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SUMMARY

The functional relevance and mechanistic basis of
the effects of the neurotransmitter dopamine (DA)
on inflammation remain unclear. Here we reveal
that DA inhibited TLR2-induced NF-kB activation
and inflammation via the DRD5 receptor in macro-
phages. We found that the DRD5 receptor, via the
EFD and IYX(X)I/L motifs in its CT and IC3 loop,
respectively, can directly recruit TRAF6 and its
negative regulator ARRB2 to form a multi-protein
complex also containing downstream signaling pro-
teins, such as TAK1, IKKs, and PP2A, that impairs
TRAF6-mediated activation of NF-kB and expression
of pro-inflammatory genes. Furthermore, the DA-
DRD5-ARRB2-PP2A signaling axis can prevent
S. aureus-induced inflammation and protect mice
against S. aureus-induced sepsis and meningitis af-
ter DA treatment. Collectively, these findings provide
the first demonstration of DA-DRD5 signaling acting
to control inflammation and a detailed delineation
of the underlying mechanism and identify the
DRD5-ARRB2-PP2A axis as a potential target for
future therapy of inflammation-associated diseases
such as meningitis and sepsis.

INTRODUCTION

Innate immune cells, such as macrophages, dendritic cells, and

neutrophils, mediate responses to pathogen-associated molec-

ular patterns (PAMPs) or damage-associated molecular patterns

(DAMPs) via their pattern recognition receptors (PRRs) and are

pivotal in initiating inflammation in response to infection or sterile

injury (Chen and Nuñez, 2010; Takeuchi and Akira, 2010). PRR-
42 Molecular Cell 78, 42–56, April 2, 2020 Crown Copyright ª 2020 P
mediated innate immune cell activation recruits a plethora of

downstream signal transducers, including adaptor proteins

(MyD88, TRIF, MAVS, and STING; Liu et al., 2015; Yamamoto

et al., 2003), kinases (IRAK, RIP, TAK1, TBK1, and IKKs; Kawai

and Akira, 2007), and ubiquitin ligases (TRAF6, TRAF3, cIAP,

ITCH, and Pellino; Jiang and Chen, 2011), to trigger intracellular

signaling, which leads to activation of transcription factors,

including nuclear factor kB (NF-kB), AP-1, and interferon regula-

tory factors (IRFs), enhancing transcription of targeted genes en-

coding proinflammatory cytokines and chemokines, interferons,

and other inflammatory modulators (Hayden and Ghosh, 2012).

However, the inflammatory response needs to be tightly

controlled and resolved in a timely manner because excessive

and persistent inflammation can cause lethal and diverse inflam-

matory diseases, including sepsis, atherosclerosis, inflamma-

tory bowel disease, neurodegenerative disease, and systemic

lupus erythematosus (Medzhitov, 2008).

Interestingly, recent progress in understanding physiological

mechanisms that control inflammation has identified a regulatory

connection between the nervous and immune systems. The

studies indicate that stimulation of the vagus nerve prevents le-

thal experimental sepsis by controlling systemic inflammation

(Borovikova et al., 2000). Previous studies indicate that cholin-

ergic and catecholaminergic signaling play critical roles in

mediating neuroimmune regulation in inflammatory diseases,

including sepsis, inflammatory bowel disease, and arthritis (Na-

kai et al., 2014; Pavlov et al., 2018; Rosas-Ballina and Tracey,

2009), suggesting a vital role of neural regulation in peripheral

inflammation.

Dopamine (DA) is an important member of catecholaminergic

neurotransmitters that control movement, reward-seeking

behavior, motivation, and cognition (Nieoullon, 2002). DA is pro-

duced not only in the central and peripheral nervous system but

also by chromaffin cells of the suprarenal gland, epithelial cells in

the gut, and peripheral immune cells (Daubner et al., 2011;

Pacheco et al., 2014). DA exerts widespread effects by acting

on DA receptors (DRs), which are divided into two primary
ublished by Elsevier Inc.
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subfamilies: D1-like DRs that comprises DRD1 and DRD5, and

D2-like DRs consisting of DRD2, DRD3, and DRD4 (Beaulieu

et al., 2005). To date, DA has been reported to modulate the acti-

vation and chemotaxis of different immune cells by acting on its

receptors and so act as an important regulator of the immune

system (Pacheco et al., 2014). A previous study demonstrated

that DRD2 activation in astrocytes can suppress neuroinflamma-

tion in the central nervous system via aB-crystallin (Shao et al.,

2013). A recent study reported that follicular helper T (TFH) cell-

derivedDAactivatesDRD1ongerminal center B cells to enhance

T-B cell interactions (Papa et al., 2017). Moreover, DA, via DRD1

signaling, specifically inhibits NLRP3 inflammasome activation

and related inflammation (Yan et al., 2015). However, another

study reported that DA induced by electrical stimulation of the

vagus nerve can more generally inhibit the production of various

cytokines, such as tumor necrosis factor (TNF), MCP-1, inter-

leukin-6 (IL-6), and interferon-g (IFN-g), via D1-like receptors

and control sepsis (Torres-Rosas et al., 2014). Thus, themolecu-

lar and mechanistic bases of DA-DRD signaling controlling sys-

temic inflammation remains to be defined.

Here we identify, for the first time, that DA activates DRD5 to

directly recruit the negative regulators ARRB2 and protein phos-

phatase 2A (PP2A) into the TRAF6-IKK complex in TLR2

signaling and so prevent S. aureus-induced systemic inflamma-

tion and neuroinflammation after DA treatment.

RESULTS

DA Inhibits TLR2-Induced Inflammation and NF-kB
Activation
To investigate the wider role of DA in controlling inflammation,

we treated bone marrow-derived macrophages (BMDMs) with

Pam3CSK4 (Pam3), a TLR2 ligand that is a potent activator of

inflammatory pathways and can induce inflammasome-inde-

pendent inflammation (Ozinsky et al., 2000). We found that DA

treatment significantly inhibited Pam3-induced expression of cy-

tokines such as IL-6 and TNF-a at themRNA and protein levels in

a dose-dependent manner (Figures 1A and 1B). Consistent with

previous reports showing that DA is subject to degradation by

monoamine oxidase (MAO) and catechol-O-methyltransferase

(COMT) to shorten its half-life (Yan et al., 2015; Youdim et al.,

2006), we found that co-treatment with MAO and COMT inhibi-

tors can greatly improve the DA inhibitory effect on Pam3-
Figure 1. Dopamine Inhibits TLR2-Induced Inflammation and NF-kB A
(A) Left: qRT-PCR analysis of Il6 and TnfmRNA expression in BMDMs treated wit

Right: ELISA of IL-6 and TNF-a in supernatants from BMDMs treated as indicate

(B) Left: qRT-PCR analysis of Il6 and TnfmRNA expression in BMDMs treated wi

doses of DA and stimulated with Pam3 for 6 h. Right: ELISA of IL-6 and TNF-a in

(C) qRT-PCR analysis of Il6, Tnf, and Il12mRNA expression in BMDMs treated wit

of IL-6, TNF-a, and IL-12 in supernatants from BMDMs treated as indicated for 1

(D) KEGG analysis of the most significantly altered signaling pathways in Pam3-s

(E) Heatmap of genes with an adjusted false discovery rate (FDR) of less than 0

stimulated BMDMs left untreated or treated with DA.

(F) Immunoblot analysis of phosphorylated (p-) and total IKKa/b, IkBa, JNK, and

(2 mg/mL) or S. aureus infection (MOI = 10).

Data are pooled from three independent experiments (A–C) or representative of thr

0.01, ***p < 0.001; NS, not significant. One-way ANOVA with Dunnett’s multiple

See also Figure S1.
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induced IL-6 and TNF-a expression even at the lowest DA

concentration of 0.5 mM (Figure 1B). These results again highlight

the anti-inflammatory effects of DA and suggest that this

effect extends beyond the mere ability to inhibit the NLRP3

inflammasome. Staphylococcus aureus (S. aureus) is a Gram-

positive (G+) bacterium and can be recognized by TLR2 to acti-

vate TLR2-mediated inflammation (Oliveira-Nascimento et al.,

2012). Therefore, we next investigated whether DA could restrict

the production of proinflammatory cytokines during live

S. aureus infection. Similar to inhibition of Pam3-induced inflam-

mation, DAmarkedly inhibited production of IL-6, TNF-a, and IL-

12 in S. aureus-infected BMDMs (Figure 1C). Taken together,

these results clearly demonstrate that DA inhibits TLR2-induced

inflammatory responses in macrophages.

Next we probed themechanism bywhich DA can inhibit TLR2-

induced inflammation. First we performed RNA sequencing

(RNA-seq) to analyze the transcriptional profiles of Pam3-stimu-

lated BMDMs treated in the absence or presence of DA. Interest-

ingly, Kyoto Encyclopedia of Genes and Genomes (KEGG) anal-

ysis showed that one of the most prominent downregulated

pathways upon DA treatment was the NF-kB signaling pathway

(Figure 1D). Consistently, the heatmap analysis displayed a sig-

nificant decrease in expression of a variety of genes associated

with NF-kB signaling and inflammation, such as Il6, Tnf, Il12b,

Il1b, and Ccl5 (Figure 1E). We further found that DA remarkably

reduced the capacity of Pam3 or S. aureus to induce phosphor-

ylation of IKKs or of their substrate IkBa, both of which are

activation indices of the canonical NF-kB pathway (Figure 1F).

Moreover, IkBa degradation after stimulation with Pam3 or

S. aureus infection was significantly impaired in the presence

of DA. In contrast, DA did not affect the ability of Pam3 or

S. aureus to promote phosphorylation of JNK or p38, major

components of the mitogen-activated protein kinase (MAPK)

signaling pathway (Figure 1F). Notably, DA inhibited nuclear

accumulation of the NF-kB subunit p65 in Pam3-stimulated

BMDMs (Figure S1). Taken together, these data suggest that

DA specifically inhibits TLR2-mediated NF-kB signaling and sub-

sequent inflammation.

DA Inhibits TLR2-Induced Inflammation via DRD5
To determine which DR subtype mediates the inhibitory effect

of DA on TLR2-induced inflammation, we first measured the

expression of DRs in BMDMs after Pam3 stimulation or
ctivation
h various doses of DA and stimulated with Pam3CSK4 (Pam3; 2 mg/mL) for 6 h.

d for 18 h.

th phenelzine (PLZ, 10 mM) plus 3,5-dinitrocatechol (DNC, 10 mM) and different

supernatants from BMDMs treated as indicated for 18 h.

h DA (150 mM) and infected with S. aureus (MOI = 10) for 6 h and ELISA analysis

8 h.

timulated BMDMs left untreated or treated with DA 6 h after stimulation.

.001 and log2 fold change of more than 2 from RNA-seq analysis of Pam3-

p38 in lysates of BMDMs treated with DA (150 mM) and stimulated with Pam3

ee independent experiments (F). Error bars showmeans ± SEM. *p < 0.05, **p <

comparisons test for (A) and (B) and unpaired t test for (C).
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S. aureus infection. Interestingly, we observed that DRD5 was

unique because its expression in BMDMs was significantly

increased in response to Pam3 treatment or S. aureus infection,

whereas the expression levels of other DRDs were not markedly

regulated (Figure 2A). Likewise, the public datasets showed

that gene expression of DRD5, but not other DRDs, was signifi-

cantly increased in PBMCs from S. aureus-infected patients

(GSE26378 and GSE54514) (Figure S2A). To further determine

which DRD subtype was involved in the anti-inflammatory effect

of DA, we next screened the potential role of each of the 5 DRD

subtypes by using DRD1 and DRD2 knockout BMDMs and

DRD3, DRD4, and DRD5 small interfering RNA (siRNA) knock-

down BMDMs. The results showed that knockdown of Drd5 in

BMDMs greatly suppressed the inhibitory effect of DA on

TLR2-induced IL-6 and TNF-a production, whereas knockout

ofDrd1 andDrd2 and knockdown ofDrd3 andDrd4 had no effect

(Figure 2B; Figures S2B and S2C). In addition, the D2-like agonist

quinpirole did not inhibit Pam3-induced expression of IL-6 and

TNF-a in wild-type (WT) BMDMs, whereas, similar to DA, the se-

lective D1-like agonists A-68930 and SKF-38393 markedly

reduced production of IL-6 and TNF-a in response to Pam3,

even in Drd1�/� BMDMs (Figures 2C and 2D). Notably, SKF-

38393, which has a higher affinity for the D5 receptor, exhibited

stronger inhibitory effects on the production of proinflammatory

cytokines than A-68930 (Figure 2D). To further confirm that DA

exerts its anti-inflammatory effects through DRD5, we generated

two different Drd5�/� mouse lines by using the CRISPR-Cas9

system, and both knockout mice developed normally (Fig-

ure S2D). As expected, the inhibitory effect of DA on the expres-

sion of IL-6 and TNF-a in response to Pam3 was completely lost

in BMDMs from both Drd5�/� lines (Figure 2E). Moreover, loss of

phosphorylation of IkBa by DA was observed in WT but not

Drd5�/� BMDMs after stimulation with Pam3 or S. aureus

infection (Figure 2F). Collectively, these results clearly demon-

strate that DA inhibits TLR2-induced inflammation specifically

via DRD5.

DA Inhibits TRAF6-Dependent Inflammation
Independently of Cyclic AMP (cAMP)-Protein Kinase A
(PKA) Signaling
Next, we set out to determine how DA-DRD5 signaling inhibits

TLR2-induced NF-kB activation and pro-inflammatory gene
Figure 2. Dopamine Inhibits TLR2-Induced Inflammation via DRD5
(A) qRT-PCR analysis of Drd1, Drd2, Drd3, Drd4, and Drd5 mRNA expression in

analysis of DRD5 protein expression in BMDMs treated with Pam3 as indicated.

(B) Top: qRT-PCR analysis of Il6 mRNA expression in WT, Drd1�/�, Drd2�/�, co
indicated for 6 h. Bottom: ELISA of IL-6 in supernatants from WT, Drd1�/�, Dr
indicated for 18 h.

(C) Top: RT-PCR analysis of Il6 and TnfmRNA expression in BMDMs treated with

of IL-6 and TNF-a in supernatants from BMDMs treated as indicated for 18 h.

(D) Top: RT-PCR analysis of Il6 and TnfmRNA expression inWT andDrd1�/�BMD

for 6 h. Bottom: ELISA of IL-6 and TNF-a in supernatants from WT and Drd1�/�

(E) Left: qRT-PCR analysis of Il6 and TnfmRNA expression in WT,Drd5(1)�/�, and
in supernatants from WT, Drd5(1)�/�, and Drd5(2)�/� BMDMs treated as indicate

(F) Immunoblot analysis of p-IkBa, p-p38, and DRD5 in lysates of WT and Drd5�

Data are pooled from three independent experiments (A–D) or representative of thr

0.01, ***p < 0.001; NS, not significant. Two-way ANOVA with Sidak’s multiple co

See also Figure S2.
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expression. D1-like signaling can couple to Gas, which en-

hances cAMP accumulation and activation of PKA (Beaulieu

and Gainetdinov, 2011). We found that inhibition of PKA with

H89 or a reduction in cAMP levels with the adenylate cyclase

(ADCY) inhibitor KH7 did not reverse DA-mediated inhibition of

IL-6 and TNF-a production induced by Pam3. Moreover, H89

or KH7 treatment did not affect loss of Pam3-induced phosphor-

ylation of IKKs and IkBa in the presence of DA (Figure 3A). These

results suggest that cAMP-PKA signaling is not required for the

inhibitory effect of DA on TLR2-induced inflammation and

NF-kB activation.

Mammalian Toll-like receptors (TLRs) can recognize PAMPs in

pathogens to trigger downstream activation of NF-kB and then

induce transcription of genes encoding proinflammatory cyto-

kines. TLR signaling pathways can be divided into MyD88-

dependent pathways, which are common to all TLRs except

for TLR3, and MyD88-independent pathways, which are partic-

ular to the TLR3 and partial TLR4 signaling pathways (Takeda

and Akira, 2004). To determine the sensitivities of these different

pathways to the inhibitory effect of DA, we assessed the effect of

DA on pro-inflammatory cytokine production and phosphoryla-

tion of IKKs in BMDMs treated with a wide array of ligands for

TLR2, TLR3, TLR4, TLR5, TLR7/8, and TLR9. Interestingly, we

observed that DA can inhibit expression of IL-6 and TNF-a and

phosphorylation of IKKs induced by all TLR ligands, except the

TLR3 agonist poly(I:C) (Figures 3B and 3C). This result suggests

that DA specially inhibits the MyD88-dependent arm of TLR

pathways and downstream TRAF6-mediated NF-kB inflamma-

tory signaling.

DRD5Utilizes the IYX(X)I/LMotif of Its Third Intracellular
Loop (IC3) and theEFDMotif of ItsC-Terminal Tail (CT) to
Recruit ARRB2 and TRAF6, Respectively, and Form
DRD5/ARRB2/TRAF6 Protein Complexes
It is known that activation of DRs can recruit the scaffolding pro-

tein ARRB2 to desensitize DRD and that ARRB2 can negatively

regulate TRAF6 signaling (Beaulieu et al., 2005; Luttrell and Lef-

kowitz, 2002; Wang et al., 2006); therefore, we speculated that

DRD5 may use ARRB2 to directly block TRAF6 downstream

signaling and induction of pro-inflammatory cytokines. To

test this possibility, we initially assessed the ability of DRDs

to interact with TRAF6. Coimmunoprecipitation analysis of
BMDMs after Pam3 stimulation or S. aureus infection for 6 h and immunoblot

ntrol (scramble), Drd3, Drd4, and Drd5 siRNA knockdown BMDMs treated as

d2�/�, control, Drd3, Drd4, and Drd5 siRNA knockdown BMDMs treated as

quinpirole (Quin, 20 mM) or DA and stimulated with Pam3 for 6 h. Bottom: ELISA

Ms treated with DA, A-68930, or SKF-38393 (20 mM) and stimulated with Pam3

BMDMs treated as indicated for 18 h.

Drd5(2)�/� BMDMs treated as indicated for 6 h. Right: ELISA of IL-6 and TNF-a

d for 18 h.
/� BMDMs treated as indicated.

ee independent experiments (F). Error bars showmeans ± SEM. *p < 0.05, **p <

mparisons test for (A)–(E).



Figure 3. Dopamine Inhibits TRAF6-Dependent Inflammation Independent of cAMP-PKA Signaling
(A) Top left: qRT-PCR analysis of Il6 and TnfmRNA expression in BMDMs treated with DA and H89 (40 mM) or KH7 (5 mM) and stimulated with Pam3 for 6 h. Top

right: ELISA of IL-6 and TNF-a in supernatants from BMDMs treated as indicated for 18 h. Bottom: immunoblot analysis of p-IKKa/b, p-IkBa, and p-p38 in lysates

of BMDMs treated as indicated.
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transfected cells with C terminus Myc-tagged human DRDs and

FLAG-tagged human TRAF6, using an anti-Myc antibody to

immunoprecipitate DRDs, demonstrated that TRAF6 was co-

precipitated with DRD1, DRD3, and DRD5 (Figure 4A). Notably,

the electrophoretic mobility of DRD proteins tended to manifest

as broad smears spanningmolecular weight ranges ofmore than

60–120 kDa. Such heterogeneity in size likely represents various

glycosylated forms of overexpressed DRDs, as reported previ-

ously (Free et al., 2007). Moreover, consistent with previous

studies, immunoprecipitation assays indicated that ARRB2 in-

teracted with all DRDs (Figure 4B). We next investigated whether

DRD5 can associate with TRAF6 and ARRB2 to form amulti-pro-

tein complex while also assessing whether DRD1 and DRD3 can.

We observed that interaction of DRD1 or DRD3 with ARRB2 was

severely impaired when co-expressed with TRAF6 but interac-

tion between DRD5 and ARRB2 was not. Additionally, associa-

tion of DRD1 or DRD3 with TRAF6 was greatly inhibited in the

presence of ARRB2 co-expression, whereas DRD5 interaction

with TRAF6 was normal (Figure 4C). These data suggest that

only DRD5, ARRB2, and TRAF6 can coexist in the same protein

complex.

DRs contain 3 intracellular loops (IC1–IC3), 3 extracellular

loops (EC1–EC3), and an extracellular amino terminus and cyto-

plasmic C-terminal tail (CT) (Beaulieu and Gainetdinov, 2011).

IC3 and the cytoplasmic CT of DA receptors are the major cyto-

plasmic regions responsible for protein interactions and signal

transduction after DRD activation (Neve et al., 2004). D1-like re-

ceptors are significantly longer in their CTs compared with D2-

like receptors. In contrast, D2-like receptors are characterized

by a long IC3 (Missale et al., 1998). A previous study indicated

that the IYIVL sequence at the N terminus of IC3 of DRD2 is a

key element of the arrestin binding site (Lan et al., 2009). Amino

acid sequence alignment revealed that the N terminus of IC3 of

human DRD1, DRD3, and DRD5 includes the IYX(X)I/L (X is any

amino acid) motif, which may be a putative high-affinity binding

site for ARRB2. We therefore performed alanine substitution on

the IYX(X)I/L motifs of DRD1, DRD3, and DRD5 and generated

the substitution mutants hD1Am, hD3Am, and hD5Am (Fig-

ure 4D). Coimmunoprecipitation analysis showed that the

IYX(X)I/L substitution mutation in IC3 blocked interaction of

DRD1, DRD3, and DRD5 with ARRB2 (Figure 4D), suggesting

an essential role of the IYX(X)I/L motif of DRDs in the interaction

with ARRB2.

Next, we sought to investigate the regions required for TRAF6

interacting in DRD1, DRD3, and DRD5. We generated several

IC3 and CT region deletion mutants of DRD1, DRD3, and

DRD5 (including hD1IC3 dm, hD1CTdm, hD3IC3dm, and

hD5CTdm) and then conducted TRAF6 interaction studies by

coimmunoprecipitation experiments. Deletion of IC3 but not

the CT region of DRD1 abolished its interaction with TRAF6 (Fig-

ure 4E). Moreover, deletion of the DRD3 IC3 region disrupted
(B) Left and center left: qRT-PCR analysis of Il6 and Tnf mRNA expression in BM

(50 mg/mL), lipopolysaccharide (LPS; 200 ng/mL), recombinant flagellin from

ODN2395(1 mM) for 6 h. Right and center right: ELISA of IL-6 and TNF-a in supe

(C) Immunoblot analysis of phosphorylated and total IKKa/b in lysates of BMDM

Data are pooled from three independent experiments (A and B) or representative

**p < 0.01, ***p < 0.001; NS, not significant. One-way ANOVA with Dunnett’s mu
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TRAF6 interaction (Figure 4F). For DRD5, deletion of the CT re-

gion could completely inhibit its interaction with TRAF6 (Fig-

ure 4G). These results suggest that DRD1 and DRD3 utilize

IC3, whereas DRD5 utilizes CT as a TRAF6-interacting region.

Thus, unlike DRD5, the TRAF6- and ARRB2-interacting regions

in DRD1 and DRD3 overlap, which could explain why DRD1

and DRD3 cannot form protein complexes with ARRB2 and

TRAF6 but DRD5 can (Figure S3).

A previous study identified P-X-E-X-X-Ar/Ac (where Ar is an

aromatic and Ac is an acidic residue) sequence as a TRAF6-

binding motif (Ye et al., 2002). Although the human DRD5 CT

region lacks this canonical binding motif, a closely related

motif, rich in Ac and Ar amino acids at 424–435 of the DRD5

CT (EVDNDEEEGPFD) was observed (Figure 4G). Sequence

alignment of DRD5 from several other mammalian species re-

vealed that theseCT residues of DRD5 are highly conserved (Fig-

ure 5A). Hereafter, we refer to this Ac/Ar-rich region as the EFD

motif. Next, we generated the DRD5 EFD motif mutant

hD5EFDm, in which the Ac and Ar amino acids of the EFD motif

were substituted with alanine. Interestingly, coimmunoprecipita-

tion experiments showed that the EFD motif mutation disrupted

interaction of DRD5 with TRAF6 (Figure 4G), suggesting that the

interaction DRD5 with TRAF6 was facilitated via the EFD motif in

the CT of DRD5.

Because the EFD and IYX(X)I/L motifs of DRD5 are highly

conserved in different species (Figure 5A), we next extended

these findings to murine counterparts. Consistent with the hu-

man findings, CT deletion and EFD motif mutation disrupted

mouse DRD5 interaction with mouse TRAF6 (Figure 5B). More-

over, the IYX(X)I/L substitution mutation in IC3 abolished mouse

DRD5 interaction with ARRB2 (Figure 5C). As a control, we found

that IC3 deletion and IYX(X)I/L mutation of IC3 in mouse DRD1

abolished its TRAF6 and ARRB2 interaction, respectively (Fig-

ures 5B and 5C). These data suggest a conserved mechanism

across species for DRD5 interaction with TRAF6 and ARRB2.

We also conducted an in vitro glutathione S-transferase (GST)

pull-down assay. GST fusion proteins containing the mouse

DRD1 CT (mD1CT), mouse DRD5 CT (mD5CT), and mouse

DRD5 CT EFD mutant (mD5CTEFDm) were purified and used

as bait to precipitate associated proteins. We observed that

GST-mD5CT, but not GST-mD5CTEFDm, GST-mD1CT, or

GST alone, was able to pull down TRAF6 from protein extracts

prepared from Pam3-treated BMDMs (Figure 5D), further indi-

cating an interaction between DRD5 and endogenous TRAF6

via the EFD motif.

To directly characterize the association of DRD5 with ARRB2

and TRAF6 in more physiologically relevant settings, we also

examined the interaction of DRD5 with ARRB2 and TRAF6 in

BMDMs in response to Pam3, DA, or Pam3/DA co-treatment us-

ing coimmunoprecipitation experiments. The studies showed

that DA only induced interaction of DRD5 with ARRB2 and its
DMs treated with DA (150 mM) and stimulated with Pam3 (2 mg/mL), poly(I:C)

Salmonella typhimurium (RecFLA-ST; 50 ng/mL), CL097 (2 mg/mL), and

rnatants from BMDMs treated as indicated for 18 h.

s treated as indicated.

of two independent experiments (C). Error bars show means ± SEM. *p < 0.05,

ltiple comparisons test for (A) and unpaired t test for (B).
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downstream effector PP2A, whereas Pam3 plus DA treatment

led to interaction of DRD5 with ARRB2, PP2A, TRAF6, and

kinases downstream of TRAF6, including TAK1 and IKKb. How-

ever, treatment with Pam3 and DA failed to induce interaction of

DRD5with theMAPK p38 (Figure 5E). As reported, TRAF6 disso-

ciates from TLRs and then forms signaling complexes with other

proteins, such as TAK1 and IKKs, after activation by IRAK-1 in

TLR signaling (Takeda and Akira, 2004). Thus, our results sug-

gest that, upon activation by DA and Pam3, DRD5 can recruit

ARRB2, TRAF6, and their downstream effectors to form a multi-

protein complex and that this may underlie the negative regula-

tion of the NF-kB pathway by DA.

Inhibition of TLR2-Induced Inflammation by DRD5
Activation Requires the ARRB2/PP2A Signaling
Complex
To further determine whether ARRB2 participates in DA-medi-

ated negative regulation in TLR2-induced inflammation, we

analyzed Pam3- or S. aureus-induced expression of IL-6

and TNF-a in WT and Arrb2�/� BMDMs in the presence or

absence of DA. The results showed that DA treatment inhibited

IL-6 and TNF-a production in WT BMDMs in response to Pam3

stimulation or S. aureus infection, but such inhibitory effects of

DA were severely impaired in Arrb2�/� cells (Figure 6A). More-

over, inhibition of phosphorylation of IkBa by DA was lost in

Arrb2�/� BMDMs after Pam3 stimulation or S. aureus infection

(Figure 6B).

Given that ARRB2 can form a signaling complex with PP2A in

response to DA receptor activation and that PP2A has been

shown to negatively regulate NF-kB signaling through dephos-

phorylation of IKKb (Beaulieu et al., 2005; Witt et al., 2009), we

next investigated the potential role of PP2A in mediating the

anti-inflammatory effects of DA. We crossed PP2A core enzyme

C subunit floxed mice with LysM-Cre mice to generate myeloid-

specific conditional knockout mice (PP2Acf/fLysM-Cre) and then

isolated BMDMs from these mice to assess the effect of PP2A
Figure 4. DRD5Utilizes the IYX(X)I/LMotif of Its Third Intracellular Loop

with ARRB2 and TRAF6, Respectively

(A) Immunoblot analysis of FLAG (TRAF6) andMyc (DRD1–DRD5) proteins in immu

with constructs encoding FLAG-tagged human TRAF6 and Myc-tagged human

(B) Immunoblot analysis of HA (ARRB2) and Myc (DRD1–DRD5) proteins in imm

constructs encoding hemagglutinin (HA)-tagged human ARRB2 and Myc-tagged

(C) Left: immunoblot analysis of coimmunoprecipitation of HA (ARRB2) and Myc

overexpression in HEK293T cells. Right: immunoblot analysis of coimmunoprecip

absence of HA-tagged ARRB2 overexpression in HEK293T cells.

(D) Schematic of IYX(X)I/L motif mutants of human DRD1, DRD3, and DRD5 (hD

(DRD1, DRD3, and DRD5 and their mutants) proteins in immunoprecipitated Myc

HA-tagged human ARRB2 and Myc-tagged human DRDs (hD1, hD3, and hD5) o

(E) Schematic of IC3 and CT deletion mutants of human DRD1 (hD1IC3dm and h

mutants) proteins in immunoprecipitated Myc and input samples from HEK293T

Myc-tagged human DRD1 (hD1) or corresponding mutants (hD1IC3dm and hD1

(F) Schematic of IC3 deletion mutants of human DRD3 (hD3IC3dm) and immun

immunoprecipitated Myc and input samples from HEK293T cells transfected wi

DRD3 (hD3) or the corresponding mutant (hD3IC3 dm).

(G) Schematic of CT deletion and EFD motif mutants of human DRD5 (hD5CTdm a

its mutants) proteins in immunoprecipitated Myc and input samples from HEK293

Myc-tagged human DRD5 (hD5) or the corresponding mutants (hD5CTdm and h

Data are representative of three experiments.

See also Figures S3 and S7.
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deficiency on the anti-inflammatory effects of DA. In contrast

to PP2Acf/f control cells, inhibition of Pam3- or S. aureus-

induced expression of IL-6 and TNF-a by DA was greatly

impaired in PP2Acf/fLysM-Cre BMDMs (Figure 6C). PP2A-

deficient cells were also resistant to the inhibitory effects of

DA on Pam3- and S. aureus-induced phosphorylation of IkBa

(Figure 6D). Moreover, PP2A inhibition by okadaic acid

(OA) precluded the inhibitory effect of DA on TLR2-induced

inflammation and NF-kB activation (Figure S4A). NF-kB lucif-

erase reporter assays further showed that transfection of

DRD5, ARRB2, and PP2Ac, but not other DRDs, can suppress

TRAF6-induced expression of the luciferase reporter in

HEK293T cells (Figure S4B).

Because ARRB2 interacts with TRAF6 after TLR activation to

negatively regulate TLR signaling (Wang et al., 2006), we next

evaluated whether DA facilitated Pam3-induced interaction of

ARRB2 and PP2A with TRAF6 in WT and Drd5�/� BMDMs. We

found that DA and Pam3 strongly promoted recruitment

of ARRB2 and PP2A to TRAF6 in WT BMDMs, but this was

abrogated in Drd5�/� cells (Figure 6E). Moreover, a coimmuno-

precipitation assay in HEK293T cells also indicated that DRD5

was able to promote interaction of ARRB2 with TRAF6 (Fig-

ure S4C). All of these data suggest that recruitment of the

ARRB2/PP2A signaling complex to TRAF6 is necessary for

mediating the anti-inflammatory effects of DA/DRD5 on the

TLR2 pathway.

Inhibition of TLR2-Induced Inflammation by DRD5
Activation Depends on theMotifs of DRD5Necessary for
ARRB2 and TRAF6 Interaction
To further determine the functional roles of the IYX(X)I/L and EFD

motifs of DRD5 in the inhibitory effects of DA on NF-kB activa-

tion, we conducted NF-kB luciferase reporter assays using

D5Am and D5EFDm mutants. We found that mutations of the

IYX(X)I/L and EFDmotifs of DRD5 disrupted the inhibitory effects

of DRD5 on induction of NF-kB-regulated reporter activity by
(IC3) and the EFDMotif of the C-Terminal Tail (CT) to Directly Interact

noprecipitatedMyc and lysate (input) samples fromHEK293T cells transfected

DRDs (hD1–hD5).

unoprecipitated Myc and input samples from HEK293T cells transfected with

human DRDs.

(DRD1, DRD3, and DRD5) in the presence or absence of FLAG-tagged TRAF6

itation of FLAG (TRAF6) and Myc (DRD1, DRD3, and DRD5) in the presence or

1Am, hD3Am, and hD5Am) and immunoblot analysis of HA (ARRB2) and Myc

and input samples from HEK293T cells transfected with constructs encoding

r their corresponding arrestin binding mutants (hD1Am, hD3Am, and hD5Am).

D1CTdm) and immunoblot analysis of FLAG (TRAF6) and Myc (DRD1 and its

cells transfected with constructs encoding FLAG-tagged human TRAF6 and

CTdm).

oblot analysis of FLAG (TRAF6) and Myc (DRD3 and its mutant) proteins in

th constructs encoding FLAG-tagged human TRAF6 and Myc-tagged human

nd hD5EFDm) and immunoblot analysis of FLAG (TRAF6) and Myc (DRD5 and

T cells transfected with constructs encoding FLAG-tagged human TRAF6 and

D5EFDm).
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TRAF6 (Figure S5A). We further found that the deficiency in the

inhibitory effect of DA on TLR2-induced expression of IL-6 and

TNF-a in Drd5�/� BMDMs was rescued by reconstitution with

WT mouse DRD5 but not the mutant forms of DRD5 containing

mutations in the IYX(X)I/L or EFD motifs (Figure S5B). Moreover,

the loss of inhibition of Pam3-induced phosphorylation of IkBa in

DA-stimulated Drd5�/� BMDMs was rescued by reintroduction

of WT mouse DRD5 but not by either of the mutated forms (Fig-

ure S5C). Altogether, these data indicate that ARRB2- and

TRAF6-interacting motifs of DRD5 are key elements of the inhib-

itory effect of DA on TLR2-induced inflammation.

DRD5-ARRB2-PP2A Signaling Activation Prevents
S. aureus-Induced Systemic Inflammation and
Neuroinflammation after DA Treatment
Next we investigated whether DA could decrease production of

inflammatory cytokines in vivo to protect against S. aureus-

induced septic shock. To test this, we used anS. aureus-infected

peritonitis mouse model. We intraperitoneally injected mice with

a sublethal dose ofS. aureus (ATCC 25923, 13 108 colony-form-

ing units [CFUs]/mouse), simultaneously treated m with saline or

DA (50 mg/kg of body weight), and then evaluated survival. We

observed thatS. aureus challenge resulted in about 75% lethality

in both WT and Drd5�/� mice within 4 days, and DA treatment

decreased the lethal rate to about 20% in WT mice but did not

improve the survival of Drd5�/� mice. Moreover, S. aureus infec-

tion resulted in 100% lethality in Arrb2�/� and PP2Acf/fLysM-Cre

mice within 4 days irrespective of DA administration (Figure 7A).

The secretion of IL-6 and TNF-a in serum 12 h after infection with

S. aureus was similar in WT and Drd5�/� mice and lower in DA-

treated WT but not in Drd5�/� mice compared with untreated

mice. Additionally, secretion of IL-6 and TNF-awas not changed

significantly by DA treatment in Arrb2�/� and PP2Acf/fLysM-Cre

mice. Furthermore, ARRB2 and PP2A deletion enhanced

S. aureus infection-induced IL-6 and TNF-a production in mice

(Figure 7B). Drd5�/� mice did not have a poorer outcome

compared with WT animals when exposed to S. aureus, sug-

gesting that endogenous DA did not limit inflammation via

DRD5 in acute bacterial infection.Wemeasured the endogenous

DA concentration in blood or peripheral lymphoid organs, such

as the spleen and draining lymph nodes, before and after

S. aureus infection (24 h after infection). We found that the phys-
Figure 5. DRD5 Utilizes the IYX(X)I/L Motif of Its IC3 and the EFD Moti

(A) Alignment of the conserved EFD and IYX(X)I/L motifs of DRD5 in several mam

(B) Schematic of IC3 and CT deletion mutants of mouse DRD1 and CT deletion an

mD5EFDm) and immunoblot analysis of FLAG (TRAF6) and Myc (DRD1, DRD5,

transfected with constructs encoding FLAG-tagged mouse TRAF6 and Myc-tag

(mD1IC3dm, mD1CTdm, mD5CTdm, and mD5EFDm).

(C) Schematic of IYX(X)I/L motif mutants of mouse DRD1 and DRD5 (mD1Am and

their mutants) proteins in immunoprecipitated Myc and input samples from HEK2

Myc-tagged mouse DRD1 and DRD5 or their corresponding arrestin binding mu

(D) In vitro glutathione S-transferase (GST) pull-down assay. Lysates of BMDMs s

(mouse DRD1 CT), mD5CT (mouse DRD5 CT), and mD5CTEFDm (mouse DRD5 C

down binding proteins, and analyzed by immunoblotting with TRAF6 antibody.

(E) BMDMs were treated as indicated for 1 h. Cell lysates were immunoprecipitat

probed for ARRB2, PP2Ac, TRAF6, TAK1, IKKb, p38, and DRD5 by immunoblott

Data are representative of three experiments.

See also Figure 4 and Figure S7.
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iological concentration of DA in the periphery was �2 3 10�8–

1.8 3 10�7 M (blood, �2 3 10�8 M; spleen, �1.2 3 10�7 M;

lymph nodes, �1.8 3 10�7 M). These concentrations of DA are

close to the lowest concentration of DA (5 3 10�7M) used in

our in vitro studies, but, remarkably, S. aureus infection reduced

the concentration of DA in the periphery to a range of�13 10�9–

33 10�8 M (blood, �13 10�9 M; spleen, �2.53 10�8 M; lymph

nodes, �33 10�8 M), which is far lower than the dose response

range in in vitro studies (Figure S6A). We speculate that such

suppression of endogenous DA under conditions of infection

may negate the potential anti-inflammatory effects of upregula-

tion of DRD5 under the same conditions and so explain the

comparable responses of WT and Drd5�/� mice to S. aureus

infection. However, administration of exogenous DA presumably

overcomes the effects of infection on the dopaminergic system

to limit inflammation. Moreover, DA treatment tended to reduce

the bacterial loads in the liver and peripheral lymphoid organs in

WT mice 36 h after infection, but not in Drd5�/� mice (Fig-

ure S6B), suggesting that DA may reduce excessive inflamma-

tion via DRD5 during acute S. aureus infection to contribute to

bacterial clearance. This is consistent with previous studies

showing that, during acute systemic S. aureus infection, exces-

sive inflammation can cause defective bacterial clearance and

systemic dissemination of bacteria (Kitur et al., 2016; Leech

et al., 2017).

S. aureus is a common cause of infection, causing life-threat-

ening diseases such as meningitis (Tong et al., 2015). To test

whether DA-DRD5 signaling is involved in controlling neuroin-

flammation induced by S. aureus infection, we used the

S. aureus-induced meningitis mouse model and retro-orbital in-

jection of S. aureus (ATCC 25923, 5 3 108 CFUs/mouse) and

simultaneously treated mice with saline or the DRD5 agonist

SKF-38393 (10 mg/kg of body weight). Fluorescence-activated

cell sorting (FACS) analysis showed that SKF-38393 treatment

could reduce the percentages and absolute numbers of acti-

vated microglia and peripheral myeloid cells (CD45highCD11b+)

infiltrating the brain of WTmice after S. aureus-induced meningi-

tis, whereas the inhibitory effects of SKF-38393 were severely

impaired in Drd5�/�, Arrb2�/�, and PP2Acf/fLysM-Cre mice.

Moreover, infiltration of CD45highCD11b+ cells in the brain after

S. aureus infection was significantly increased in Arrb2�/� and

PP2Acf/fLysM-Cre mice (Figure 7C). Consistent with FACS
f of the CT to Directly Interact with ARRB2 and TRAF6, Respectively

malian species.

d EFDmotif mutants of mouse DRD5 (mD1IC3dm, mD1CTdm, mD5CTdm, and

and their mutants) proteins in IP Myc and input samples from HEK293T cells

ged mouse DRD1 and DRD5 (mD1 and mD5) or their corresponding mutants

mD5Am) and immunoblot analysis of HA (ARRB2) and Myc (DRD1, DRD5, and

93T cells transfected with constructs encoding HA-tagged mouse ARRB2 and

tants (mD1Am and mD5Am).

timulated with Pam3 were incubated with GST alone or GST fused to mD1CT

T EFD motif mutant), followed by incubation with glutathione Magbeads to pull

ed with anti-DRD5 antibody. Immunoprecipitates and cell lysates (input) were

ing.



Figure 6. Inhibition of TLR2-Induced

Inflammation by DRD5 Activation Requires

the ARRB2/PP2A Signaling Complex

(A) Left: qRT-PCR analysis of Il6 and Tnf mRNA

expression inWT andArrb2�/�BMDMs treated as

indicated for 6 h. ELISA of IL-6 and TNF-a in su-

pernatants fromWT andArrb2�/�BMDMs treated

as indicated for 18 h.

(B) Immunoblot analysis of p-IkBa, p-p38, and

ARRB2 in lysates of WT and Arrb2�/� BMDMs

treated as indicated.

(C) Left: qRT-PCR analysis of Il6 and Tnf mRNA

expression in PP2Acf/f and PP2Acf/fLysM-Cre

BMDMs treated as indicated for 6 h. Right: ELISA

of IL-6 and TNF-a in supernatants from PP2Acf/f

and PP2Acf/fLysM-Cre BMDMs treated as indi-

cated for 18 h.

(D) Immunoblot analysis of p-IkBa, p-p38, and

PP2Ac in lysates of PP2Acf/f and PP2Acf/fLysM-

Cre BMDMs treated as indicated.

(E) WT and Drd5�/� BMDMs were treated as

indicated. Cell lysates were immunoprecipitated

with anti-TRAF6 antibody. Immunoprecipitates

and cell lysates (input) were probed for ARRB2,

PP2Ac, DRD5, and TRAF6 by immunoblotting.

Data are pooled from three independent experi-

ments (A and C) or representative of three inde-

pendent experiments (B, D, and E). Error bars

show means ± SEM. *p < 0.05, **p < 0.01, ***p <

0.001; NS, not significant. Two-way ANOVA with

Sidak’s multiple comparisons test for (A) and (C).

See also Figures S4, S5, and S7.
analysis, IBA1 immunostaining also revealed that SKF-38393

treatment strongly reduced the numbers of activated microglia

and peripheral myeloid cells of the brain in WT mice after

S. aureus infection but had little effect on Drd5�/�, Arrb2�/�,
and PP2Acf/fLysM-Cre mice (Figure 7D). These results suggest

that the DRD5-ARRB2-PP2A signaling axis can prevent

S. aureus-induced neuroinflammation and meningitis.

DISCUSSION

The function and mechanism underlying the inhibitory effects of

DA on inflammation remain to be defined. In this study, we uti-

lized RNA-seq to analyze the changes in transcriptional profiles
ph

un

m

or

an

pl

ha

ind

fir

th

re

co
of BMDMs induced by Pam3, an inflam-

masome-independent TLR inflammatory

activator, and specifically found that

the top downregulated pathway by DA

was the NF-kB inflammatory signaling

pathway. This is consistent with the

recent studies of Wang et al. (2019) and

Lu et al. (2019), showing that DA blocks

the NF-kB pathway and inflammation,

but no details are provided regarding an

underlying mechanism. Primary macro-

phages express all DRDs on the surface

(Talhada et al., 2018). However, the func-

tion of DA-DRD5 signaling in macro-
ages remains unknown. Here we observed that DRD5 is a

ique receptor subtype whose expression in BMDMs and hu-

an PBMCs was significantly increased after Pam3 stimulation

S. aureus infection. We further utilized DRD-specific agonists

d knockdown and knockout cells to demonstrate that DRD5

ays a critical role, whereas DRD1, DRD2, DRD3, and DRD4

ve no roles in DA-mediated inhibition of TLR2 or S. aureus-

uced NF-kB activation and inflammation. Our results provide

st insights into the function of DA-DRD5 signaling in mediating

e anti-inflammatory effects of DA in macrophages.

As G protein-coupled receptor (GPCR) members, the D1-like

ceptors DRD1 and DRD5 initiate their biological function by

upling to G proteins, and their stimulation leads to activity of
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Figure 7. DRD5-ARRB2-PP2A Signaling Acti-

vation Prevents S. aureus-Induced Sepsis

and Meningitis

(A) Survival of WT, Drd5�/�, Arrb2�/�, and PP2Acf/f

LysM-Cre mice injected intraperitoneally (i.p.) in-

jected with S. aureus with or without DA (50 mg/kg

of body weight).

(B) ELISA of IL-6 and TNF-a in sera of WT, Drd5�/�,
Arrb2�/�, and PP2Acf/fLysM-Cre mice 12 h after

infection with S. aureus with or without DA admin-

istration.

(C) Flow cytometry analysis of activated microglia

and peripheral myeloid cells (CD11b+CD45high) in

brains from WT, Drd5�/�, Arrb2�/�, and PP2Acf/f

LysM-Cre mice 36 h after intravenous (i.v.) injection

with S. aureuswith or without SKF-38393 (10 mg/kg

of body weight).

(D) Immunofluorescence analysis of IBA1 in cortices

of WT, Drd5�/�, Arrb2�/�, and PP2Acf/fLysM-Cre

mice 36 h after i.v. injection with S. aureus with or

without SKF-38393. Scale bars, 100 mm.

Data arepooled fromthree independent experiments.

Error bars show means ± SEM. *p < 0.05, **p < 0.01,

***p < 0.001; NS, not significant. Log rank (Mantel-

Cox) test for (A), unpaired t test for (B) and (C).

See also Figures S6 and S7.
ADCY and production of cAMP, which subsequently activates

downstream PKA signaling (Beaulieu and Gainetdinov, 2011).

Although PKA signaling has been reported to play diverse and

complex roles in the regulation of NF-kB (Gerlo et al., 2011),

we did not observe any roles of cAMP or PKA in DA-mediated

inhibitory effects on TLR2-induced NF-kB activity and subse-

quent inflammation. In contrast, we found that, upon activation

by DA, DRD5 can directly recruit TRAF6, a NF-kB signaling key

player, and its negative regulator ARRB2 through the EFD and

IYX(X)I/L motifs in the CT and IC3 loop, respectively, of DRD5

and subsequently form a multi-protein complex containing

ARRB2, TRAF6, and their downstream factors to negatively

regulate TRAF6-dependent NF-kB inflammatory signaling.
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Most GPCRs have a very large cyto-

plasmic IC3 loop or CT. DR elements

involved in ARRB2 binding have been iden-

tified to be in the IC3 loop, and a previous

study suggested that the IYIVL sequence

at the N terminus of the IC3 loop of DRD2

is important for its ARRB2 binding (Lan

et al., 2009). In this study, we further iden-

tified the IYRI sequence (termed the IYX(X)

I/L motif in this study) at the N terminus of

IC3 of DRD5 to be required for binding of

ARRB2, and this sequence is highly

conserved across species. Furthermore,

although there is no classic P-X-E-X-X-

Ar/Ac TRAF6-binding motif in DRD5, we

observed a region rich in Ac and Ar amino

acids, including glutamate (E), aspartate

(D), and phenylalanine (F) (called the EFD

motif in this study) at the CT of DRD5,
which is highly conserved in different species and necessa

for direct interaction between DRD5 and TRAF6. To our prese

knowledge, such a TRAF6-binding motif has not yet been r

ported. The exact structure and nature of interaction betwe

the DRD5 CT EFD motif and TRAF6 needs to be determin

by future X-ray crystal studies. Given that TRAF6 dissociat

from TLRs after TLR activation to form transduction complex

with NF-kB signaling-associated proteins, such as TAK1 a

IKKs (Takeda and Akira, 2004), we propose a model in whic

upon TLR2 and DRD5 signaling activation, TRAF6, its negati

regulator ARRB2, and their downstream proteins, includi

TAK1, IKKs, and PP2A, can be recruited by DRD5 to for

a multi-protein complex, facilitating negative regulation



TRAF6-dependent NF-kB inflammatory signaling by ARRB2/

PP2A (Figure S7).

DRD1 signaling has been found to negatively regulate the

NLRP3 inflammasome via cAMP, which binds to NLRP3 and

promotes its ubiquitination and degradation by the E3 ubiquitin

ligase MARCH7, blocking maturation and secretion of IL-1b

and IL-18 (Yan et al., 2015). Here we found that DRD5 signaling

utilizes a mechanism independent of cAMP-PKA signaling to

directly recruit TRAF6 and its negative regulator ARRB2 and sub-

sequently form a multi-protein complex containing ARRB2,

TRAF6, and their downstream factors, negatively regulating

TRAF6-dependent NF-kB inflammatory signaling. We speculate

that D1 and D5 signaling adopt different mechanisms and inte-

grate them to collectively target inflammation, which may be

the result of long-term evolution of our immune system to fight

against various G+ or G� bacterial infection and inflammatory re-

sponses in a variety of ways. This further highlights that DA

signaling plays an important role in regulation of the immune in-

flammatory response.

Although endogenous DA lacks an effect on controlling inflam-

mation in an acute infection model, we cannot exclude the

possibility that endogenous DA has roles in limiting inflammation

in other chronic inflammatory diseases. Altogether, our study

maps an entirely new neuroimmune regulatory signaling

pathway that controls systemic inflammation induced by G+

bacteria. Development of therapeutic strategies to specifically

target DA-DRD5 signaling might be useful for protection against

S. aureus infection-induced inflammatory disease.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
The Drd1�/�and Drd2�/� (The Jackson Laboratory) mice were provided by Dr. Jiawei Zhou. The Arrb2�/� mice were provided by Dr.

Gang Pei (Tongji University). PP2Acfl/fl mice were provided by Dr. Xiang Gao (Nanjing University) and Dr. Jun Gao (Nanjing Medical

University). PP2Ac floxed mice were crossed with lysozyme cre mice (LysM-Cre; The Jackson Laboratory) to generate myeloid cell-

conditional PP2Ac knockout mice (PP2Acfl/fl LysM-Cre). Drd5�/� mice were generated by Cyagen Biosciences Inc (Guangzhou,

China) using CRISPR-Cas9 technology, performed by co-microinjection of in vitro-translated Cas9 mRNA and gRNA into the

C57BL/6 zygotes. The two gRNA sequences used were CCCGCGAGCACCGGTCGCTTCC and CTCATGGGCATGTACAGTTGTG.

Two lines of Drd5�/� mice were generated that modified the Drd5 gene in different ways. One contained a 1725 bp deletion and 9 bp

insertion, and the other contained a 1725 bp deletion. F0 founders were bred to wild-type mice to test germline transmission and F1

animal generation. After genotyping for confirmation, the founders were intercrossed to generate biallelic Drd5 deficiency mice,

which were identified again followed by sequence analysis. Mice were genotyped by PCR analysis of DNA isolated from ear punches

using forward primers F1(50-GGCCTCTGCGATCCACTTCTTC-30), reverse primers R1(50-GAAAGTCACAGACCATACCAGC-30) and
reverse primers R2(50-CTTTAATGGTATCAGTCTTGCGCG-30); The 439 bp fragment for the wild-type allele and the 670 bp fragment

for Drd5 heterozygous allele were reconfirmed. All mice were kept in a barrier facility, and all animal experiments were conducted in

accordance with the procedure approved by the Ethical Review Committee for Laboratory Animal Welfare of Nanjing Medical

University.

METHOD DETAILS

Cell culture
HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% (v/v) fetal bovine serum

(FBS),100 ug/ml penicillin G and 100 ug/ml streptomycin. For isolation of BMDMs, tibias and femurs were removed from wild-

type and knockout mice by sterile techniques and the bone marrow was flushed with fresh medium. BMDMs were plated in

DMEM supplemented with 10% FBS in the presence of 10% L929 conditioned medium for 4–6 d at 37�C in a humidified atmosphere

of 5% CO2.

Expression vectors
DRD1, DRD2 of human origin were from Dr. Jiawei Zhou. DRD3 (24098), DRD4 (24100) and DRD5 (66272) of human origin were ob-

tained from Addgene. DRD1 (MR226226), DRD3 (MR226047) and DRD5 (MR222905) of mouse origin were purchased fromOriGene.

All of human and mouse DRD receptors were cloned into pcDNA3.1 vector with Myc tag at the carboxy terminus. The IYX(X)I/L motif

of hDRD1, hDRD3, hDRD5, mDRD1, mDRD5 were mutated to alanine for generating the substitution mutants: hD1Am, hD3Am,
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hD5Am,mD1Am,mD5Am. The third intracellular loop (IC3) and cytoplasmic C-terminal tail (CT) deletionmutants of DRD1, DRD3 and

DRD5 (including hD1IC3 dm, hD1CTdm, hD3IC3 dm, hD5CTdm, mD5CTdm) and EFD motif mutants of DRD5 (including hD5EFDm

and mD5EFDm) were generated in-house. Myc-tagged PP2Ac was gift from Dr. Dong Xie (SIBS) and HA-tagged ARRB2 of human

origin was gift from Dr. Gang Pei (Tongji University). ARRB2 (MR206444) of mouse origin was purchased from OriGene and cloned

into pcDNA3.1 vector with HA tag at the carboxy terminus.

For rescue experiment, wild-type and mutants of mouse DRD5 (including pLV-mD5, pLV-mD5Am and pLV-mD5EFDm) were

cloned into the lentiviral vectors pLV-EF1a-IRES-GFP (Addgene) with Flag tag at the carboxy terminus. For recombinant protein

expression, Flag-tagged wide type and EFD motif mutant of cytoplasmic C-terminal tail (CT) of DRDs (including GST-mD1CT,

GST-mD5CT and GST-mD5CTEFDm) were cloned into pGEX6P1 Vector. All plasmids were verified by DNA sequencing.

RT-qPCR
Total RNAwas extracted by using TRIzol reagent (Life) and subjected to cDNA synthesis. qRT-PCRwas performed using AceQqPCR

SYBR Green Master Mix (Vazyme). The expression of a single gene was calculated by a standard curve method and standardized to

the expression of Hprt.

ELISA
Primary BMDMs were seeded (1.53 106 cells per well) in 12-well plates and were grown for 24 h. Cells were then stimulated as indi-

cated in figure legends. Conditioned media were collected and measured for levels of IL-6 (DY406), TNF-a (DY410) and IL-12

(DY2398) according to manufacturer’s instructions (R&D Systems). The serum from wide type and genetically deficient mice were

collected after infection as indicated and the levels of IL-6(DY406) and TNF-a(DY410) in these samples were measured by sandwich

ELISA (R&D Systems).

siRNA-Mediated Gene Silences in BMDMs
BMDMs were plated in 12-well plates (1.5 3 106 cells per well) and then were transfected with 50nM siRNA using Lipofectamine

RNAiMAX (Invitrogen) according to the manufacturer’s guidelines. The siRNA sequences were: siDrd1 (GGGAGACUAAAGUCCU

GAAdTdT), siDrd2 (GGCCAUGCCUAUGUUGUAUdTdT), siDrd3 (GGUGGAGUCUGGAAUUUCAdTdT), siDrd4 (CCUGGAGAACC

GAGACUAUdTdT), siDrd5 (CUGCCUAUGUCCACAUGAUdTdT), siRNA was chemically synthesized by GenePharma. The negative

control siRNA was from GenePharma.

Functional rescue of primary DRD5-deficient BMDMs
For rescue experiment, wild-type and mutants of mouse DRD5 (including pLV-mD5, pLV-mD5Am and pLV-mD5EFDm) were cloned

into the lentiviral vectors pLV-EF1a-IRES-GFP (Addgene) with Flag tag at the carboxy termini. Constructs were transfected into

HEK293T cells together with packaging and envelope plasmids (psPAX2 and pMD2.G). Plv lentivirus from the medium supernatants

were collected at 48 h,72 h and 96 h. The virus was infected with wild-type and DRD5-deficient bone marrows differentiated on the

second, third and fourth days respectively. After another two days, BMDMs were seeded and performed as described.

Immunostaining, confocal microscopy
BMDMs were seeded on slides overnight and then were stimulated as indicated. The cells were washed three times in chilled PBS

(500 ml), fixed with 4% (v/v) paraformaldehyde (500 ml) for 20 min, permeabilized with 0.2% Triton X-100 for 10min and blocked with

10% goat serum (Vector Laboratories) for 2 h. Cells were incubated overnight at 4�C with primary antibody as indicated, and then

washed and incubated with secondary antibody. Nuclei were stained with DAPI (1.5 mg/ml; Sigma) for 2 min. Cells were mounted

and confocal images were captured using the3 63 objective lens (3 630 total magnification) on the Zeiss LSM800META laser scan-

ning confocal microscope and processed using Zeiss LSM image browser.

Immunoprecipitation and immunoblot analysis
Primary BMDMs (23 106 cells per ml; 10ml) were grown in 10-cm dishes andHEK293T cells (3x105 cells per ml;3ml) grown in six-well

plates were transfected with the appropriate expression constructs. Cells were then collected in 500 ml lysis buffer (20 mM Tris-HCl,

pH 7.4, containing 150 mMNaCl, 0.5% (vol/vol) Igepal, 50 mM NaF, 1 mM Na3VO4, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl

fluoride and complete protease-inhibitor ‘cocktail’), followed by incubation for 40 min at 4�C. Cell lysates were initially precleared by

centrifugation at 14000 rpm and then followed by incubation for 24 h at 4�Cwith the appropriate antibody. An aliquot (40 ml) of protein

A/G-agarose was added to each sample, followed by incubation overnight at 4�C. Immunoprecipitates were collected by centrifu-

gation for 1min with 1,000 g at 4�Cand the beadswere thenwashed four timeswith 500 ml lysis buffer (without Na3VO4, dithiothreitol,

phenylmethylsulfonyl fluoride or protease-inhibitor ‘cocktail’). An aliquot (50 ml) of SDS-PAGE sample buffer (62.5 mM Tris-HCl,

pH 6.8, 10% (wt/vol) glycerol, 2% (wt/vol) SDS, 0.7 M b-mercaptoethanol and 0.001% (wt/vol) bromophenol blue) was added to

the beads. Samples were resolved by SDS-PAGE, transferred to nitrocellulose membranes and analyzed by immunoblot with the

appropriate antibodies.
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Luciferase reporter assay
HEK293T cells (1.2 3 105 cells per ml; 200 ml) were seeded in 96-well plates. Cells were cotransfected with plasmids encoding

NF-kB-regulated firefly luciferase and thymidine kinase-controlled renilla luciferase (Promega Biosciences) and expression con-

structs encoding ARRB2, PP2Ac and various forms of dopamine receptors. Cells were grown for another 24 h. Cell extracts were

collected in Reporter Lysis Buffer (Promega Biosciences), and firefly and renilla luciferase activity was assayed with the Luciferase

Assay system (Promega Biosciences) and coelenterazine (1 mg/ml, Insight Biotechnology), respectively.

Generation of recombinant proteins and in vitro pull-down assays
The C-terminal tail of mouse DRD1 and DRD5, and EFD motif mutant of DRD5 C-terminal tail were cloned into the GST-tagged

pGEX6P1 vector. The constructs were transformed into BL21 cells and Protein expression was induced overnight at 18�C with

0.4 mM isopropyl-B-D-thiogalactopyranoside (IPTG) after OD600 nm reached 0.8. Cells were harvested and resuspended in a lysis

buffer containing 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.5% (vol/vol) Igepal, 1 mM phenylmethylsulfonyl fluoride and then

were sonicated. After centrifugation, the recombinant proteins were purified with Glutathione Magbeads from GenScript. Then

the cell lysates dialysis through Chromatography bag (Biosharp), the purity and integrity of recombinant proteins were confirmed

by SDS-PAGE followed by Coomassie staining. For pull-down assay, BMDMs treated as indicated were collected in lysis buffer

(20 mM Tris-HCl, pH 7.4, containing 150 mMNaCl, 0.5% (vol/vol) Igepal, 50 mMNaF, 1 mMNa3VO4, 1 mM dithiothreitol, 1 mM phe-

nylmethylsulfonyl fluoride and complete protease-inhibitor ‘cocktail’) .Then the cell lysates was incubated with the recombinant GST

or GST fusion protein overnight at 4�C. An aliquot (60 ml) of GlutathioneMagbeads was added to each sample, followed by incubation

for 2 hours at 4�C. Then the beads were washed and an aliquot (50 ml) of SDS-PAGE sample buffer (62.5 mM Tris-HCl, pH 6.8, 10%

(wt/vol) glycerol, 2% (wt/vol) SDS, 0.7 M b-mercaptoethanol and 0.001% (wt/vol) bromophenol blue) was added to the beads. Sam-

ples were resolved by SDS-PAGE followed by immunoblot with the appropriate antibodies and Coomassie staining.

RNA-Seq
RNA isolation, library construction, and sequencing were performed on a BGISEQ-500 (Beijing Genomic Institution, BGI). Clean

reads were mapped to the mouse genome (GRCm38.p5) by HISAT2. For gene expression analysis, the matched reads were calcu-

lated and then normalized to FPKM. Fold changes were calculated for all possible comparisons and a 2-fold cutoff was used to select

genes with expression changes. KEGG pathway analysis was performed using the R package, using significantly differentially ex-

pressed genes (FDR% 0.001) as target genes. Raw data files and processed files have been uploaded to Gene Expression Omnibus

public database (GSE 133316).

Flow cytometry
For preparation of immune cells in the CNS, brains from Staphylococcus aureus infected mice were excised and digested at 37�C
with collagenase type IV (0.5mg/ml; Sigma) and DNase I (10 U/ml; Roche) in RPMI 1640 under agitation (200 rpm) conditions for

60 min. The digested tissues were filtered through a 100 mm filter and the plunger end of syringe was used to push the cells over

the filter. Homogeneous cell suspensions were centrifuged over the Percoll density gradient (GE Healthcare) and separated by col-

lecting the interface fractions between 37% and 70% Percoll (GE Healthcare). Mononuclear cells were isolated from the interface.

The cells were suspended in PBS containing 2% (w/v) FBS. After intensive washing, cells were stainedwith fluorochrome-conjugated

surface marker antibodies for FACS analysis. The CD45 and CD11b antibodies were used.

S. aureus-induced systemic inflammation and neuroinflammation
For S. aureus-induced systemic inflammation, 8-week old male mice were administered with dopamine (50mg/kg) by intraperitoneal

(i.p.) injections twice in one day. After 6 hours following the second DA injection, mice were infected with Staphylococcus aureus

(ATCC 25923, 1x108CFU per mouse) by i.p., and monitored eight times daily for a total of 6 days. Serum were collected from the

retro-orbital plexus for ELISA analysis 6 hours after S. aureus infection. For S. aureus-induced neuroinflammation, 8-week old

male mice were intravenously (i.v.) injected with 10mg/kg SKF-38393 or vehicle (saline) at 6 hours before S. aureus (5x108 CFU

per mouse) i.v. infection. After 36 hours, brains were collected for FACS or immunofluorescence analysis.

HPLC analysis
HPLC analysis was employed to measure dopamine from whole blood, spleen and draining lymph nodes. This analysis used a

DIONEX HPLC system with a Coulochem III Electrochemical Detector together with a Uniget C-18 reverse phase microbore column

as the stationary phase. The mobile phase consisted of buffer [1.7 M OSA, 0.05 mM Na-EDTA, 90 mM NaH2PO4$2H2O and 50 nM

C6H8O7$H2O] and acetonitrile. The flow rate was 0.2ml/min and the working electrodewas set at 350mV versus Ag/Ag/Cl reference

electrode. Detection gain was 100 nA and filter was 5 s.10 mL of the sample supernatant was directly injected into the HPLC for anal-

ysis. Standard dopamine (sigma) was used to quantify and identify the peaks on the chromatographs. The detection limits for

dopamine was determined by analyzing the known concentrations of dopamine in the HPLC system under the set condition.

For this purpose, standard solutions of 1 mg per ml was made with pure dopamine and diluted accordingly to the desired

concentrations of the stock solutions for running on HPLC. Concentration of dopamine was determined using the following

formula: y = 17.983x+37.011 (r2 = 0.999) (y, peak area; x, analyte concentration in mM). All values of tissues were converted to final
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molar concentrations by dividing original tissue weights, and multiplying the density of tissues which we averaged to be around

1 kg/L.

Bacterial burden
8-week-old C57BL/6 mice were administered 50mg/kg of Dopamine by intraperitoneal (i.p.) injections twice in one day. After 6 hours

of the second DA injection, mice were infected with SA (1x108CFU per mouse) by i.p and then anesthetized to be sacrificed at 36h

postinfection. Liver, spleen and draining lymph nodes were harvested and weighed, followed by homogenization with PBS. Homog-

enates were serially diluted in PBS and plated to determine bacterial numbers by the colony-formation assay.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as themean ± standard error of themean (SEM). Samples were analyzed using unpaired t test for two groups and

ANOVA for multiple groups. Log-rank (Mantel-Cox) test for Survival curves. In all cases, a P value of less than 0.05 was considered

statistically significant.

DATA AND CODE AVAILABILITY

Original data for all figures in the paper is available at Mendeley Data (https://doi.org/10.17632/r68gw2wbwy.1).
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