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P2Y6 receptor-mediated
signaling amplifies TLR-induced
pro-inflammatory responses
in microglia

Raissa Timmerman, Ella A. Zuiderwijk-Sick
and Jeffrey J. Bajramovic*

Alternatives Unit, Biomedical Primate Research Centre, Rijswijk, Netherlands
TLR-induced signaling initiates inflammatory responses in cells of the innate

immune system. These responses are amongst others characterized by the

secretion of high levels of pro-inflammatory cytokines, which are tightly

regulated and adapted to the microenvironment. Purinergic receptors are

powerful modulators of TLR-induced responses, and we here characterized

the effects of P2Y6 receptor (P2RY6)-mediated signaling on TLR responses of

rhesus macaque primary bone marrow-derived macrophages (BMDM) and

microglia, using the selective P2RY6 antagonist MRS2578. We demonstrate that

P2RY6-mediated signaling enhances the levels of TLR-induced pro-

inflammatory cytokines in microglia in particular. TLR1, 2, 4, 5 and 8-induced

responses were all enhanced inmicroglia, whereas such effects weremuch less

pronounced in BMDM from the same donors. Transcriptome analysis revealed

that the overall contribution of P2RY6-mediated signaling to TLR-induced

responses in microglia leads to an amplification of pro-inflammatory

responses. Detailed target gene analysis predicts that P2RY6-mediated

signaling regulates the expression of these genes via modulation of the

activity of transcription factors NFAT, IRF and NF-kB. Interestingly, we found

that the expression levels of heat shock proteins were strongly induced by

inhibition of P2RY6-mediated signaling, both under homeostatic conditions as

well as after TLR engagement. Together, our results shed new lights on the

specific pro-inflammatory contribution of P2RY6-mediated signaling in

neuroinflammation, which might open novel avenues to control brain

inflammatory responses.
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Introduction

Toll-like receptors (TLR) comprise a family of pattern

recognition receptors that are involved in pathogen

recognition by innate immune cells in particular (1). For

human and non-human primates, ten members of the TLR

family have been described (2, 3). TLR activation initiates a

cascade of intracellular signaling events that culminate amongst

others in the activation of transcription factors nuclear factor

(NF)-kB, activator protein (AP)-1 and interferon regulatory

factors (IRFs), which in turn induce the expression of

inflammatory soluble mediators such as the cytokines

interleukin (IL)-1a, IL-6, IL-8, IL-12 and tumor necrosis

factor (TNF)-a (4, 5). TLR-induced responses must be strictly

regulated since uncontrolled activation can amongst others lead

to chronic inflammation (6).

During inflammatory conditions, including TLR activation,

extracellular levels of adenosine and other nucleotides, such as

uridine diphosphate (UDP), rapidly rise (7, 8). These molecules

can trigger autocrine or paracrine signaling through two families

of purinergic receptors, P1 and P2 respectively, that are

expressed by many types of immune cells including

macrophages. The family of P1 receptors includes four

subtypes of G protein-coupled adenosine receptors, whereas

the family of P2 receptors includes seven subtypes of ATP-

selective ligand-gated ion-conducting P2X receptors, and eight

subtypes of G-protein-coupled P2Y receptors. Signaling by

purinergic receptors can modulate the secretion of cytokines,

migration, phagocytosis and apoptosis by the expressing cell (9,

10). It is therefore not surprising that purinergic signaling is

involved in the pathophysiology of multiple disorders, such as

the neurological diseases Alzheimer’s disease (AD), Parkinson’s

disease (PD), Huntington’s disease, amyotrophic lateral sclerosis

and multiple sclerosis (11–13). In this context, many studies

have reported on the potential of purinergic receptor-mediated

signaling to modulate TLR-induced responses in microglia, the

resident macrophages of the brain (14–19). For example, in

rodents, inhibition of P2Y6 receptor (P2RY6)-mediated

signaling by deletion or antagonist approaches reduced

lipopolysaccharide (LPS)-induced neuronal loss in the

substantia nigra and the production of pro-inflammatory

cytokines, respectively (16, 19).

The contribution of P2RY6-mediated signaling to the release

of pro-inflammatory cytokines in microglia has been attributed

to ERK1/2, calcium/NFAT, MAP kinases and NF-kB activation

(16, 20, 21), but the exact mechanisms by which P2RY6-

med i a t ed s i gna l i ng con t r i bu t e s t o TLR- induced

neuroinflammatory processes remain largely unknown. As

studies emphasize the importance of P2RY6-mediated

signaling in neuroinflammation, we choose to directly

compare the effects of P2RY6-mediated signaling on TLR-
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induced immune responses in microglia to those in bone

marrow-derived macrophages (BMDM). We isolated primary

cells from rhesus macaques, outbred animals that are

evolutionary close to humans (22, 23), and used the selective

P2RY6 antagonist MRS2578 to demonstrate that P2RY6-

mediated signaling broadly amplifies the production of TLR-

induced pro-inflammatory cytokines in microglia, while such

effects were much less pronounced in BMDM. Transcriptome

analysis reveals the breadth of the pro-inflammatory

contribution of P2RY6-mediated signaling to TLR-induced

responses in microglia, and predicts that enhanced activation

of the transcription factors NFAT, IRFs and NF-kB is a likely

explanation for this. Interestingly, we also observed that P2RY6-

mediated signaling strongly inhibits the mRNA expression levels

of heat shock proteins (HSP), both under homeostatic

conditions as well as after TLR engagement. As this

phenomenon was observed both in BMDM as well as in

microglia, it is probably not directly related to the P2RY6-

mediated amplification of pro-inflammatory responses but

may well be relevant when considering the therapeutical use of

P2RY6 inhibitors.
Materials and methods

Reagents

P2RY6 antagonist N,N ’ ’-1,4-Butanediylbis[N ’-(3-

isothiocyanatophenyl)thiourea (MRS2578) (Tocris Bioscience,

Bristol, UK) was reconstituted in DMSO at a concentration of 50

mM. MRS2578 is a selective -yet not entirely specific- antagonist

of P2Y6 nucleotide receptors with an IC50 value of 37 nM at

human P2RY6. It displays insignificant activity at P2Y1, P2Y2,

P2Y4 and P2Y11 receptors (IC50 > 10 mM). DMSO controls

were included in all assays where MRS2578 was used. TLR

agonists used were Pam3CSK4 (TLR1/2), LPS (TLR2/4),

ultrapure LPS (TLR4), Flagellin (TLR5), and CL075 (TLR8; all

In vivogen, San Diego, CA). Used concentrations of the TLR

agonists can be found in the figure legends.
Animals

Brain tissue and bone marrow were obtained from adult

rhesus macaques (Macaca mulatta) of either sex without

neurological disease that became available from the outbred

breeding colony or from other studies (all studies were ethically

reviewed and approved by the Ministry of Agriculture, Nature

and Food Quality of the Netherlands). No animals were

sacrificed for the exclusive purpose of the initiation of primary

cell cultures. Better use of experimental animals contributes to
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the priority 3Rs program of the Biomedical Primate Research

Centre. Individual identification data of the animals are listed

in Table 1.
Primary cells isolation and cell culture

Rhesus macaque primary microglia were isolated as

described previously (22, 23). In short, Frontal subcortical

white matter samples were collected in primary microglia

medium (PMM) comprised of 1:1 v/v DMEM (high glucose)/

HAM F10 Nutrient mixture (Gibco, Thermo Fisher Scientific,

Waltham, MA) supplemented with 10% v/v heat inactivated FBS

(TICO Europe, Amstelveen, The Netherlands), 2 mM glutamax,

50 units/mL penicillin and 50 µg/mL streptomycin (all from

Gibco). Microglia isolations were initiated from cubes of ~4.5 g

tissue that were depleted of meninges and blood vessels

manually. Tissue was chopped into cubes of less than 2 mm2

using gentleMACS™ C tubes (Miltenyi Biotec, Bergisch

Gladbach, Germany) and incubated at 37°C for 20 min in PBS

containing 0.25% (w/v) trypsin (Gibco) and 1 mg/mL bovine

pancreatic DNase I (Sigma-Aldrich, Saint Louis, MO) and mixed

every 5 min. The supernatant was discarded (no centrifugation),

the pellet was washed in PMM and passed over a 100 mm nylon

cell strainer (Falcon; Becton Dickinson Labware Europe) and

centrifuged for 7 min at 524 g. The pellet was resuspended in

22% (vol/vol) Percoll (GE Healthcare Bio-Sciences AB, Uppsala,

Sweden), 37 mM NaCl and 75% (vol/vol) myelin gradient buffer

(5.6 mM NaH2PO4, 20 mM Na2HPO4, 137 mM NaCl, 5.3 mM

KCl, 11 mM glucose, 3 mM BSA Fraction V (Sigma-Aldrich),
Frontiers in Immunology 03
pH 7.4). A layer of 100% myelin gradient buffer was added on

top and centrifuged at 1561 g for 30 min (minimal brake). The

pellet was washed in PMM and centrifuged for 7 min at 524 g.

Cells were plated at a density of 6.5 * 104 cells/cm2 in tissue-

culture treated well plates (Corning Costar Europe,

Badhoevedorp, the Netherlands) in PMM. After overnight

incubation at 37°C in a humidified atmosphere containing 5%

CO2, unattached cells and myelin debris were removed by

washing with PBS twice and attached cells were cultured in

fresh PMM supplemented with 20 ng/mL macrophage-colony

stimulating factor (M-CSF; PeproTech, London, UK). Cells were

kept in culture for 8 days without passaging. Half of the medium

was replaced by fresh medium containing M-CSF every 3-4 days.

Rhesus macaque primary bone marrow-derived

macrophages were isolated by flushing the bone marrow from

the femur (~4 cm) with PBS, followed by passing the suspension

over a 100 mm nylon cell strainer (Falcon) and density gradient

centrifugation using Lymphoprep (Axis Shield PoC AS, Oslo,

Norway) according to manufacturer’s protocol. Cells were plated

at a density of 1.3 * 105 cells/cm2 in tissue-culture treated well

plates (Corning Costar Europe) in RPMI 1640 (Gibco)

supplemented with 10% v/v heat inactivated FBS (Tico), 2 mM

glutamax, 50 units/ml penicillin, 50 mg/ml streptomycin (all

Gibco) and 20 ng/ml M-CSF (Peprotech). Half of the medium

was replaced by fresh medium containing M-CSF at day 4. Cells

were kept in culture for 8 days without passaging.
Knockdown of P2RY6 in
primary microglia

Transfection of siRNAs in adult rhesus macaque primary

microglia was performed using the Glial-Mag kit (OZ

Biosciences, San Diego, CA) as described by Carrillo-Jimenez

and colleagues (24), with a few modifications. The described

method here refer to a 24-well plate format. For one well, 72 nM

siRNA (Horizon Discovery, Waterbeach, UK) was added to a

microcentrifuge tube (for siP2RY6, 18 nM of each siRNA was

used). 100 µl DMEM (Gibco) without supplements was added to

the tube with siRNA and mixed by vortexing. The contents of

this tube were added to a new microcentrifuge tube containing

0.6 µl Glial-Mag (OZ Biosciences) and mixed gently by pipetting

up and down five times. The mixture was incubated for 20 min

at room temperature. 100 µl culture medium was removed from

the well to assure a final volume of 400 µl. 100 µl siRNA + Glial-

Mag mixture was added drop by drop to the well. Subsequently,

5 µl Glial-Boost (100x) (OZ Biosciences) was added to the well.

To ensure even distribution, the culture plate was moved back

and forward a few times. The culture plate was placed on top of

the magnetic plate (provided by the Glial-Mag kit) inside the cell

incubator for 30 min. The magnetic plate was removed, and the

culture plate was placed in the incubator for 3 more hours at 37°
TABLE 1 Individual identification data of rhesus macaques.

Monkey ID nr. Age (years) Sex Weight (kg) Origin

R00043 21 F 11,6 India

R01085 21 F 6,7 India

R02008 19 M 14,2 India

R02046 19 F 11,2 India

R02060 18 F 8,2 India

R03098 17 F 7,3 India

R06050 15 F 10,9 India

R06054 15 F 7,0 India

R07110 13 M 10,7 India

R12016 9 M 8,1 India

R13169 8 M 15,0 India

R14143 6 F 4,8 India

R15009 6 M 10,0 India

R15143 6 M 6,6 India

R15150 6 M 9,2 India

R17023 5 M 8,0 India

R18015 3 M 4,9 India
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C. After 3 h incubation, culture medium was replaced for fresh

PMM medium containing 20 ng/mL M-CSF. Stimulation

experiments with 10 µg/mL uLPS were performed 24 h after

the medium change. The different siRNAs used for this study

were siGLO Green Transfection Indicator (#D-001630-01-05),

ON-TARGETplus Non-targeting Pool (D#001810-10-05) and

4x Custom ON-TARGETplus P2RY6 siRNA specifically

designed for rhesus macaques (all from Horizon Discovery).

All siRNAs were reconstituted in 1x siRNA Buffer (Horizon

Discovery). The sequences of the different siRNAs are provided

in Table 2.
RNA isolation and quantitative RT-PCR

Total cellular RNA was isolated using the RNeasy minikit

(Qiagen GmbH, Hilden, Germany) according to manufacturer’s

protocol. Subsequently, mRNA was reverse transcribed into

cDNA using the RevertAid First Strand cDNA synthesis kit

according to the manufacturer’s protocol (Fermentas; Thermo

Fisher Scientific). RT-PCRs were performed on the CFX96™

Real-time PCR detection system (Bio-rad Laboratories,

Hercules, CA) using primer (Invitrogen; Thermo Fisher

Scientific) and probe (human Exiqon probe library, Roche,

Woerden, The Netherlands) combinations listed in Table 3,

and iTaq Universal Probes Supermix (Bio-rad Laboratories).

Relative gene expression was standardized to ACTB using the

Pfafll method (25).
Cytokine analysis

Old world monkey sandwich ELISA kits for IL-6, IL-8, IL-

12p40 and TNF-a, (U-CyTech, Utrecht, The Netherlands) were
used for quantification of the cytokines in cell culture

supernatants according to manufacturer’s instructions.

Cytokine levels were analyzed using the ELx800™ Absorbance

Microplate Reader (Biotek, Winooski, VT).
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Next generation RNA sequencing

The NEBNext Ultra II Directional RNA Library Prep Kit for

Illumina (New England Biolabs, Ipswich, MA) was used to

prepare and process the total RNA samples. Briefly, mRNA

was isolated from total RNA using oligo(dT) magnetic beads.

After fragmentation of the mRNA, cDNA synthesis was

performed followed by ligation of sequencing adapters and

PCR amplification. The quality and yield after sample

preparation were measured with a fragment analyzer (Agilent

Technologies, Amstelveen, The Netherlands). Clustering and

sequencing using the Illumina NovaSeq 6000 was performed

according to manufacturer’s protocols. Prior to alignment, the

reads were trimmed for adapter sequences using fastp v0.20 (26),

using default parameters. The Macaca mulatta genomic

reference (Mmul_10) was used for alignment of the reads for

each sample. The reads were mapped to the reference sequence

using a short-read aligner based on Burrows-Wheeler

Transform (STAR2 v2.5.4) with default settings. SAMtools

v1.10 package (http://htslib.org/, RRID : SCR_002105) was

used to sort and index the BAM files. Based on the mapped

locations in the alignment file the frequency of how often a read

was mapped on a transcript was determined with HTSeq v0.11.0

(https://htseq.readthedocs.io/en/release_0.11.1/, RRID :

SCR_005514). Only unique reads that fall within exon regions

were counted. The counts were saved to count files, which were

served as input for downstream RNA sequencing analysis.
Cell viability assay

To assess the cytotoxicity of MRS2578 on primary bone

marrow-derived macrophages and microglia, cell viability was

investigated using the live/dead viability/cytotoxicity kit

(Thermo Fisher Scientific). In short, cells were rinsed twice

with PBS. Subsequently, 2 µM of calcein AM and 4 µM of

ethidium homodimer-1 (both part of the live/dead assay kit) in

PBS were added to each well and incubated for 45 min at room

temperature protected from light. Samples were rinsed with PBS

and the nuclei were stained by incubation with 1 µM Hoechst

33342 (Thermo Fisher Scientific) in PBS for 10 min at room

temperature. Samples were rinsed with PBS and fixed with 2%

paraformaldehyde in PBS (Affymetrix, Santa Clara, CA) for

30 min at room temperature. Samples were rinsed twice with

PBS and live and dead cells were visualized using a Leica

DMI6000 fluorescence microscope and LASX software.
TUNEL assay

To label fragmented DNA of apoptotic cells, the DeadEnd

Fluorometric TUNEL System kit (Promega, Madison, WI) was
TABLE 2 Sequences of the different small interfering RNAs (siRNAs).

siRNA Sequence

siRNA non-targeting (1) UGGUUUACAUGUCGACUAA

siRNA non-targeting (2) UGGUUUACAUGUUGUGUGA

siRNA non-targeting (3) UGGUUUACAUGUUUUCUGA

siRNA non-targeting (4) UGGUUUACAUGUUUUCCUA

siP2RY6 (1) UUACGCUGGAUGCCUGUGGUU

siP2RY6 (2) UUUGGCUGUGAGUUUCUGUUU

siP2RY6 (3) AGUCGCUUGAAGUUCUCGCUU

siP2RY6 (4) UAGCGCUGGAAGCUGAUGCUU
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used according to the manufacturer’s protocol. Briefly, cells

grown on coverslips were fixed in 2% paraformaldehyde

solution in PBS for 30 min at room temperature, rinsed twice

with PBS and then treated with 0.2% Triton X-100 in PBS for

5 min at room temperature. To generate positive controls, the

samples were incubated in DNase I buffer (40 mM Tris-HCl (pH

7.9), 10 mM NaCl, 6 mM MgCl2 and 10 mM CaCl2) for 5 min

and treated with DNase I (± 6 units/mL; Qiagen GmbH) in

DNase I buffer for 10 min. After two washes with PBS, samples

were incubated in equilibration buffer (part of the TUNEL assay

kit) for 10 min at room temperature. The reaction mix was

prepared according to manufacturer’s protocol. Staining was

carried out for 1 h at 37°C in a humidified chamber protected

from light. The reaction was arrested by triple incubation in 2x

SSC (part of the TUNEL assay kit) for 5 min. Samples were

rinsed twice with PBS and mounted using ProLong™ Diamond

Antifade + DAPI (Thermo Fisher Scientific). Images were

acquired using a Leica DMI6000 fluorescence microscope and

LASX software.
Bioinformatics

BiomaRt Bioconductor Package (https://bioconductor.org/

packages/release/bioc/html/biomaRt.html, RRID : SCR_019214)

was used to annotate the genes and to generate a gene symbol list

(27, 28). The accession number for the RNA-sequencing data

from cultured primary microglia from rhesus macaques exposed

to 10 µg/mL uLPS in the presence or absence of 5 µM P2RY6

antagonist MRS2578 reported in this paper is GSE195866. Data

were inspected using principal component analysis and

heatmaps generated with heatmap.2 of Bioconductor package

gplots. Differential gene expression analysis was performed with
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Bioconductor package EdgeR (https://bioconductor.org/

packages/release/bioc/html/edgeR.html, RRID : SCR_012802)

(29). The Molecular Signatures Database (MsigDB, http://

software.broadinstitute.org/gsea/msigdb/index.jsp, RRID :

SCR_016863) was used to perform gene ontology analysis,

canonical pathway analysis and transcription factor target

analysis (30, 31).
Statistics

GraphPad Prism 9.2.0 (GraphPad Software, San Diego, CA)

was used for statistical analysis. Statistical details of experiments

can be found in the figure legends.
Results

Microglia are particularly sensitive to
P2RY6-mediated amplification of the
production of TLR-induced pro-
inflammatory cytokines

It has been reported that P2RY6-mediated signaling

modulates LPS (TLR2/4)-induced cytokine responses in

resident macrophages (16, 32), but studies that compare

modulation of such responses in different subpopulations of

macrophages are lacking. We therefore analyzed the

involvement of P2RY6-mediated signaling on pro-

inflammatory cytokine production as induced by a broad

range of TLR agonists in primary BMDM and microglia from

rhesus macaques. Engagement of TLR1/2 (by Pam3CSK4),

TLR2/4 (by LPS), TLR4 (by ultrapure (u)LPS), TLR5 (by
TABLE 3 Overview of primer/probe combinations used for RT-PCR.

Gene name Forward primer (5’-3’) Reverse primer (5’-3’) Probe

ACTB GCCCAGCACGATGAAGAT CGCCGATCCACACAGAGTA AGGAGGAG

CRYAB ATGGCAAACATGAAGAGCGC GTAATGGTGAGAGGGTCCACA TCTCCAGG

DNAJA4 TTTCAGATCCAAAGAAAAGGGATATTT ATGTCCATGGGTGAAGAGAAGCTG GCTGCCTG

DNAJB1 CATCGAAGTGAAGAAGGGGTG AACAAAGACGATATCAGCTGGAA GGAAGGAG

HSP90AA1 CATGAAGACTCACAAAATCGGAAG TTTCCTTCATTCTGGTGCAGT CTGCCTCT

HSPA5 TCCGGTCTACTATGAAGCCC AATTCGAGTCGAGCCACCAA CTTCCAGC

HSPB1 CGGACGAGCTAACGGTTAAG GTGAAGCACCGGGAGATGTAG CTCCACCA

HSPD1 GTTGGTCTTCAGGTTGTGGC CTCCAAACACTGCACCACCA CCTGGAGC

HSPH1 CTCACAGTCTCCCCCTTCAC GGCAGCTCGACATTCACCA GGAGGCTG

IL-1a AATAACCTGGAGGCCATCG GCTAAAAGGTGCCGACCTG CAGAGGAA

IL-6 ACAAAAGTCCTGATCCAGTTCC GTCATGTCCTGCAGCCACT CAGCAGGC

IL-8 TCTGTGTAAACATGACTTCCAAGC CACTCCTTGGCAAAACTGC CAGAGGAA

IL-12p40 CCACATTCCTACTTCTCCCTGA ACCGTGGCTGAGGTCTTGT TCCAGGTC

P2RY6 AGCTGTCTTTGCTGCCACA GGGCTGAGGTCATAGCAAAC GCTGGATG

TNF-a AAGCCTGTAGCCCATGTTGT GCTGGTTATCTGTCAGCTCCA CCAGGAGG
fr
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Flagellin), and TLR8 (by CL075) potently induced IL-6, IL-8 and

IL-12p40 production in both cell types (Figures 1A, B), while

exposure to TLR1/2 agonist induced the production of TNF-a in

microglia only. Exposure of BMDM to the selective P2RY6
Frontiers in Immunology 06
antagonist MRS2578 inhibited the production of TLR8-

induced IL-6 and TLR5-induced IL-12p40, whereas TLR2/4-

induced IL-8 was enhanced (Figure 1A). By comparison,

exposure of microglia to MRS2578 had much more potent
BA

C

FIGURE 1

P2RY6-mediated signaling is broadly involved in microglia TLR-induced pro-inflammatory cytokine production and mRNA expression. Primary
bone marrow-derived macrophages (BMDMs) and microglia from rhesus macaques were exposed for 16 h to different TLR ligands in the
absence (white symbols) or presence (grey symbols) of 1 h pre-incubation of 5 µM P2RY6 antagonist MRS2578. TLR ligands used were 1 µg/mL
PAM3CSK4 (TLR1/2), 10 ng/mL LPS (TLR 2/4), 10 ng/mL ultrapure LPS (TLR4), 100 ng/mL Flagellin (TLR5) or 1 µg/mL CL075 (TLR8). IL-6, IL-8, IL-
12p40 and TNF-a production levels of (A) BMDM and (B) microglia are shown in pg/mL. Symbols represent different donors. n=3-5, paired t-
test on log-transformed data, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. (C) Microglia mRNA expression levels of pro-inflammatory
cytokines in the presence of 5 µM MRS2578 are expressed relative to mRNA expression after exposure to each TLR ligand alone (dotted line =
100%). Symbols represent different donors. Horizontal lines indicate mean values with 95% confidence intervals. n=4-6, paired t-test on log-
transformed data, *p < 0.05, **p < 0.01, ***p < 0.005.
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effects and reduced the TLR1/2-, TLR4- and TLR8-induced

production of IL-6, the TLR1/2-, TLR2/4-, TLR5- and TLR8-

induced production of IL-8, the TLR1/2-, TLR2/4-, TLR4-,

TLR5- and TLR8-induced production of IL-12p40, and the

TLR5- and TLR8-induced production of TNF-a (Figure 1B).

Mean log fold changes of Figures 1A, B are presented in Table

S1. Of note, we intended to analyze IL-1a production as well, but

this was not possible since commercial ELISA reagents are not

available for non-human primates. Inhibition of TLR-induced

cytokine responses could not be attributed to MRS2578-

associated cytotoxicity. Exposure to up to 5 µM MRS2578 did

not affect the numbers of viable cells, neither for BMDM nor for

microglia (Figure S1). Only when cells were exposed to

concentrations as high as 25 µM MRS2578, decreases in cell

viability were observed. We next questioned whether the

differential sensitivity to P2RY6-mediated signaling between

BMDM and microglia could be attributed to different P2RY6

mRNA expression levels, but these were comparable between

BMDM and microglia (Figure S2).

To investigate whether the reduced production levels of

TLR-induced pro-inflammatory cytokines in microglia in the

presence of P2RY6 antagonist were correlated to reduced mRNA

expression levels we used a real-time PCR approach.

Engagement of different TLRs potently induced the mRNA

expression levels of IL-6, IL-8, IL-12p40, TNF-a and IL-1a
(Table S2), and exposure to P2RY6 antagonist significantly

reduced the mRNA expression levels of TLR2/4- and TLR4-

induced IL-6 (Figure 1C). In addition, TLR2/4-, TLR4-, TLR5-

and TLR8-induced IL-12p40 and TLR1/2-, TLR2/4-, TLR4-,

TLR5- and TLR8-induced IL-1a mRNA expression levels were

also significantly reduced in the presence of P2RY6 antagonist.

Although we observed some minor discrepancies between

production (ELISA) and mRNA expression (RT-PCR) levels,

the overall data clearly demonstrate that P2RY6-mediated

signaling broadly affects TLR-induced pro-inflammatory

cytokine production and mRNA expression levels, in microglia

in particular.

To further characterize the effects of P2RY6-mediated

signaling on TLR-induced responses, we continued with the

robust and specific TLR4 agonist uLPS. Microglia were

stimulated with uLPS in the presence of escalating

concentrations of MRS2578. Exposure to uLPS strongly

induced the production of IL-6, IL-8, IL-12p40 and TNF-a
(Table S3), whereas exposure to MRS2578 inhibited the uLPS-

induced production of IL-6 and IL-12p40 in a dose-dependent

manner (Figure 2A). This was confirmed at the transcription

level. IL-6, IL-8, IL-12p40, TNF-a and IL-1a mRNA expression

levels were strongly induced after uLPS exposure (Figure S3),

and in the presence of MRS2578, uLPS-induced mRNA gene

expression levels of IL-6, IL-12p40 and IL-1a were dose-

dependently inhibited (Figure 2B).
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To confirm that our results were attributable to the selective

inhibition of P2RY6-mediated signaling, we silenced the

expression of P2RY6 in microglia with P2RY6-targeting

siRNAs and analyzed IL-6, IL-12p40 and IL-1a mRNA

expression levels after exposure to uLPS. P2RY6 knockdown

decreased P2RY6 mRNA expression by ± 15-fold as confirmed

by RT-PCR (Figure S4, Table S4). In comparison to

untransfected microglia or to microglia that were transfected

with non-targeting control siRNAs, uLPS-induced IL-12p40

mRNA levels in microglia transfected with P2RY6-targeting

siRNAs were significantly inhibited (Figure 2C, Table S4). In

addition, TLR4-induced IL-1a and IL-6 mRNA levels were also

reduced, although not significantly. Mean log fold change

mRNA expression values of Figure 2C are presented in Table S5.
RNA transcriptome analysis reveals that
P2RY6-mediated signaling broadly
amplifies uLPS-induced pro-
inflammatory responses

To get a broader overview of the P2RY6-mediated effects, we

compared the RNA transcriptomes of microglia exposed to the

TLR4 agonist uLPS in the presence of MRS2578 to those exposed

to uLPS only. Of note, for this analysis we selected four donors

that were also used in the previous section (Figure 2). Principal

component analysis and heatmap analysis show that the

transcriptomes from individual donors cluster together, rather

than samples that were exposed to similar stimulation

conditions (Figures 3A, B). Such large donor-donor variability

is not uncommon when working with samples derived from

outbred individuals (22). Nevertheless, differential gene

expression analysis demonstrates that 302 gene products were

expressed at significantly different levels when cells were exposed

to P2RY6 antagonist (FDR < 0.05; Table S6). Gene ontology

analysis showed that the differentially expressed genes (DEG) are

associated with biological processes such as immune response

(93 genes), defense response (76 genes) and response to cytokine

(55 genes; Figure 3C). It should be noted that only the top 10

biological processes are presented and that genes can be

associated with multiple biological processes. The DEG

associated with each biological process can be found in Table

S7. Indeed, transcripts encoding for cytokine IL-1b (not

significant) and the chemokines CCL5 and CXCL16 (both

significant) were decreased when P2RY6-mediated signaling

was inhibited (Figure 3D). Importantly, transcriptome analysis

confirmed the downregulation of IL-6, IL-12p40 and IL-1a
mRNA expression levels in the presence of P2RY6 antagonist.

In addition to cytokine and chemokine transcripts, we observed

that IL-2, IL-7 and IL-15 receptor transcripts were also decreased

in the presence of P2RY6 antagonist. Furthermore, TLR6 (not
frontiersin.org

https://doi.org/10.3389/fimmu.2022.967951
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Timmerman et al. 10.3389/fimmu.2022.967951
significant), TLR2 and TLR8 (both significant) expression levels

were also markedly reduced. These data demonstrate the broad

pro-inflammatory contribution of P2RY6-mediated signaling to

uLPS-induced responses.

In order to gain insight into the molecular underpinnings of

the P2RY6-mediated effects on uLPS-induced responses, we

analyzed which transcription factor targets were shared

between the downregulated genes. This analysis identifies

NFAT, IRFs and NF-kB, as potential modulated targets by

P2RY6-mediated signaling (Figure 3E). Of note, only the top

10 transcription factor targets are presented. The downregulated

genes associated with the transcription factor targets listed in

Figure 3E can be found in Table S8. The possible involvement of

NF-kB is in line with the notion that the promoter regions of IL-

1a, IL-6 and IL-12p40 all share binding sites for NF-kB (33–35).

Finally, we performed a canonical pathway analysis of the 302

DEG using the Reactome Pathway Database. Besides cytokine
Frontiers in Immunology 08
and interleukin signaling pathways (42 genes), we unexpectedly

observed that multiple heat shock transcription factor 1 (HSF1)-

mediated pathways (12 genes) were present in this list

(Figure 3F). Again, only the top 10 pathways are presented.

The DEG associated with the top 10 pathways are displayed in

Table S9.
Inhibition of P2RY6-mediated signaling
induces the expression of heat shock
protein genes

To our surprise, transcriptome analysis revealed that

inhibition of P2RY6-mediated signaling in uLPS-exposed

microglia led to a strong induction of the expression levels of

multiple heat shock protein (HSP) genes, including CRYAB,

DNAJA4, DNAJB1, HSP90AA1, HSPA5, HSPB1, HSPD1 and
B

C

A

FIGURE 2

uLPS-induced IL-6, IL-12p40 and IL-1a expression levels are dependent on P2RY6-mediated signaling. Primary microglia from rhesus macaques
were exposed for 16 h to 10 µg/mL uLPS (TLR4) with or without 1 h pre-incubation of 0.2, 1 or 5 µM P2RY6 antagonist MRS2578. The effects of
P2RY6 antagonist on uLPS-induced IL-6, IL-8, IL-12p40, TNF-a and IL-1a were analyzed. Graphs show the effects of P2RY6-mediated signaling
on TLR4-induced (A) cytokine production and (B) mRNA expression levels. Levels of all graphs are expressed relative to levels after exposure to
uLPS alone (dotted line =100%). Symbols represent different donors. Horizontal lines indicate mean values with 95% confidence intervals. n=5,
paired t-test on log-transformed data, *p < 0.05, ***p < 0.005, ****p < 0.001. (C) Effects of P2RY6 knockdown (siP2RY6) on uLPS-induced IL-6,
IL-12p40 and IL-1a mRNA expression levels. siNT = transfection with non-targeting control siRNA. Symbols represent different donors. n=5,
one-way ANOVA on log-transformed data, ns, not statistically significant. *p < 0.05, **p < 0.01, ***p < 0.005.
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B

C D

E

F

A

FIGURE 3

Effects of P2RY6-mediated signaling on the transcriptomes of uLPS-exposed primary microglia. (A) Principal component analysis and
(B) Spearman correlation heatmap of the transcriptomes of primary microglia from four adult rhesus macaques exposed to 10 µg/mL uLPS
(TLR4), with (grey symbols) or without (white symbols) 1 h pre-incubation with 5 µM P2RY6 antagonist MRS2578. n=4, symbols represent
different donors. (C) Biological processes associated with the 302 differentially expressed genes were analyzed using the molecular signatures
database (MSigDB). FDR = false discovery rate. (D) Gene expression levels (CPM) of several genes associated with immune responses. Microglia
were exposed to uLPS, with (grey symbols) or without (white symbols) 1 h pre-incubation with MRS2578. n=4, EdgeR false discovery rates (FDR)
are used to display statistical differences, *FDR < **FDR < 0.01, ***FDR < 0.005, ****FDR < 0.001. (E) Transcription factor target analysis of the
downregulated genes in the presence of P2RY6 antagonist analyzed using MSigDB. FDR = false discovery rate. (F) Canonical pathways
associated with the 302 differentially expressed genes were analyzed using MSigDB. FDR = false discovery rate.
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HSPH1 (Figure 4A). Interestingly, RT-PCR analysis showed that

these genes were also upregulated in microglia exposed to P2RY6

antagonist alone (Figure 4B), suggesting a role for homeostatic

P2RY6-mediated signaling in microglia. We performed a gene

set enrichment analysis of the upregulated genes in uLPS-
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exposed microglia in the presence of P2RY6 antagonist and

found that these genes were associated with biological processes

such as protein folding, response to topologically incorrect

protein and chaperone mediated protein folding, (Figure 4C),

which are all well described biological processes linked to HSP
B

C

D

A

FIGURE 4

Exposure to P2RY6 antagonist MRS2578 induces the expression of heat shock protein genes. (A) Gene expression levels (CPM) of heat shock
protein genes in microglia exposed to uLPS (TLR4), with (grey symbols) or without (white symbols) 1 h pre-incubation with MRS2578. n=4,
EdgeR false discovery rates (FDR) are used to display statistical differences, * FDR < 0.05 ** FDR < 0.01 *** FDR < 0.005. (B) mRNA expression
levels measured by RT-PCR of heat shock protein genes in homeostatic microglia and microglia exposed to 5 µM MRS2578. Symbols represent
different donors. n=7, paired t-test on log-transformed data, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. (C) Biological processes
associated with upregulated differentially expressed genes in uLPS exposed microglia in the presence of P2RY6 antagonist. FDR = false
discovery rate. (D) mRNA expression levels measured by RT-PCR of heat shock protein genes in homeostatic BMDM and BMDM exposed to 5
µM MRS2578, either in the absence or presence of 10 ng/mL uLPS. Symbols represent different donors. n=4, paired t-test on log-transformed
data, ns, not statistically significant, *p < 0.05, **p < 0.01, ***p < 0.005.
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functions. The upregulation of HSP might indicate that the

absence of P2RY6-mediated signaling results in cellular stress, as

is also suggested by the DEG associated with programmed cell

death in the presence of P2RY6 antagonist (Figure 3C). To

analyze this in more detail, we performed TUNEL assays and

observed that exposure to MRS2578 did not induce apoptosis in

microglia (Figure S5). Even in combination with exposure to

uLPS, the percentage of apoptotic microglia remained very

low (<0.4%).

Finally, we questioned whether the amplification of pro-

inflammatory responses and the inhibition of HSP expression

levels by P2RY6-mediated signaling were related. If this were the

case, one might expect that exposure of BMDM to P2RY6

antagonist might induce HSP expression levels to a lesser

extent, as the pro-inflammatory effects of P2RY6-mediated

signaling were much less pronounced in this cell type. We

however observed that inhibition of P2RY6-mediated signaling

in BMDM induced the expression levels of HSP genes to a

similar extent as in microglia, both under homeostatic

conditions as well as after TLR4 engagement (Figure 4D).
Discussion

There is ample evidence for the involvement of P2RY6-

mediated signaling in a broad range of central nervous system

(CNS) disorders [reviewed in (36)]. While the role of microglial

P2RY6 as an essential regulator of phagocytosis in the brain has

been widely acknowledged (37, 38), P2RY6-mediated signaling

in microglia can also affect cytokine and chemokine production

(16, 20). In the present study we demonstrate that P2RY6-

mediated signaling broadly amplifies TLR-induced pro-

inflammatory signaling in microglia in particular. Modeling

predicts that the transcription factors NFAT, IRFs and NF-kB
are involved. Furthermore, we describe for the first time a

prominent role for P2RY6-mediated signaling in the

regulation of HSP gene expression levels.

Engagement of TLRs induced the mRNA expression levels

and protein production of multiple pro-inflammatory cytokines

and chemokines in both BMDM and microglia. When directly

compared to BMDM, we find that in microglia P2RY6-mediated

signaling is much more broadly involved in TLR-induced pro-

inflammatory cytokine production. These cell type-specific

differences are not attributable to differences in P2RY6 mRNA

expression levels between BMDM and microglia, as these were

comparable. Possibly, differences in P2RY6-mediated responses

between different macrophage populations might rather be

associated with tissue-specific adaptations of regulatory

circuits. Alternatively, microglia might release higher levels of

UDP upon TLR exposure when compared to BMDM, resulting

in enhanced P2RY6-mediated signaling. Differences in innate

immune responses between macrophage populations, including
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BMDM and microglia has been reported earlier (14, 39) and the

impact of ‘nature and nurture’ on BMDM and microglia innate

immune responses has been the subject of many studies (40, 41).

Our data show that, particularly in the CNS, P2RY6-mediated

signaling in microglia most likely amplifies pro-inflammatory

responses during inflammation.

The prominent contribution of P2RY6 to pro-inflammatory

signaling was further characterized in microglia that were

exposed to the TLR4 agonist uLPS and to escalating

concentrations of P2RY6 antagonist MRS2578. MRS2578 is a

selective -yet not entirely specific- antagonist of P2RY6, but the

concentrations used in this study were well below reported IC50

values for other P2Y receptors. Whereas TLR4-induced IL-6, IL-

12p40 and IL-1a responses were inhibited in the presence of

P2RY6 antagonist, IL-8 and TNF-a responses were unaffected.

This contrasts with data from a recent study. When mice

microglia were exposed to a TLR2/4 agonist in the presence of

P2RY6 antagonist, MIP-2 (the murine equivalent of human IL-

8) and TNF-a were inhibited. Differences in species, P2RY6

protein-coding sequences (88% overlap between rhesus macaque

and mouse), TLR agonists used or differences in sampling

timepoints might have been responsible for these discrepant

findings. We confirmed the involvement of P2RY6 in TLR4-

induced IL-12p40 responses by silencing of P2RY6 gene

expression with P2RY6-targeting siRNAs. Although this also

affected TLR4-induced IL-1a and IL-6 responses, this was not

significant. Transcriptome analysis revealed that the overall

contribution of P2RY6-mediated signaling to TLR4-induced

responses was of pro-inflammatory nature, as multiple pro-

inflammatory cytokines, chemokines and receptors were

downregulated in the presence of P2RY6 antagonist. Whether

P2RY6-mediated signaling also affected baseline levels of these

target genes could not be concluded, as data from unexposed

microglia is lacking. Transcription factor target analysis

predicted the implication of NF-kB as a target of P2RY6-

mediated signaling, which is supported by the notion that the

promoter regions of IL-1a, IL-6 and IL-12p40 all share binding

sites for NF-kB. Furthermore, NFAT and IRFs were also

predicted to be affected by P2RY6-mediated signaling,

warranting further detailed biochemical investigations.

Striking was the strong induction of HSP genes in the

presence of P2RY6 antagonist, both in uLPS-exposed and in

homeostatic microglia. HSPs are a large family of molecular

chaperones that are induced by various stressors to provide

protection against cellular damage by aiding the folding and

assembly of proteins and to prevent protein aggregation (42, 43).

The upregulation of multiple HSPs suggests that ablation of

P2RY6-mediated signaling induces a stress response in

microglia. Since exposure to DMSO (as a solvent control) did

not induce the expression of HSP (data not shown), the effect is

directly attributable to exposure to the P2RY6 antagonist

MRS2578. Noteworthy is that we could not find evidence for
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MRS2578-induced apoptosis. Although MRS2578 is a potent

inhibitor of P2RY6-mediated signaling, it should be tested

whether MRS2578 has any off-target effects on microglia to

further confirm and elucidate our findings.

HSPs have both pro- and anti-inflammatory effects

depending on the cellular location of HSPs and the activation

state of the cell [reviewed in (43, 44)]. One could speculate that

P2RY6-mediated signaling modulates pro-inflammatory

cytokine responses via the regulation of HSPs. However, as

HSPs were also upregulated in BMDM in the presence of P2RY6

antagonist – and P2RY6-mediated signaling had little effects on

TLR-induced pro-inflammatory cytokine responses in this cell

type – we have no data to support this hypothesis.

HSPs, including HSP90AA1, HSPA8 and DNAJB1 (all

upregulated in the presence of P2RY6 antagonist) are key players

in chaperone-mediated autophagy (CMA), a form of autophagy

that is impaired in aging and neurodegenerative diseases (45). This

suggests that P2RY6-mediated signaling is involved in CMA

activity. Functional assays to measure CMA activity are needed

to confirm this, but technical limitations associated with the use of

primary cells render such assays very challenging (46).

Taken together, our data suggest that during homeostasis, tonic

P2RY6-mediated signaling is a requirement for healthy microglia.

Although the protocol and culture medium we used in this study
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have been characterized extensively to yield microglia that we would

characterize as ‘neutral’, it should be taken into account that in vitro

models for microglia always affect their phenotype and modeling

homeostatic microglia remains a major challenge. Our data further

suggests that under inflammatory conditions, P2RY6-mediated

signaling amplifies TLR-induced pro-inflammatory responses

supporting the idea that upregulation of P2RY6, as amongst

others seen in neurodegenerative diseases, including AD and PD

(16, 47), might be partly responsible for excessive

neuroinflammatory responses. In accordance with that idea,

previous studies have shown that blocking of P2RY6 is beneficial

in models of AD, PD and ischemic stroke (16, 18, 19, 38). Based on

our data and published literature, we propose that blocking of

P2RY6-mediated signaling can indeed reduce neuroinflammation

and might induce HSP expression and CMA activity (Figure 5),

which are all considered advantageous during neurodegenerative

diseases (49–52). As P2RY6 is involved in multiple physiological

and pathological cell functions, it should be noted that blocking of

P2RY6-mediated signaling may induce both protective and harmful

responses depending on the timing, dose and cellular target.

Therefore, future research is pivotal to gain further insight in the

diverse roles of P2RY6 during neuroinflammatory and

neurodegenerative diseases and to determine how and in which

context this pathway can be targeted.
FIGURE 5

Schematic model of the contribution of P2RY6-mediated signaling during neuroinflammation. During neurodegeneration, TLRs and P2RY6 are
described to be upregulated (16, 47, 48). The upregulation of both TLRs and P2RY6 may contribute to 1) chronic neuroinflammation, 2)
downregulation of HSP, and 3) autophagosome accumulation due to impaired chaperone-mediated autophagy (CMA) processes, which are all
hallmarks of neurodegenerative diseases. Our data show that blocking of P2RY6 with P2RY6 antagonist MRS2578 can 1) reduce the expression
of pro-inflammatory cytokines and chemokines and 2) induce the expression of HSPs, which 3) may lead to increased CMA activity.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.967951
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Timmerman et al. 10.3389/fimmu.2022.967951
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and

accession number(s) can be found below: https://www.ncbi.

nlm.nih.gov/geo/, GSE195866.
Ethics statement

Brain tissue and bone marrow were obtained from adult

rhesus macaques (Macaca mulatta) of either sex without

neurological disease that became available from the outbred

breeding colony or from other studies (all studies were ethically

reviewed and approved by theMinistry of Agriculture, Nature and

Food Quality of the Netherlands). No animals were sacrificed for

the exclusive purpose of the initiation of primary cell cultures.

Better use of experimental animals contributes to the priority 3Rs

program of the Biomedical Primate Research Centre.
Author contributions

Conceptualization, RT and JB. Experimental work, RT and

EZ-S. Data analysis, RT, EZ-S, and JB. Manuscript, RT and JB.

All authors contributed to the article and approved the

submitted version.
Funding

This study was performed using internal funding only.
Frontiers in Immunology 13
Acknowledgments

We thank E. Remarque for help with the statistical analyses,

F. van Hassel for help with the graphical representations of the

research, T. Haaksma and I. Kondova for help with the

obductions and preparation of CNS material, and H. van

Noort and B. ‘t Hart for critical feedback on the manuscript.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fimmu.2022.967951/full#supplementary-material
References
1. Billack B. Macrophage activation: Role of toll-like receptors, nitric oxide, and
nuclear factor kappa b. Am J Pharm Educ (2006) 70(5):102. doi: 10.5688/aj7005102

2. Janeway CAJr., Medzhitov R. Innate immune recognition. Annu Rev
Immunol (2002) 20:197–216. doi: 10.1146/annurev.immunol.20.083001.084359

3. Thompson EA, Lore K. Non-human primates as a model for understanding
the mechanism of action of toll-like receptor-based vaccine adjuvants. Curr Opin
Immunol (2017) 47:1–7. doi: 10.1016/j.coi.2017.06.006

4. Kawasaki T, Kawai T. Toll-like receptor signaling pathways. Front Immunol
(2014) 5:461. doi: 10.3389/fimmu.2014.00461

5. Fitzgerald KA, Kagan JC. Toll-like receptors and the control of immunity.
Cell. (2020) 180(6):1044–66. doi: 10.1016/j.cell.2020.02.041

6. Ospelt C, Gay S. TLRs and chronic inflammation. Int J Biochem Cell Biol
(2010) 42(4):495–505. doi: 10.1016/j.biocel.2009.10.010

7. Li R, Tan B, Yan Y, Ma X, Zhang N, Zhang Z, et al. Extracellular UDP and
P2Y6 function as a danger signal to protect mice from vesicular stomatitis virus
infection through an increase in IFN-beta production. J Immunol (2014) 193
(9):4515–26. doi: 10.4049/jimmunol.1301930

8. Qin J, Zhang G, Zhang X, Tan B, Lv Z, Liu M, et al. TLR-activated gap
junction channels protect mice against bacterial infection through extracellular
UDP release. J Immunol (2016) 196(4):1790–8. doi: 10.4049/jimmunol.1501629
9. Sheth S, Brito R, Mukherjea D, Rybak LP, Ramkumar V. Adenosine
receptors: Expression, function and regulation. Int J Mol Sci (2014) 15(2):2024–
52. doi: 10.3390/ijms15022024

10. Burnstock G. Purine and purinergic receptors. Brain Neurosci Adv (2018)
2:2398212818817494. doi: 10.1177/2398212818817494

11. Burnstock G. Purinergic signalling and neurological diseases: An update.
CNS Neurol Disord Drug Targets (2017) 16(3):257–65. doi: 10.2174/
1871527315666160922104848

12. Pietrowski MJ, Gabr AA, Kozlov S, Blum D, Halle A, Carvalho K. Glial
purinergic signaling in neurodegeneration. Front Neurol (2021) 12:654850. doi:
10.3389/fneur.2021.654850

13. Burnstock G. An introduction to the roles of purinergic signalling in
neurodegeneration, neuroprotection and neuroregeneration. Neuropharmacology.
(2016) 104:4–17. doi: 10.1016/j.neuropharm.2015.05.031

14. Burm SM, Zuiderwijk-Sick EA, Weert PM, Bajramovic JJ. ATP-induced IL-
1beta secretion is selectively impaired in microglia as compared to hematopoietic
macrophages. Glia. (2016) 64(12):2231–46. doi: 10.1002/glia.23059

15. van der Putten C, Zuiderwijk-Sick EA, van Straalen L, de Geus ED, Boven
LA, Kondova I, et al. Differential expression of adenosine A3 receptors controls
adenosine A2A receptor-mediated inhibition of TLR responses in microglia. J
Immunol (2009) 182(12):7603–12. doi: 10.4049/jimmunol.0803383
frontiersin.org

https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/articles/10.3389/fimmu.2022.967951/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.967951/full#supplementary-material
https://doi.org/10.5688/aj7005102
https://doi.org/10.1146/annurev.immunol.20.083001.084359
https://doi.org/10.1016/j.coi.2017.06.006
https://doi.org/10.3389/fimmu.2014.00461
https://doi.org/10.1016/j.cell.2020.02.041
https://doi.org/10.1016/j.biocel.2009.10.010
https://doi.org/10.4049/jimmunol.1301930
https://doi.org/10.4049/jimmunol.1501629
https://doi.org/10.3390/ijms15022024
https://doi.org/10.1177/2398212818817494
https://doi.org/10.2174/1871527315666160922104848
https://doi.org/10.2174/1871527315666160922104848
https://doi.org/10.3389/fneur.2021.654850
https://doi.org/10.1016/j.neuropharm.2015.05.031
https://doi.org/10.1002/glia.23059
https://doi.org/10.4049/jimmunol.0803383
https://doi.org/10.3389/fimmu.2022.967951
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Timmerman et al. 10.3389/fimmu.2022.967951
16. Yang X, Lou Y, Liu G, Wang X, Qian Y, Ding J, et al. Microglia P2Y6
receptor is related to parkinson's disease through neuroinflammatory process. J
Neuroinflamm (2017) 14(1):38. doi: 10.1186/s12974-017-0795-8

17. Facci L, Barbierato M, Marinelli C, Argentini C, Skaper SD, Giusti P. Toll-
like receptors 2, -3 and -4 prime microglia but not astrocytes across central nervous
system regions for ATP-dependent interleukin-1beta release. Sci Rep (2014) 4:6824.
doi: 10.1038/srep06824

18. Neher JJ, Neniskyte U, Hornik T, Brown GC. Inhibition of UDP/P2Y6
purinergic signaling prevents phagocytosis of viable neurons by activated microglia
in vitro and in vivo. Glia (2014) 62(9):1463–75. doi: 10.1002/glia.22693

19. Milde S, van Tartwijk FW, Vilalta A, Hornik TC, Dundee JM, Puigdellivol
M, et al. Inflammatory neuronal loss in the substantia nigra induced by systemic
lipopolysaccharide is prevented by knockout of the P2Y6 receptor in mice. J
Neuroinflamm (2021) 18(1):225. doi: 10.1186/s12974-021-02280-2

20. Kim B, Jeong HK, Kim JH, Lee SY, Jou I, Joe EH. Uridine 5'-diphosphate
induces chemokine expression in microglia and astrocytes through activation of
the P2Y6 receptor. J Immunol (2011) 186(6):3701–9. doi: 10.4049/
jimmunol.1000212

21. Morioka N, Tokuhara M, Harano S, Nakamura Y, Hisaoka-Nakashima
K, Nakata Y. The activation of P2Y6 receptor in cultured spinal microglia
induces the production of CCL2 through the MAP kinases-NF-kappaB
pathway . Neuropharmaco logy . (2013) 75 :116–25 . do i : 10 . 1016/
j.neuropharm.2013.07.017

22. Timmerman R, Zuiderwijk-Sick EA, Oosterhof N, t Jong AEJ, Veth J, Burm
SM, et al. Transcriptome analysis reveals the contribution of oligodendrocyte and
radial glia-derived cues for maintenance of microglia identity. Glia (2021) 70
(4):728–47. doi: 10.1002/glia.24136

23. Zuiderwijk-Sick EA, van der Putten C, Bsibsi M, Deuzing IP, de Boer W,
Persoon-Deen C, et al. Differentiation of primary adult microglia alters their
response to TLR8-mediated activation but not their capacity as APC. Glia. (2007)
55(15):1589–600. doi: 10.1002/glia.20572

24. Carrillo-Jimenez A, Puigdellivol M, Vilalta A, Venero JL, Brown GC,
StGeorge-Hyslop P, et al. Effective knockdown of gene expression in primary
microglia with siRNA and magnetic nanoparticles without cell death or
inflammat ion. Front Ce l l Neurosc i (2018) 12 :313 . doi : 10 .3389/
fncel.2018.00313

25. Pfaffl MW. A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res (2001) 29(9):e45. doi: 10.1093/nar/29.9.e45

26. Chen S, Zhou Y, Chen Y, Gu J. Fastp: An ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics (2018) 34(17):i884–i90. doi: 10.1093/bioinformatics/
bty560

27. Durinck S, Moreau Y, Kasprzyk A, Davis S, De Moor B, Brazma A, et al.
BioMart and bioconductor: A powerful link between biological databases and
microarray data analysis. Bioinformatics. (2005) 21(16):3439–40. doi: 10.1093/
bioinformatics/bti525

28. Durinck S, Spellman PT, Birney E, Huber W. Mapping identifiers for the
integration of genomic datasets with the R/Bioconductor package biomaRt. Nat
Protoc (2009) 4(8):1184–91. doi: 10.1038/nprot.2009.97

29. Robinson MD, McCarthy DJ, Smyth GK. edgeR: A bioconductor package
for differential expression analysis of digital gene expression data. Bioinformatics.
(2010) 26(1):139–40. doi: 10.1093/bioinformatics/btp616

30. Liberzon A, Subramanian A, Pinchback R, Thorvaldsdottir H, Tamayo P,
Mesirov JP. Molecular signatures database (MSigDB) 3.0. Bioinformatics (2011) 27
(12):1739–40. doi: 10.1093/bioinformatics/btr260

31. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette
MA, et al. Gene set enrichment analysis: A knowledge-based approach for
interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A (2005)
102(43):15545–50. doi: 10.1073/pnas.0506580102

32. Bar I, Guns PJ, Metallo J, Cammarata D, Wilkin F, Boeynams JM, et al.
Knockout mice reveal a role for P2Y6 receptor in macrophages, endothelial cells,
and vascular smooth muscle cells. Mol Pharmacol (2008) 74(3):777–84. doi:
10.1124/mol.108.046904
Frontiers in Immunology 14
33. Khazim K, Azulay EE, Kristal B, Cohen I. Interleukin 1 gene polymorphism
and susceptibility to disease. Immunol Rev (2018) 281(1):40–56. doi: 10.1111/
imr.12620

34. Luo Y, Zheng SG. Hall of fame among pro-inflammatory cytokines:
Interleukin-6 gene and its transcriptional regulation mechanisms. Front
Immunol (2016) 7:604. doi: 10.3389/fimmu.2016.00604

35. Ma X, Yan W, Zheng H, Du Q, Zhang L, Ban Y, et al. Regulation of IL-10
and IL-12 production and function in macrophages and dendritic cells. F1000Res
(2015) 4. doi: 10.12688/f1000research.7010.1

36. Anwar S, Pons V, Rivest S. Microglia purinoceptor P2Y6: An emerging
therapeutic target in CNS diseases. Cells. (2020) 9(7). doi: 10.3390/cells9071595

37. Koizumi S, Shigemoto-Mogami Y, Nasu-Tada K, Shinozaki Y, Ohsawa K,
Tsuda M, et al. UDP Acting at P2Y6 receptors is a mediator of microglial
phagocytosis. Nature. (2007) 446(7139):1091–5. doi: 10.1038/nature05704

38. Puigdellivol M, Milde S, Vilalta A, Cockram TOJ, Allendorf DH, Lee
JY, et al. The microglial P2Y6 receptor mediates neuronal loss and memory
deficits in neurodegeneration. Cell Rep (2021) 37(13):110148. doi: 10.1016/
j.celrep.2021.110148

39. Burm SM, Zuiderwijk-Sick EA, t Jong AE, van der Putten C, Veth J,
Kondova I, et al. Inflammasome-induced IL-1beta secretion in microglia is
characterized by delayed kinetics and is only partially dependent on
inflammatory caspases. J Neurosci (2015) 35(2):678–87. doi: 10.1523/
JNEUROSCI.2510-14.2015

40. Timmerman R, Burm SM, Bajramovic JJ. Tissue-specific features of
microglial innate immune responses. Neurochem Int (2021) 142:104924. doi:
10.1016/j.neuint.2020.104924

41. Hoeksema MA, Glass CK. Nature and nurture of tissue-specific
macrophage phenotypes. Atherosclerosis. (2019) 281:159–67. doi: 10.1016/
j.atherosclerosis.2018.10.005

42. Feder ME, Hofmann GE. Heat-shock proteins, molecular chaperones, and
the stress response: Evolutionary and ecological physiology. Annu Rev Physiol
(1999) 61:243–82. doi: 10.1146/annurev.physiol.61.1.243

43. Dukay B, Csoboz B, Toth ME. Heat-shock proteins in neuroinflammation.
Front Pharmacol (2019) 10:920. doi: 10.3389/fphar.2019.00920

44. Lee CT, Repasky EA. Opposing roles for heat and heat shock proteins in
macrophage functions during inflammation: A function of cell activation state?
Front Immunol (2012) 3:140. doi: 10.3389/fimmu.2012.00140

45. Massey AC, Zhang C, Cuervo AM. Chaperone-mediated autophagy in aging
and disease.Curr Top Dev Biol (2006) 73:205–35. doi: 10.1016/S0070-2153(05)73007-6

46. Patel B, Cuervo AM. Methods to study chaperone-mediated autophagy.
Methods. (2015) 75:133–40. doi: 10.1016/j.ymeth.2015.01.003

47. Sekar S, McDonald J, Cuyugan L, Aldrich J, Kurdoglu A, Adkins J, et al.
Alzheimer's disease is associated with altered expression of genes involved in
immune response and mitochondrial processes in astrocytes. Neurobiol Aging
(2015) 36(2):583–91. doi: 10.1016/j.neurobiolaging.2014.09.027

48. Arroyo DS, Soria JA, Gaviglio EA, Rodriguez-Galan MC, Iribarren P. Toll-
like receptors are key players in neurodegeneration. Int Immunopharmacol (2011)
11(10):1415–21. doi: 10.1016/j.intimp.2011.05.006

49. Penke B, Bogar F, Crul T, Santha M, Toth ME, Vigh L. Heat shock proteins
and autophagy pathways in neuroprotection: from molecular bases to
pharmacological interventions. Int J Mol Sci (2018) 19(1). doi: 10.3390/
ijms19010325

50. Webster JM, Darling AL, Uversky VN, Blair LJ. Small heat shock proteins,
big impact on protein aggregation in neurodegenerative disease. Front Pharmacol
(2019) 10:1047. doi: 10.3389/fphar.2019.01047

51. Guzman-Martinez L, Maccioni RB, Andrade V, Navarrete LP, Pastor MG,
Ramos-Escobar N. Neuroinflammation as a common feature of neurodegenerative
disorders. Front Pharmacol (2019) 10:1008. doi: 10.3389/fphar.2019.01008

52. Cuervo AM, Wong E. Chaperone-mediated autophagy: Roles in disease and
aging. Cell Res (2014) 24(1):92–104. doi: 10.1038/cr.2013.153
frontiersin.org

https://doi.org/10.1186/s12974-017-0795-8
https://doi.org/10.1038/srep06824
https://doi.org/10.1002/glia.22693
https://doi.org/10.1186/s12974-021-02280-2
https://doi.org/10.4049/jimmunol.1000212
https://doi.org/10.4049/jimmunol.1000212
https://doi.org/10.1016/j.neuropharm.2013.07.017
https://doi.org/10.1016/j.neuropharm.2013.07.017
https://doi.org/10.1002/glia.24136
https://doi.org/10.1002/glia.20572
https://doi.org/10.3389/fncel.2018.00313
https://doi.org/10.3389/fncel.2018.00313
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bti525
https://doi.org/10.1093/bioinformatics/bti525
https://doi.org/10.1038/nprot.2009.97
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btr260
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1124/mol.108.046904
https://doi.org/10.1111/imr.12620
https://doi.org/10.1111/imr.12620
https://doi.org/10.3389/fimmu.2016.00604
https://doi.org/10.12688/f1000research.7010.1
https://doi.org/10.3390/cells9071595
https://doi.org/10.1038/nature05704
https://doi.org/10.1016/j.celrep.2021.110148
https://doi.org/10.1016/j.celrep.2021.110148
https://doi.org/10.1523/JNEUROSCI.2510-14.2015
https://doi.org/10.1523/JNEUROSCI.2510-14.2015
https://doi.org/10.1016/j.neuint.2020.104924
https://doi.org/10.1016/j.atherosclerosis.2018.10.005
https://doi.org/10.1016/j.atherosclerosis.2018.10.005
https://doi.org/10.1146/annurev.physiol.61.1.243
https://doi.org/10.3389/fphar.2019.00920
https://doi.org/10.3389/fimmu.2012.00140
https://doi.org/10.1016/S0070-2153(05)73007-6
https://doi.org/10.1016/j.ymeth.2015.01.003
https://doi.org/10.1016/j.neurobiolaging.2014.09.027
https://doi.org/10.1016/j.intimp.2011.05.006
https://doi.org/10.3390/ijms19010325
https://doi.org/10.3390/ijms19010325
https://doi.org/10.3389/fphar.2019.01047
https://doi.org/10.3389/fphar.2019.01008
https://doi.org/10.1038/cr.2013.153
https://doi.org/10.3389/fimmu.2022.967951
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	P2Y6 receptor-mediated signaling amplifies TLR-induced pro-inflammatory responses in microglia
	Introduction
	Materials and methods
	Reagents
	Animals
	Primary cells isolation and cell culture
	Knockdown of P2RY6 in primary microglia
	RNA isolation and quantitative RT-PCR
	Cytokine analysis
	Next generation RNA sequencing
	Cell viability assay
	TUNEL assay
	Bioinformatics
	Statistics

	Results
	Microglia are particularly sensitive to P2RY6-mediated amplification of the production of TLR-induced pro-inflammatory cytokines
	RNA transcriptome analysis reveals that P2RY6-mediated signaling broadly amplifies uLPS-induced pro-inflammatory responses
	Inhibition of P2RY6-mediated signaling induces the expression of heat shock protein genes

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


