 

receptors on the target cells (Cheyuo, Aziz et al. 2019). We, therefore, tested how blocking αvβ3 and 

αvβ5 integrins with inhibitor cilengitide affects LPS- and EV-induced lipid raft formation in human 

microglial cells.  

 

Figure 5. The effects of αvβ3/ αvβ5 integrins inhibition on the EV-induced lipid raft formation in 

microglia.  A Confocal images of labeled lipid rafts (red) in human microglia cells pre-incubated or 

not with selective αvβ3/ αvβ5 integrin antagonist cilengitide (10 µM for 2 hours). Images were taken 

with a Leica SP8 confocal microscope, 63× magnification immersion objective (scale bar - 100 µm). B 

The mean fluorescence intensity of labeled ganglioside GM1 per cell was measured with Leica 

Application Suite X (LAS X) software. Data shown represent the results of 20 fields of view for each 

experimental group from three independent biological experiments (n = 3), plotted as the mean ± SEM, 
results normalized to control. Statistical significance was analyzed by Kruskal–Wallis test followed by 

Dunn’s post-hoc test in GraphPad Prism 8.0.1 software, * p < 0.05; ** p<0,01; ***p < 0.001. 

 

Our results show that pre-treatment with cilengitide suppressed EV-induced lipid raft formation in 

microglia (by 58 %,  n = 3, p = 0.0199; Fig. 5). Furthermore, blockage of αvβ3/ αvβ5 integrins also 



decreased LPS-induced lipid raft formation (by 74 %,  n = 3, p = 0.0003; Fig. 5 B). This finding 

indicates that the αvβ3/ αvβ5 integrin signaling pathway is indispensable for EV- and LPS-induced 

lipid raft formation in microglia.  

 

 

Discussion 

 

In the present study, we demonstrate that EVs induce lipid raft formation in human microglia through 

interaction with TLR4, P2X4R, and αVβ3/αVβ5 signaling pathways. We also show that these signaling 

pathways are functionally interdependent promoters of EV- and LPS- induced lipid raft formation in 

microglia.  

Our results demonstrate that EVs promoted lipid raft formation at similar levels as LPS, whereas 

combined treatment resulted in the inhibition of lipid raft formation. Furthermore, blockage of TLR4 

with anti-TLR4 antibody prevented EV-induced lipid raft formation showing a direct interaction 

between EVs and TLR4. Several reports demonstrated that EVs may directly or indirectly target 

TLR4/NFκB signaling pathway (Cebatariuniene, Kriauciunaite et al. 2019, Jonavice, Tunaitis et al. 

2019) (Zhang, Yin et al. 2014) (Goloviznina, Verghese et al. 2016). Apart from bacterial pathogen-

associated molecular pattern molecules (PAMPS), TLR4s can be activated by various endogenous 

molecules acting as inducers of sterile inflammation (Molteni, Gemma et al. 2016). EVs can also act as 

carriers for the endogenous TLR4 ligands such as heat shock protein 70 (HSP70) (Vabulas, Ahmad-

Nejad et al. 2002), fibronectin 1 (Zhang, Yin et al. 2014), high-mobility group box 1 (Radnaa, 

Richardson et al. 2021) and S100 proteins (Prieto, Sotelo et al. 2017). The physiological importance of 

the EVs as carriers of endogenous TLR4 ligands was elegantly demonstrated in a study showing that 

EVs (exosomes) mediated sensory hair cell protection in the inner ear (Breglio, May et al. 2020). In 

response to the heat stress, inner ear tissue released EVs carrying HSP70, which was required for the 

pro-survival effects. Direct interactions between exosomal HSP70 and hair cell TLR4 have been 

confirmed by proximity ligation assays (Breglio, May et al. 2020). Of note, EVs used in our study also 

expressed considerable amounts of HSP70 protein (Suppl. Fig. 1C). Our finding that pre-treatment with 

anti-TLR4 antibody prevented EV-induced lipid raft formation supports the model according to which 

EVs specifically interact with microglial TLR4s. We, therefore, conclude that direct EV-TLR4 

interaction is responsible for the induction of the lipid rafts and also for the inhibitory effects of EVs on 



the LPS-induced lipid raft formation. We propose that EVs compete with LPS for TLR4s and affect 

assembly of TLR4 multireceptor complexes. This in turn may impair LPS-dependent oligomerization 

of resident proteins and prevent the formation of large inflammarafts. We have previously 

demonstrated that EVs activate the phagocytic response in human microglia (Jonavice, Tunaitis et al. 

2019). Here we show that blockage of the TLR4 with anti-TLR4 antibody effectively suppressed EV-

induced increase of phagocytic activity in microglia. These findings demonstrate that EVs can at least 

partially activate microglial phagocytosis through TLR4 signaling pathway.   

Purinergic signaling plays a crucial role during ATP-induced chemotaxis and phagocytic activity of 

microglia (Zabala, Vazquez-Villoldo et al. 2018) (Ohsawa, Irino et al. 2007, Kobayakawa, Ohkawa et 

al. 2019). We have recently showed that EVs promoted the migration of human microglia through the 

purinergic receptor P2X4 pathway (Jonavice, Romenskaja et al. 2021). The present study demonstrates 

that P2XR4 signaling is indispensable for the EV-induced lipid raft formation in the microglia. 

Furthermore, our results show that blockage of P2X4R activity with selective inhibitor 5-BDBD 

suppressed LPS-induced lipid raft formation. This finding suggests that the P2X4R signaling pathway 

may operate as a universal mechanism regulating the induction of lipid rafts in response to the different 

stimuli. How EVs can trigger P2X4R-dependent lipid raft formation in microglia? Purinergic receptors 

are enriched in the lipid rafts  (Garcia-Marcos, Dehaye et al. 2009) and we have recently demonstrated 

an interaction between EV-associated MFG-E8 and P2X4R in human microglia (Jonavice, Romenskaja 

et al. 2021). In addition, EVs may promote P2X4R-induced lipid raft formation indirectly. A recent 

study showed that EV-induced translocation of lysosomal P2XR4 to the cell membranes was required 

for cell motility and the formation of vascular networks (Palinski, Monti et al. 2021). Here we also 

show that inhibition of the P2XR4 pathway suppressed EV-induced phagocytosis of microglia. Thus, 

both TLR4 and P2XR4 signaling pathways promote lipid raft formation and are indispensable for the 

EV-induced phagocytosis in human microglia. 

We have previously demonstrated that EVs derived from SHEDs induced lipid raft formation in human 

microglia and that this process was dependent on the MFG-E8/integrin αVβ3/αVβ5-dependent 

mechanisms (Jonavice, Romenskaja et al. 2021). In the present study, we used EVs derived from the 

OMSCs and obtained very similar results. Of note, EVs from the OMSCs also expressed high levels of 

MFG-E8 protein (Suppl Fig. 1 C ) which is a secretory glycoprotein acting as a molecular bridge 

connecting phosphatidylserine (PS) exposed on the outer membranes of the EVs with microglial 

integrin αVβ3/αVβ5 receptors (Cheyuo, Aziz et al. 2019). Inhibition of αVβ3/αVβ5 receptors with 



cilengitide suppressed EV-induced lipid raft formation. Moreover, cilengitide also significantly 

suppressed LPS-induced lipid raft formation in microglia. Thus, similarly to our previous observation 

with P2X4R, integrin αVβ3/αVβ5 signaling may also operate as a universal mechanism regulating the 

induction of lipid rafts in response to the different stimuli.  

Based on these findings, we propose that EVs carrying MFG-E8 proteins and endogenous TLR4 

ligands (HSP70) are recognized by the αVβ3/αVβ5 integrin receptors and TLR4s and also directly or 

indirectly activate P2X4Rs of microglial cells (Fig. 6).  

 

Figure 6. Proposed mechanism for EV action on microglial cells (see text for the explanations).  

 

These events trigger lipid raft formation and enlargement leading to the initiation of various 

downstream signaling pathways in the microglia. We also propose that TLR4, αVβ3/αVβ5 integrin, 

and P2X4R comprise a network of functionally interdependent signaling units regulating the induction 

and enlargement of lipid rafts in response to different stimuli. Further studies are needed to confirm the 



presence of similar signaling networks regulating lipid raft formation in other experimental in vitro and 

in vivo models.   

In conclusion, we demonstrate for the first time that EVs induce lipid raft formation in human 

microglia through interaction with TLR4, P2X4R, and αVβ3/αVβ5 signaling pathways. Our results 

provide new insights about the molecular mechanisms regulating EV/microglia interactions that could 

be helpful for the development of new therapeutic strategies against neurological disorders. 
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Figure legends 

Figure 1. The effects of EVs and LPS on the formation of lipid rafts in human microglia cells. A – 

Confocal images of labeled lipid rafts (red) in microglia cells. The cells were treated with either EVs (1 

AU) or LPS (5 µg/ml) or both for 30 min before lipid raft labeling and fixation. Lipid rafts were 
labeled in living cells using Vybrant® Alexa Fluor® 594 Lipid Raft Labeling Kit (Thermo Fisher 

Scientific) according to the manufacturer’s protocol (scale bar = 100 μm, magnification – 63x); B – 

Confocal images of labeled lipid rafts (red) in microglia cells pre-treated with 5 mM MβCD for 1 hour 

(scale bar = 100 μm, magnification – 63x); C, D – The mean fluorescence intensity of ganglioside 

GM1 per cell were measured with Leica Application Suite X (LAS X) software. Data shown represent 

the results of 15 fields of view for each experimental group from three independent biological 

experiments (n = 3), plotted as the mean ± SEM, results normalized to control. Statistical significance 
was analyzed by Kruskal–Wallis test followed by Dunn’s post-hoc test in GraphPad Prism 8.0.1 

software, * p<0,05; ** p<0,01; *** p<0,001; **** p < 0,0001. 

 

Figure 2. Lipid raft formation after TLR4 receptor inhibition. A – Confocal images of labeled lipid 

rafts (red) in microglia cells in the presence and absence of pre-treatment with 0.5 μg/ml anti-TLR4 for 

4 hours (63× magnification immersion objective, scale bar = 100 µm); B – The mean fluorescence 

intensity of ganglioside GM1 per cell were measured with Leica Application Suite X (LAS X) software, 

data shown represent the results of 15 fields of view for each experimental group from three independent 

biological experiments (n = 3), plotted as the mean ± SEM, results normalized to control. Statistical 



significance was analyzed by Kruskal–Wallis test followed by Dunn’s post-hoc test in GraphPad Prism 

8.0.1 software, ** p < 0.01; *** p < 0.001; **** p < 0.0001.  

Figure 3. The effects of TLR4 receptor inhibition on the phagocytic activity of microglial cells. A 

– Microglial cells were plated on glass coverslips and pre-treated with 0.5 μg/ml of anti-TLR4 antibody 

(Abcam, HT125) for 4 hours, then cells were treated with EVs (1 AU) and 2 μl/ml of latex beads 
(Sigma-Aldrich-Merck) for 6 hours. Phagocytic activity was calculated according to the following 

formula: number of microglial cells containing engulfed latex beads /total number of cells counted × 
100. Data represent mean ± SEM values. Groups were compared with a one‐way analysis of variance 
followed by Sidak's post‐ hoc test (GraphPad Prism Software). ***p < 0.001, **p < 0.01. B – a 

representative digital image of randomly selected field acquired with a confocal microscope (Leica 

SP8, Leica Microsystems). Internalization of phagocytosed material was verified by using Z stacks 

acquired through confocal microscopy. 

 

Figure 4. The effects of P2X4R blocking on EV-induced lipid raft formation and phagocytosis.  A 

– Confocal images of labeled lipid rafts (red) in human microglia cells pre-incubated or not with 

selective P2X4R antagonist 5-BDBD. Images were taken with a Leica SP8 confocal microscope, 63× 
magnification immersion objective (scale bar - 100 µm). B – The mean fluorescence intensity of 

labeled ganglioside GM1 per cell was measured with Leica Application Suite X (LAS X) software. 

Data shown represent the results of 20 fields of view for each experimental group from four 

independent biological experiments (n = 4), plotted as the mean ± SEM, results normalized to control. 
Statistical significance was analyzed by Kruskal–Wallis test followed by Dunn’s post-hoc test in 

GraphPad Prism 8.0.1 software, ** p<0,01; **** p < 0,0001; C – Phagocytic activity was calculated 

according to the following formula: number of microglial cells containing engulfed latex beads/total 

number of counted cells × 100. Data represent mean ± SEM values. Groups were compared with a one‐
way analysis of variance followed by Sidak's post‐hoc test (GraphPad Prism Software). ***p < 0.001. 

 

 

Figure 5. The effects of αvβ3/ αvβ5 integrins inhibition on the EV-induced lipid raft formation in 

microglia.  A Confocal images of labeled lipid rafts (red) in human microglia cells pre-incubated or 

not with selective αvβ3/ αvβ5 integrin antagonist cilengitide (10 µM for 2 hours). Images were taken 

with a Leica SP8 confocal microscope, 63× magnification immersion objective (scale bar - 100 µm). B 

The mean fluorescence intensity of labeled ganglioside GM1 per cell was measured with Leica 

Application Suite X (LAS X) software. Data shown represent the results of 20 fields of view for each 

experimental group from three independent biological experiments (n = 3), plotted as the mean ± SEM, 
results normalized to control. Statistical significance was analyzed by Kruskal–Wallis test followed by 

Dunn’s post-hoc test in GraphPad Prism 8.0.1 software, * p < 0.05; ** p<0,01; ***p < 0.001.  

 

 

Figure 6. Proposed mechanism for EV action on microglial cells.   
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Figures

Figure 1

The effects of EVs and LPS on the formation of lipid rafts in human microglia cells. A – Confocal images
of labeled lipid rafts (red) in microglia cells. The cells were treated with either EVs (1 AU) or LPS (5 µg/ml)
or both for 30 min before lipid raft labeling and �xation. Lipid rafts were labeled in living cells using



Vybrant® Alexa Fluor® 594 Lipid Raft Labeling Kit (Thermo Fisher Scienti�c) according to the
manufacturer’s protocol (scale bar = 100 μm, magni�cation – 63x); B – Confocal images of labeled lipid
rafts (red) in microglia cells pre-treated with 5 mM MβCD for 1 hour (scale bar = 100 μm, magni�cation –
63x); C, D – The mean �uorescence intensity of ganglioside GM1 per cell were measured with Leica
Application Suite X (LAS X) software. Data shown represent the results of 15 �elds of view for each
experimental group from three independent biological experiments (n = 3), plotted as the mean ± SEM,
results normalized to control. Statistical signi�cance was analyzed by Kruskal–Wallis test followed by
Dunn’s post-hoc test in GraphPad Prism 8.0.1 software, * p<0,05; ** p<0,01; *** p<0,001; **** p < 0,0001.

Figure 2



Lipid raft formation after TLR4 receptor inhibition. A – Confocal images of labeled lipid rafts (red) in
microglia cells in the presence and absence of pre-treatment with 0.5 μg/ml anti-TLR4 for 4 hours (63×
magni�cation immersion objective, scale bar = 100 µm); B – The mean �uorescence intensity of
ganglioside GM1 per cell were measured with Leica Application Suite X (LAS X) software, data shown
represent the results of 15 �elds of view for each experimental group from three independent biological
experiments (n = 3), plotted as the mean ± SEM, results normalized to control. Statistical signi�cance was
analyzed by Kruskal–Wallis test followed by Dunn’s post-hoc test in GraphPad Prism 8.0.1 software, ** p
< 0.01; *** p < 0.001; **** p < 0.0001.

Figure 3

The effects of TLR4 receptor inhibition on the phagocytic activity of microglial cells. A– Microglial cells
were plated on glass coverslips and pre-treated with 0.5 μg/ml of anti-TLR4 antibody (Abcam, HT125) for
4 hours, then cells were treated with EVs (1 AU) and 2 μl/ml of latex beads (Sigma-Aldrich-Merck) for 6
hours. Phagocytic activity was calculated according to the following formula: number of microglial cells
containing engulfed latex beads /total number of cells counted × 100. Data represent mean ± SEM
values. Groups were compared with a oneway analysis of variance followed by Sidak's post hoc test
(GraphPad Prism Software). ***p < 0.001, **p < 0.01. B – a representative digital image of randomly
selected �eld acquired with a confocal microscope (Leica SP8, Leica Microsystems). Internalization of
phagocytosed material was veri�ed by using Z stacks acquired through confocal microscopy.



Figure 4

The effects of P2X4R blocking on EV-induced lipid raft formation and phagocytosis.  A – Confocal
images of labeled lipid rafts (red) in human microglia cells pre-incubated or not with selective P2X4R
antagonist 5-BDBD. Images were taken with a Leica SP8 confocal microscope, 63× magni�cation
immersion objective (scale bar - 100 µm). B – The mean �uorescence intensity of labeled ganglioside
GM1 per cell was measured with Leica Application Suite X (LAS X) software. Data shown represent the
results of 20 �elds of view for each experimental group from four independent biological experiments (n
= 4), plotted as the mean ± SEM, results normalized to control. Statistical signi�cance was analyzed by
Kruskal–Wallis test followed by Dunn’s post-hoc test in GraphPad Prism 8.0.1 software, ** p<0,01; **** p
< 0,0001; C – Phagocytic activity was calculated according to the following formula: number of
microglial cells containing engulfed latex beads/total number of counted cells × 100. Data represent
mean ± SEM values. Groups were compared with a oneway analysis of variance followed by Sidak's
posthoc test (GraphPad Prism Software). ***p < 0.001.



Figure 5

The effects of αvβ3/ αvβ5 integrins inhibition on the EV-induced lipid raft formation in microglia.  A
Confocal images of labeled lipid rafts (red) in human microglia cells pre-incubated or not with selective
αvβ3/ αvβ5 integrin antagonist cilengitide (10 µM for 2 hours). Images were taken with a Leica SP8
confocal microscope, 63× magni�cation immersion objective (scale bar - 100 µm). B The mean
�uorescence intensity of labeled ganglioside GM1 per cell was measured with Leica Application Suite X
(LAS X) software. Data shown represent the results of 20 �elds of view for each experimental group from
three independent biological experiments (n = 3), plotted as the mean ± SEM, results normalized to
control. Statistical signi�cance was analyzed by Kruskal–Wallis test followed by Dunn’s post-hoc test in
GraphPad Prism 8.0.1 software, * p < 0.05; ** p<0,01; ***p < 0.001.



Figure 6

Proposed mechanism for EV action on microglial cells
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