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Abstract
Extracellular vesicle (EV) secretion ismediated by purinergic receptor P2X7 (P2RX7),
an ATP-gated cation channel highly expressed in microglia. We have previously
shown that administration of GSK1482160, a P2RX7 selective inhibitor, suppresses
EV secretion frommurinemicroglia and prevents tauopathy development, leading to
the recovery of the hippocampal function in PS19 mice, expressing P301S taumutant.
It is yet unknown, however, whether the effect of GSK1482160 on EV secretion from
glial cells is specifically regulated through P2RX7. Here we tested GSK1482160 on
primary microglia and astrocytes isolated from C57BL/6 (WT) and Prx–/– mice
and evaluated their EV secretion and phagocytotic activity of aggregated human tau
(hTau) under ATP stimulation. GSK1482160 treatment and deletion of Prx signif-
icantly reduced secretion of small and large EVs in microglia and astrocytes in both
ATP stimulated or unstimulated condition as determined by nanoparticle tracking
analysis, CD9 ELISA and immunoblotting of Tsg101 and Flotilin 1 using isolated EVs.
GSK1482160 treatment had no effect on EV secretion from Prx–/– microglia while
we observed significant reduction in the secretion of small EVs from Prx–/– astro-
cytes, suggesting its specific targeting of P2RX7 in EV secretion except small EV
secretion from astrocytes. Finally, deletion of Prx suppressed IL-1β secretion and
phagocytosedmisfolded tau frombothmicroglia and astrocytes. Together, these find-
ings show that GSK1482160 suppresses EV secretion from microglia and astrocytes
in P2RX7-dependment manner, and P2RX7 critically regulates secretion of IL-1β
and misfolded hTau, demonstrating as the viable target of suppressing EV-mediated
neuroinflammation and tau propagation.
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 INTRODUCTION

Microglia are the primary innate immune cells in the central nervous system and play an important role for the homeostatic and
protective response to the environment. Extracellular aggregates of amyloid (Aβ) peptides and neurofibrillary tangles composed
of intraneuronal aggregations of hyperphosphorylatedmicrotubule-associate protein tau are a diagnostic hallmark ofAlzheimer’s
disease (AD), themost common formof senile dementia (Brier et al., 2016; Lebouvier et al., 2017). The classification of tau pathol-
ogy indicates consistent spatiotemporal pattern of disease spread from entorhinal cortex to hippocampal region and cortical area
(Braak & Braak, 1991) although the exact mechanism of tau spread contributing to AD progression is not fully understood. We
previously reported that microglia secrete extracellular vesicles (EVs), and inhibition of EV synthesis or depletion of microglia

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided
the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2024 The Author(s). Journal of Extracellular Biology published by Wiley Periodicals LLC on behalf of International Society for Extracellular Vesicles.

J of Extracellular Bio. 2024;3:e155. wileyonlinelibrary.com/journal/jex2  of 
https://doi.org/10.1002/jex2.155

https://orcid.org/0000-0002-3979-8596
mailto:Ikezu.Tsuneya@mayo.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/jex2
https://doi.org/10.1002/jex2.155


 of  ABDULLAH et al.

significantly reduce tau propagation in mouse brains (Asai et al., 2015). We further showed that intrahippocampal injection of
EVs collected from tau-phagocytosed murine microglia to the recipient mice can spread tau pathology (Asai et al., 2015). This
result was recently validated by our study showing that the inoculation of human AD brain derived EVs highly enriched with
pathological tau could propagate tau pathology compared to fibrillar or oligomer form of tau (Ruan et al., 2021), suggesting the
pathological role of EV-mediated tau propagation in AD. In addition, Bridging Integrator 1 (BIN1), a late-onset AD risk gene, is
critical in microglia-mediated spread of tau pathology via small EV secretion (Crotti et al., 2019). These studies corroborate an
idea that EV secretion from microglia is a viable therapeutic target for ameliorating the disease progression.
In this context, we focused on P2X purinoceptor 7 (P2RX7), an ATP-evoked Na+/Ca2+ channel that is highly expressed in

microglia and astrocytes. Activation of P2RX7 by ATP robustly increases secretion of EVs by depolarization of plasma mem-
branes. A rare loss-of-functionmutation of PRX variant (R307Q) is protective against neuroinflammation inmultiple sclerosis
(Gu et al., 2015). Deletion of Prx in animal models of tauopathy can reduce tau accumulation, microglial activation, and pro-
duction of inflammatory molecules, which was accompanied by restoration of synaptic plasticity and memory (Carvalho et al.,
2021). These reports indicate that deletion of P2RX7 can suppress tauopathy-related disease progression and neuroinflammation.
We have recently shown that administering GSK1482160, an orally applicable CNS-penetrant P2RX7 specific inhibitor, to PS19
mice expressing P301S tau mutant decreased EV secretion from microglia, suppressed tau accumulation in the hippocampal
region, and restored memory function (Ruan et al., 2020). P2RX7, however, has not been conclusively tested for its role on EV
secretion by comparison of wild type against P2RX7 deficient cell models. Our goal is to determine whether P2RX7 is critical
for EV secretion from murine microglia and astrocytes. For that purpose, we tested primary astrocytes and microglia isolated
from WT and Prx–/– pups for ATP-induced EV secretion in the presence or absence of GSK1482160. Our data show that
P2RX7 is indeed largely responsible for ATP-induced EV secretion frommicroglia and astrocytes, the target of GSK1482160, and
responsible for EV-mediated secretion of interleukin-1β and tau.

 MATERIALS ANDMETHODS

. Reagents

GSK1482160 (334.7236 g/mol, >97% purity, PharmaBlock Sciences, Inc., CAS 1001389-72-5) was diluted in dimethyl sulfoxide
(DMSO) as a stock solution to a final concentration of 100 mM. Doses of 50 and 100 μMwere used on the astrocyte cells for dose
level optimization of GSK1482160. Finally, GSK1482160 was added to the culture medium until it reached a final concentration
of 50 μM, either in the presence or absence of 5 mM ATP stimulation, or control vehicle (Ruan et al., 2020).

. Animals and tissue cultures

All tests were carried out in compliance with the Mayo Clinic Institutional Animal Care and Use Committee’s Guidelines for
animal experiments. On the first postnatal day, primary murine astrocytes were extracted from the brains of P0-P1 Prx–/– and
WT (C57BL/6)mouse pups as previously reported (Abdullah et al., 2016; Gong et al., 2002). In brief, isolated cortices wereminced
and the cortical fragments were incubated in 0.25% trypsin and 20 μg/ml DNase I in phosphate-buffered saline (PBS, 8.1 mM
Na2HPO4, 1.5mMKH2PO4, 137mMNaCl and 2.7mMKCl, pH 7.4) at 37◦C for 15min. The fragments were then dissociated into
single cells by pipetting, and then the cells were cultured for 10 days on 75-cm2 flask at a density of 1 × 107 in Dulbecco’s modified
essential media (DMEM, Invitrogen, 11965118) containing 10% fetal bovine serum (FBS, Invitrogen, 10082147). After 10 days non-
astrocytic cells were removed by shaking at 200 rpm for 1 h. Remaining murine astrocytes in the monolayer were trypsinized by
0.1% trypsin-EDTA in PBS and reseeded onto 6 cm2 dishes. Primary astrocytes were maintained in DMEM containing 10% FBS
until use. Primary microglial cultures were prepared from Prx–/– and C57BL/6 P1 pups as described (Ikezu et al., 2021) using
anti-CD11b magnetic beads (Miltenyi Biotec, 130-049-601). Microglia were maintained with DMEM medium with 10% FBS in
a 5% CO2 humidified incubator. Murine monocyte colony stimulating factor M-CSF (10 ng/mL, BioVision, 4238) was added
for microglial culture after plating, and every other day. Primary astrocytes and microglia cultured cells were identified through
immunocytochemistry using anti-GFAP antibody (Agilent, Z033429-2), S100B (Thermo Fisher Scientific, MA1-25005), and Iba1
(Wako, 019-19741).

. Cell treatment and EV isolation

Prior to collecting conditioned media (CM), microglia and astrocytes were washed twice with double-filtered PBS and replaced
with DMEM double-filtered with Millex-HV syringe filter unit 0.45-μm (EMD Millipore, SLHVM33RS) containing a specified
concentration of freshly prepared GSK1482160 (PharmaBlock Science, Inc., CAS, 1001389-72-5). Cells were incubated at 37◦C
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for 1 h, treated with 1 μg/mL of LPS (Sigma-Aldrich, L3024) for 3 h, followed by stimulation with 5 mMATP in fresh serum-free
media for 15 min for the collection of CM. The CM and cells were collected immediately after the ATP stimulation for further
analysis. EVs were isolated from CM by sequential high-speed centrifugation as described (Asai et al., 2015). Briefly, the CM
was centrifuged at 300 × g for 10 min, and the supernatant was centrifuged at 2000 × g for 10 min at 4◦C to remove cell debris.
The supernatant was centrifuged at 10,000 × g for 30 min at 4◦C to remove microvesicles. The supernatant was ultracentrifuged
at 100,000 × g for 70 min at 4◦C to enrich EV fraction in pellets. With our purification method, enriched EVs under ATP
stimulation were not positive for apoptotic markers nor contaminated by intracellular organelles derived from damaged cells.
The EVs-enriched fraction was collected and stored at −80◦C until further use.

For the EV associated tau study, purified recombinant 2N3R (Tau-410) and 2N4R (Tau-441) human tau (hTau, 500 μg/mL,
rPeptide, T-1002-1 and T-1001-1) was preincubated with 0.3 mg/mL heparin (cat. no. 07980, Stemcell Technologies, Vancouver,
Canada) and purified tau filaments from AD brain (Ruan et al, 2021) to be aggregated at 37◦C. One hour prior to the incubation
with tau aggregates, 30 μM chloroquine (Sigma, C6628) was added to block lysosomal degradation of tau aggregates. Cells were
incubatedwith aggregated hTau (10 μg/mL) at 37◦C for 24 h. For the collection ofCM, cells werewashed twicewith PBS, incubated
with double-filtered DMEM, stimulated with 1 μg/mL LPS for 4 h, followed by incubation with 5 mM ATP for 15 min. The
cells were washed twice with ice-cold PBS and stored at −80◦C for further experiments. EVs were isolated from CM through
the sequential centrifuge and ultracentrifugation. The pellet samples were applied to the qEVoriginal Columns (Izon Science)
to collect EVs in pooled fraction 7–9 according to the manufacture’s instruction. The pooled fraction was ultracentrifuged at
100,000 × g for 70 min at 4◦C, and the pellets fraction was resuspended with 60 μL of ice-cold double-filtered PBS (dfPBS). The
isolated EV sample (30 μL, 860 μg/mL) was treated with or without 20 μg/mL proteinase K (PK, QIAGEN) and 5 mM CaCl2
in dfPBS for 1 h at 37◦C with gentle vortexing every 15 min. The PK was then inhibited by adding 5 mM phenylmethylsulfonyl
fluoride (PMSF) for 10 min at room temperature.

. Nanoparticle tracking analysis (NTA)

NTA was performed with a NanoSight NS300 (Malvern Panalytical), equipped with a sample chamber and an sCMOS camera
as previously described (Muraoka et al., 2020). EVs and CM samples were diluted in dfPBS to adjust the particle numbers to the
optimal range (20−100 particles/frame). Particle live-imaging settings were set according to the manufacturer’s instruction.

. Immunoblotting

Equal volumes of the isolated EVs were mixed with the sampling buffer consisting of premixed sample buffer (Bio-Red, Cat #
1610747), 2-mercatoethanol (Sigma-Aldrich, Cat # M6250) and were analyzed by 12.5% Tris / tricine (Bio-Red, Cat # 1610732)
SDS-PAGE. The separated proteins were electrophoretically transferred onto PVDF membranes (Immobilon, Millipore) using
a transfer buffer (0.1 M Tris, 0.192 M glycine, and 20% methanol). The membrane was subjected to total protein staining by
SWIFT membrane staining (VWR 89167-886) and the band intensity was quantified by Gel Doc XR+ Imaging System (Bio-
Rad). The membranes were then incubated in a blocking solution consisting of 5% powdered milk in TBS-T (10 mM Tris-HCl,
pH 8.0, 150mMNaCl, and 0.1% Tween 20) overnight at 4◦C, followed by immunoblotting with the following EVs specificmarker
mouse anti-Flotilin 1 (BDTransduction Laboratories, 610820) andTsg101 (C-2, SantaCruzBiotechnology, SC-7964), CD81 (LifeS-
pan Bioscience, LS-C350457), microglial marker Tmem119 (Biolegent, 853302,), CD11b (Millipore, CBL1313), astrocytic marker
EAAT1 (Abcam, ab416), ITGA6 (Novus Biological, NBP-85747) and non-EV marker GM130 (Santa Cruz Biotechnology, SC-
53296), and Cytochrome C (Cell Signaling Technology, 11940S). The band intensity was quantified by Gel Doc XR+ Imaging
System (Bio-Rad). The band intensity of interest was normalized by the total band intensity on the membrane as determined by
the SWIFT membrane staining.

. CD and IL-β ELISA

The amount of secreted EVs were quantified by EV specific marker CD9 ELISA according to the manufacturer’s instruction
(System Bioscience, EXOEL-CD9A-1) using a microplate reader (BioTek Instruments). IL-1β level was measured using mouse
IL-1β ELISA kit (Abcam, ab197742).

. Statistical analysis

Immuno-positive bands visualized byWestern blot analysis were quantified using the image analysis software ImageJ 1.46r (NIH).
Data are presented as themean± SEMof at least three independent experiments. Statistical comparisons of two groups were per-



 of  ABDULLAH et al.

F IGURE  Primary culture of microglia and EV isolation. (a) Schematic diagram of the experimental design. (b) Immunocytochemistry of primary
cultured microglia by Iba1 (green) and GFAP (red). (c) Western blotting of the WT microglial cell lysate and isolated EVs from and Prx–/– microglia for
CD11B, TMEM119, CD81, Cytochrome C and GM130.

formed by Student’s two-tailed unpaired t-tests. Multiple comparisons were analyzed by two-way ANOVA, followed by Tukey’s
multiple comparison test using Prism 10.0 (GraphPad Software). p < 0.05 was considered significant

 RESULTS

. Deletion of PRX and GSK suppresses ATP-induced EV secretion frommicroglia

To determine the effect of P2RX7 on EV release from primary murine microglia, cells were isolated and cultured from P0-1 WT
and Prx–/– pups, incubated with GSK1482160 or the control for 4 h, primed by LPS for 3 h followed by the stimulation with
ATP for 15 min. The CM was collected for isolating EVs via the sequential centrifugation and ultracentrifugation (Figure 1a).
The purity of microglia was assessed by staining with the Iba1microglia antibody (Figure 1b), which positivity was detected with
more than 95% of cells. There is no difference in the purity of microglia between WT and Prx–/– group (data not shown). We
observed immunoreactivity to microglial markers (CD11B and TMEM119) and EV marker (CD81) with both samples of the cell
lysate from WT microglia and EVs from WT and Prx–/– microglia whereas non-EV markers (Cytochrome C and GM130)
were detected only with the cell lysate sample indicating the successful isolation of EVs from microglia (Figure 1c).
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F IGURE  Quantification of microglia derived EVs by NTA, immunoblotting and ELISA. (a) NTA plot of mode size and concentration. (b and c)
Quantification of EV particle numbers by NTA for small EVs (b) and large EVs (c). (d–f) Immunoblotting and semi quantification of Tsg101 and Flotilin 1 in
microglia-derived EVs. (g, h) CD9 ELISA (g) and IL-1β ELISA of microglia-derived EVs (h). (b–h) *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 between
WT and KO within the same treatment condition, #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 between control and treated condition of the same
genotype group, ┼p < 0.05, ┼┼p < 0.01, ┼┼┼p < 0.001, ┼┼┼┼p < 0.0001 between ATP and ATP+GSK of the same genotype group as determined by two-way
ANOVA followed by Tukey’s multiple comparison test (N = 3 per group). Data are representative of at least three independent experiments. Graphs indicate
mean ± s.e.m. NTA, nanoparticle tracking analysis.

We next evaluated the effect of GSK1482160 on the secretion of EVs fromWTandPrx–/– microglia byNTA.GSK1482160was
tested at 50 and 100 μM to optimize the dose level. GSK1482160 at 50 and 100 μM equally reduced small and large EV production
(Figure S1A–C), hence we used 50 μM for further studies. We separated small EVs (30–150 nm) and large EVs (150–1000 nm) to
quantify the number of EVs in each group by NTA (Figure 2a–c). ATP stimulation of microglia significantly increased the num-
ber of small and large EVs secreted from WT and Prx–/– microglia, while deletion of P2RX7 significantly suppressed those
numbers at both baseline and ATP-stimulated condition as compared to WT group (Figure 2b,c). GSK1482160 pretreatment
significantly reduced ATP-induced secretion of small and large EVs from WT microglia whereas it had no effect on Prx–/–
microglia (Figure 2b,c), suggesting that the effect of GSK1482160 on EV secretion was primarily mediated via P2RX7. These
findings were validated by immunoblotting results of EV specificmarkers, Tsg101 and Flotilin 1 with isolated EVs. The immunore-
activity of Tsg101 in microglia-derived EV was unchanged by the deletion of P2RX7, ATP stimulation or GSK1482160 treatment
(Figure 2d,e). Flotilin 1 level, however, was significantly reduced in Prx–/– microglia-derived EVs compared to WTmicroglia-
derived EVs at both baseline and ATP-stimulated conditions (Figure 2d,f). GSK1482160 treatment diminished the increased level
of Flotilin 1 in WT microglia-derived EVs under ATP-stimulated condition, whereas it had no effect on in Prx–/– microglia-
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F IGURE  Primary culture of astrocytes and EV isolation. (a) Immunocytochemistry of primary cultured astrocytes by GFAP (green) and S100B (red).
(b) Western blotting of the WT astrocyte cell lysate and isolated EVs fromWT and Prx–/– astrocytes for EAAT1, ITGA6, CD81, Cytochrome C and GM130.

derivedEVs underATP-stimulated condition (Figure 2f). The SWIFTmembrane staining validated the total protein amount used
for immunoblotting experiments across all the samples, which showed no significant difference among groups (Figure S2A–D).
We further quantified another EV-specific marker, CD9 in EV fractions by ELISA. The results show strong induction of CD9+
EV by ATP stimulation in WT microglia, which is significantly blunted in Prx–/– microglia, and treatment with GSK1482160
significantly suppressed the ATP-induced CD9+ EV secretion from bothWT and Prx–/– microglia (Figure 2g). Our group and
others previously showed that deletion or inhibition of P2RX7 decreases AD-related pathology in amousemodel whereas P2RX7
activation induces microglial activation and cytokine release (Monif et al., 2009; Ruan et al., 2020; Sanz et al., 2009; Solle et al.,
2001). ELISA measurement of IL-1β showed that deletion of P2RX7 suppressed the baseline and ATP-induced IL-1β secretion,
which was sensitive to the treatment of GSK1482160 in WT microglia but not in Prx–/– microglia (Figure 2h).
Taken together, these data clearly demonstrate that (1) P2RX7 plays a significant role on baseline and ATP-induced EV secre-

tion from microglia, (2) P2RX7 is responsible for the suppressive effect of GSK1482160 on ATP-induced EV secretion from
microglia and (3) P2RX7 is also responsible for ATP-induced IL-1β secretion frommicroglia, which is suppressed byGSK1482160
in P2RX7-dependent manner.

. Deletion of PRX and GSK suppress ATP-induced EV secretion from astrocytes

Wenext conducted a similar study using primarymurine astrocytes fromWTand P2RX7–/– pups. The cell purity was verified by
immunostaining of astrocyticmarkersGFAP and S100B (Figure 3a). There is no difference in the purity of astrocytes betweenWT
and Prx–/– group (data not shown). Astrocyte-derived EVs were isolated from the CM as shown in Figure 1a. Immunoblotting
of the cell lysate fromWT astrocytes and EVs derived fromWT and Prx–/– astrocytes show presence of astrocytic EVmarkers
(EAAT1 and ITGA6) (You et al., 2022) and CD81 but EV samples were devoid of non-EVs markers (Cytochrome C and GM130)
(Figure 3b). These data show successful tissue culture of astrocytes and enrichment of EVs from the CM.

We next evaluated the effect of deletion of P2RX7 and GSK1482160 treatment for the secretion of ATP-induced EVs from
primary cultured astrocytes by NTA. The results are similar to the findings obtained from microglia. ATP simulation enhanced
small or large EV secretion from both WT and Prx–/– astrocytes, although we observed significant reduction in secretion of
small and large EVs from Prx–/– astrocytes compared toWT group in ATP stimulated conditions (Figure 4a–c). The secretion
of small EV was also suppressed in Prx–/– astrocytes compared to WT astrocytes (Figure 4b). Additionally, GSK1482160 pre-
treatment significantly reduced ATP-induced secretion of both small and large EVs from WT astrocytes but not from Prx–/–
astrocytes (Figure 4b,c). The immunoblotting of astrocyte-derived EVs for Tsg101 show no changes at baseline, by ATP stim-
ulation or by GSK1482160 treatment between WT and Prx–/– group (Figure 4e). Flotilin 1 level, however, shows significant
increase after ATP stimulation of WT astrocytes (Figure 4f). Stimulation of Prx–/– astrocytes by ATP did not significantly
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F IGURE  Quantification of astrocyte derived EVs by NTA, immunoblotting and ELISA. (a) NTA plot of mode size and concentration (b–c)
Quantification of EV particle numbers by NTA for small EVs (b) and large EVs (c). (d–f), Immunoblotting and semi quantification of Tsg101 and Flotilin 1 in
astrocyte-derived EVs. (g) CD9 ELISA and (h) IL-1β ELISA of astrocyte-derived EVs. (b–h) *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 between WT
and KO within the same treatment condition, #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 between control and treated condition of the same genotype
group, ┼p < 0.05, ┼┼p < 0.01, ┼┼┼p < 0.001, ┼┼┼┼p < 0.0001 between ATP and ATP+GSK of the same genotype group as determined by two-way ANOVA
followed by Tukey’s multiple comparison test (N = 5 per group for b–c, N = 3 per group for e–h). Data are representative of at least three independent
experiments. Graphs indicate mean ± s.e.m. NTA, nanoparticle tracking analysis.

increase Flotilin-1 immunoreactivity in the EV fraction. Additionally, GSK1482160 treatment significantly suppressed immunore-
activity of Flotlin-1 in WT astrocyte-derived EVs after ATP stimulation while no significant changes were observed in Prx–/–
group. SWIFT membrane staining was used to detect total protein for immunoblotting experiments which were not signifi-
cantly different among groups (Figure S3A–D). Quantification of CD9 in the EVs by ELISA shows that (1) Secretion of CD9+ EV
was significantly reduced at baseline in Prx–/– astrocytes, (2) ATP significantly stimulated secretion of CD9+ EV from both
WT and Prx–/– astrocytes, although it was significantly suppressed in Prx–/– astrocytes and (3) GSK1482160 pretreatment
completely suppressed ATP-induced secretion of CD9+ EV from WT astrocytes but not from Prx–/– astrocytes (Figure 4g).
ELISA-based quantification of IL-1β secreted from astrocytes shows that (1) IL-1β secretion was significantly lower from Prx–/–
astrocytes compared toWT group at both baseline andATP-stimulated conditions, and (2) ATP stimulation failed to increase IL-
1β secretion fromWT or Prx–/– astrocytes (Figure 4h). Additionally, GSK1482160 pretreatment significantly suppressed IL-1β
secretion from ATP-stimulated WT astrocytes, while it had no effect on Prx–/– astrocytes. Taken together, these data demon-
strate that (1) P2RX7 plays a significant role on baseline and ATP-induced EV secretion from astrocytes, (2) P2RX7 is responsible
for the suppressive effect of GSK1482160 on large and CD9+ EV secretion from astrocytes and (3) P2RX7 is also responsible for



 of  ABDULLAH et al.

F IGURE  Evaluation of soluble and EV-containing hTau aggregates secreted from microglia and astrocytes. EVs were isolated from the culture media of
WT or Prx–/– microglia (a, b) and astrocytes (c, d) after phagocytosis of 10 μg/mL aggregated hTau, followed by ATP stimulation. (a, c) Soluble hTau ELISA,
(b, d) hTau ELISA of isolated EVs after proteinase K (PK) treatment. p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 between WT and KO within the same
treatment condition, #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 between control and treated condition of the same genotype group as determined by
two-way ANOVA followed by Tukey’s multiple comparison test (N = 3 per group). Data are representative of at least three independent experiments. Graphs
indicate mean ± s.e.m.

IL-1β secretion from astrocytes at both baseline and ATP-stimulated conditions. We also found that ATP stimulation did not
significantly increase IL-1β secretion fromWT or Prx–/– astrocytes.

. Microglia and astrocytes secrete tau aggregates in EVs in PRX-dependent manner

We have previously shown that GSK1482160 treatment suppress ATP-induced tau secretion in the EVs from microglia (Ruan
et al., 2020). We thus evaluated the effect of Prx deletion on loading of aggregated tau in EVs secreted fromWT and Prx–/–
microglia or astrocytes after their uptake of aggregated human tau 1–441 (hTau). For that purpose, primary cultured WT and
Prx–/– microglia and astrocytes were pre-incubated with aggregated hTau for 24 h, stimulated by LPS and ATP to isolate
soluble and EV fractions from the CM. To avoid potential contamination of aggregated tau in the EV fraction by centrifugation,
we applied qEV-based purification process after the centrifugation and treatment of EVs with proteinase K (PK) to remove tau
aggregates attached to the EVs. ATP stimulation significantly enhanced soluble tau secretion from WT but not from Prx–/–
microglia (Figure 5a). We observed 5-fold enrichment of aggregated tau in PK-resistant EV fraction over soluble fraction in
both base line and ATP-treated conditions (Figure 5b). The PK-resistant tau level in the EVs were significantly increased by ATP
stimulation of WT microglia but not of Prx–/– microglia (Figure 5b). The effect of PK treatment is sufficient as we observed
99.8% digestion of 0.5 μg soluble tau in the same condition (Figure 5b). In astrocytes: (1) ATP stimulation has no significant effect
on secretion of soluble hTau fromWT or Prx–/– astrocytes (Figure 5c), (2) there was 5-fold enrichment of tau in PK-resistant
EV fractions over soluble fractions and (3) ATP stimulation significantly increased the level of PK-resistant hTau in EVs from
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WT but not from Prx–/– astrocytes (Figure 5d), (4) EV from Prx–/– astrocytes has significantly lower level of PK-resistant
tau after phagocytosis of aggregated tau with or without ATP stimulation. Taken together, these findings show that not only
microglia, but astrocytes also uptake and secrete hTau aggregates in both soluble and EV fractions, which was increased by ATP
stimulation in P2RX7-dependent manner.

 DISCUSSION

Our study showed that ATP stimulation and P2RX7 regulates EV secretion, IL-1β secretion and EV-tau secretion frommicroglia
and astrocytes. As we expected, the effect of GSK1482160 on thosemeasures are primarilymediated through inhibition of P2RX7.
P2XR7 is highly expressed in microglia in both healthy and diseased brains. In terms of the relevance of P2RX7 in neurode-
generative disorders, Prx deficiency in tau transgenic mice show reduced number of Iba1+ microglia, supporting the idea
that P2RX7 also modulates microglial homeostasis (Kaczmarek-Hajek et al., 2018). Recent study by Carvallo et al. revealed that
P2RX7 expression was elevated in the brains of FTLD-tau patients and in the hippocampus of transgenic mice that developed
tauopathies, supporting the hypothesis that P2RX7 expression is positively correlated with tau pathology (Carvalho et al., 2021).
P2RX7 expression is also elevated in the brains of Alzheimer’s patients, particularly in microglia and astrocytes around amyloid
plaques (Martin et al., 2019; McLarnon et al., 2006). Prx deficiency also reduced Aβ load and improved cognitive functions
in APP/PS1 mice (Martin et al., 2019). P2RX7 could therefore be a legitimate therapeutic target for halting the progression of
tauopathy and Aβ accumulation in AD.

Although P2RX7 is mainly expressed in microglia in the CNS, it is also detected in oligodendrocytes (Kaczmarek-Hajek et al.,
2018) and in activated astrocytes in P301S tau mice (Jin et al., 2018). In this study, we discovered that Prx deletion impacts EV
secretion from not only microglia but also astrocytes in the baseline and ATP stimulated conditions compared to theWT control
group as determined byNTA, biochemical assessment of EVmarkers, IL-1β secretion and EV-mediated secretion of PK-resistant
hTau aggregates.
Our study also suggests that other purinergic receptors are involved in ATP-induced EV secretion, since ATP stimulation still

modestly increased secretion of small and large EVs from Prx–/– microglia and astrocytes, which are insensitive to GSK1482160
treatment except small EV secretion from Prx–/– astrocytes. Other purinergic receptors, such as P2RX4, are also expressed
in microglia and astrocytes (Ashour & Deuchars, 2004; Hua et al., 2023). These additional receptors may also play a role for
ATP-induced EV secretion from glia.
In conclusion, our study showed decreased EV secretion from primary cultured Prx–/– microglia and astrocytes compared

to the WT group in both baseline and the ATP-stimulated conditions. Furthermore, pretreatment of cells with GSK1482160
had a significant impact on EV secretion from WT astrocytes and microglia, which was diminished in Prx–/– group. The
study demonstrate that P2RX7 is an important molecule for ATP-induced secretion of EVs, IL-1β and EV-tau in microglia and
astrocytes, further corroborating an idea that targeting P2RX7 in AD and related tauopathies could be a promising therapeutic
approach.
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