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Stimulation of Dopamine Receptor D5 Expressed on
Dendritic Cells Potentiates Th17-Mediated Immunity

Carolina Prado,*" Francisco Contreras,*' Hugo Gonzilez,*" Pablo Diaz,*
Daniela Elgueta,* Magaly Barrientos,* Andrés A. Herrada,* Alvaro Lladser,*
Sebastian Bernales,* and Rodrigo Pacheco**

Dendritic cells (DCs) are responsible for priming T cells and for promoting their differentiation from naive T cells into appropriate
effector cells. Emerging evidence suggests that neurotransmitters can modulate T cell-mediated immunity. However, the involve-
ment of specific neurotransmitters or receptors remains poorly understood. In this study, we analyzed the role of dopamine in the
regulation of DC function. We found that DCs express dopamine receptors as well as the machinery necessary to synthesize, store,
and degrade dopamine. Notably, the expression of DSR decreased upon LPS-induced DC maturation. Deficiency of DSR on the
surface of DCs impaired LPS-induced IL-23 and IL-12 production and consequently attenuated the activation and proliferation
of Ag-specific CD4" T cells. To determine the relevance of DSR expressed on DCs in vivo, we studied the role of this receptor in the
modulation of a CD4" T cell-driven autoimmunity model. Importantly, DSR-deficient DCs prophylactically transferred into wild-
type recipients were able to reduce the severity of experimental autoimmune encephalomyelitis. Furthermore, mice transferred
with D5R-deficient DCs displayed a significant reduction in the percentage of Th17 cells infiltrating the CNS without differences in
the percentage of Th1 cells compared with animals transferred with wild-type DCs. Our findings demonstrate that by contributing
to CD4™ T cell activation and differentiation to Th17 phenotype, D5R expressed on DCs is able to modulate the development of an

autoimmune response in vivo. The Journal of Immunology, 2012, 188: 3062-3070.

and are specialized in the initiation of immune responses

by directing the activation and differentiation of naive
T cells (1). In the absence of foreign Ags, immature DCs can
present self-antigens on MHC molecules and, by stimulating
CD4* regulatory T cells (Tregs), induce peripheral tolerance (2).
In contrast, maturation induced by recognition of pathogen-
associated molecular patterns allows DCs to migrate into lymph
nodes and promote the differentiation of naive CD8" T cells and
CD4* T cells into CTLs and the appropriate effector Th subset,
respectively (1). Depending on the cytokine milieu, DCs can
stimulate the polarization of naive CD4" T cells into Thl, Th2,
and Th17 cells (3, 4). In particular, the release of IL-12 by DCs

D endritic cells (DCs) are the most efficient type of APCs
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can induce CD4* T cells to adopt the IFN-y—secreting Thl phe-
notype. However, the production of IL-6 or IL-23 by DCs can
promote CD4* T cells to acquire the IL-17-producing Th17 fate.
Because of the key role of DCs in modulating the interface be-
tween immunity and tolerance, their function must be tightly
regulated (5). Traditionally, it has been thought that the functions
of immune cells such as T cells and DCs are regulated mainly by
cytokines. However, a number of more recent studies have shown
that immune system cells can also be regulated by neurotrans-
mitters (6-11). Consistent with this, both primary and secondary
lymphoid organs are highly innervated by sympathetic ends that
store dopamine (DA) (12, 13).

DA is an important neurotransmitter in the CNS and is involved
in the control of locomotion, emotion, cognition, and neuroen-
docrine secretion (14). The first and rate-limiting step in DA
biosynthesis is the conversion of L-tyrosine to (S)-2-amino-3-(3,4-
dihydroxyphenyl)propanoic acid (L-DOPA), which is catalyzed by
the enzyme tyrosine hydroxylase (TH). This compound is subse-
quently metabolized by aromatic amino acid decarboxylase to
produce cytosolic DA (15). Cytosolic DA can also be taken up
from the extracellular environment through plasma-membrane
dopamine transporters (DATs) (16). Once inside the cell, DA
can either be inactivated by monoamine oxidases (MAO-A and
-B) (17) or can be stored in intracellular vesicles. Storage is me-
diated by type 1 and type 2 vesicular monoamine transporters
(VMATSs 1 and 2) that mobilize cytosolic DA toward vesicular
stores (18). In some catecholaminergic cells, DA can adopt a third
fate and be further processed by dopamine (3-hydroxylase (DEH)
to yield norepinephrine (19).

DA exerts its effects by stimulating dopamine receptors (DARs)
expressed on the cell surface. Five DARs have been identified to
date: DIR, D2R, D3R, D4R, and D5R (20, 21). All of these re-
ceptors are hepta-spanning membrane proteins that belong to the
superfamily of G protein-coupled receptors. Based on their se-
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quence homology, signal transduction machinery, and pharmaco-
logical properties, DARs have been classified into two subgroups.
DIR and D5R are type I DARs, which couple with stimulatory Go
subunits, and D2R, D3R, and D4R are type II DARs, which couple
to inhibitory Ga subunits (20).

Much evidence regarding the functional relevance of DAR ex-
pression and DA signaling in immune cells has amassed over the
years. Some immune cells such as Tregs have been found to contain
substantial amounts of DA and other catecholamines. These cells
also constitutively express TH, an enzyme necessary to synthesize
DA. Effector T cells, in contrast, contain only trace amounts of DA
(22, 23). In Tregs, endogenous DA signals through DIR/D5R
in a paracrine/autocrine manner resulting in the downregulation
of Treg function (23). In DCs, recent pharmacological evidence
suggests that the antagonism of DIR/DSR expressed on DCs
could impair the polarization of naive CD4" T cells toward the
Th17 phenotype (24, 25). However, as the DIR/D5R antagonist
used in these studies is also an agonist for serotonin receptors (26,
27) and serotonin receptors are also expressed on DCs (28), the
individual contributions of specific DARs and serotonin receptors
in this phenomenon are not clear (24).

The involvement of Th1/Th17 T cells and Tregs in autoimmunity
and the possible connection between type I DAR signaling in DCs
and the biasing of T cell fate suggest that type I DARs expressed on
immune cells are involved in the balance between autoimmunity
and tolerance. Notably, alterations in components of the dopa-
minergic system have been correlated with multiple sclerosis (MS),
an inflammatory and demyelinating neurodegenerative disease of
the CNS mediated mainly by Th17 and Thl autoreactive T cells.
In this regard, patients suffering from MS show decreased ex-
pression of DSR in PBMCs compared with that in healthy indi-
viduals (29). Furthermore, increased local levels of DA in the CNS
were detected in mice induced with experimental autoimmune
encephalomyelitis (EAE), an animal model of MS, compared with
those in controls (30). Taken together, this evidence suggests a
possible modulatory role for DA via type I DARs in this auto-
immune disease. However, further efforts are necessary to identify
specific receptors and cells involved in DA-mediated regulation
of this autoimmune response.

In this study, we investigate the contribution of DA in modu-
lating the pivotal role of DCs during adaptive immune response.
We report that DCs express several DARs and the components
required to synthesize, to store, and to degrade DA. Our data
suggest an autocrine modulatory role of DA in DC function and
illustrate that DA stimulates D5R expressed on DCs thereby fa-
cilitating strong CD4" T cell activation and differentiation toward
the Th17 phenotype, thus contributing to the development of
a CD4" T cell-mediated autoimmune response.

Materials and Methods

Animals

Six- to eight-week-old mice of the C57BL/6 background were used for all
experiments. Wild-type (WT) C57BL/6 mice were purchased from The
Jackson Laboratory (Bar Harbor, ME). D5R-knockout (DSRKO) mice
were kindly donated by Dr. David Sibley (31). OVA-specific OT-I trans-
genic mice expressing specific TCRs for H—2Kb/OVA257,264 were obtained
from Taconic. OVA-specific OT-II transgenic mice expressing specific
TCRs for I-AYOVAs33 330 were kindly donated by Dr. Maria Rosa Bono
(32). All mice were maintained and manipulated according to institutional
guidelines at the pathogen-free facility of the Fundacion Ciencia y Vida.

Generation of DCs

Bone marrow-derived DCs from WT and DSRKO mice were prepared as
previously described (33). Briefly, DCs were grown in RPMI 1640 medium
(Hyclone, Logan, UT) supplemented with 5% heat-inactivated FBS (Bi-
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ological Industries, Beit Haemek, Israel) and 10 ng/ml recombinant mouse
GM-CSF (PeproTech, Rocky Hill, NJ). On day 5, differentiation of DCs
was routinely assessed obtaining >80% CDI11c* cells. In some experi-
ments, day 5 DCs were either left unstimulated (immature dendritic cells;
iDCs) or stimulated (mature dendritic cells; mDCs) with 100 ng/ml LPS
(Sigma Chemical Co., St. Louis, MO) for 24 h and used for further
experiments.

Immunostaining and Western blots

To determine expression levels of key surface molecules, DCs were im-
munostained with the following fluorochrome-conjugated mAbs for 30
min: allophycocyanin-conjugated anti-CD11c (clone HL3), PE-conjugated
anti-I-A® (clone AF6-120.1), FITC-conjugated anti-CD80 (clone 16-
10A1), PE-conjugated anti-CD86 (clone GL1), FITC-conjugated anti—-H2-
K® (clone AF6-88.5), and FITC-conjugated anti-CD40 (clone 3/23), all of
them from BD Pharmingen (San Diego, CA). For DAR detection, DCs
were incubated with unconjugated, rabbit anti-D2R, rabbit anti-D3R, or
goat anti-D4R polyclonal Abs (pAbs) specific for extracellular epitopes for
1 h, followed by FITC-conjugated anti-rabbit IgG or anti-goat IgG Abs
(Santa Cruz Biotechnology, Santa Cruz, CA). In the case of DIR-like
receptor and TH detection, Abs against intracellular epitopes were used.
Accordingly, DCs were fixed with 1% paraformaldehyde in PBS for 15
min at room temperature and then treated with permeabilizing buffer
(0.5% saponin, 3% BSA in PBS). Permeabilized cells were incubated with
unconjugated rabbit anti-D1R, rabbit anti-D5R, or rabbit anti-TH pAbs,
followed by FITC-conjugated anti-rabbit IgG Abs (Santa Cruz Biotech-
nology). Nonspecific Ig was included as control in each case, and staining
was analyzed by flow cytometry in the CD1lc* I-A®* population. For
intracellular cytokine staining, cells were stimulated for 4 h with PMA (50
ng/ml; Sigma) and ionomycin (1 wg/ml; Sigma) in the presence of bre-
feldin A (5 pg/ml; Sigma). After staining of surface markers, cells were
fixed, permeabilized, and incubated for 30 min with allophycocyanin-
conjugated anti—-IFN-y (clone XMG1.2) and PE-conjugated anti—IL-17
mAbs (clone TC11-18H10), both from BD Pharmingen. All flow cytom-
etry analyses were performed by using a FACSCanto II flow cytometer,
and collected data were analyzed by using FACSDiva software (both from
BD Biosciences). To determine DAT expression, DCs were purified using
CDl1l1c microbeads (MACS; Miltenyi Biotec, Bergisch Gladbach, Ger-
many), and DAT expression was analyzed in whole-cell extracts by im-
munoblot using a rat anti-DAT mAb (clone 6-5G10) and an HRP-
conjugated secondary anti-rat IgG Ab (both from Santa Cruz Biotech-
nology). Immunodetection of B-actin was included as a loading control,
using mouse anti—B-actin mAb (clone AC-15; Sigma) and an HRP-
conjugated anti-mouse IgG Ab (Rockland, Gilbertsville, PA).

RT-PCR

Cells and tissues were lysed, and total RNA was extracted with the
EZNA total RNA kit ({0 Bio-Tek, Norcross, GA), treated with DNase
using TURBO DNA-free kit (Ambion, Austin, TX), and 1 pg RNA
was retrotranscribed using M-MLV reverse transcriptase (Invitrogen,
Carlsbad, CA) according to manufacturer instructions. RT-PCR was
performed using 1 pl cDNA (equivalent to 100 ng), 10 nl Go-Taq Green
Master Mix 2X reagent (Promega, Madison, WI), and primers and
water for a final volume of 20 wl. Forward and reverse primers were
used at 0.5 pM. PCR was carried out for 35 cycles with 95°C melting
(30 s), 57°C annealing (45 s), and 72°Cextension (45 s). Primer sequence
were as follows: B-actin forward, 5'-CAGCTTCTTTGCAGCTCCTT-3';
B-actin reverse, 5'-CCTGGATGGCTACGTACATGGC-3'; serotonin trans-
porter (SERT) forward, 5'-CTGAGATGAGGAACGAAGAC-3'; SERT re-
verse, 5'-CTGAGTGATTCCATAGAACCA-3'; norepinephrine transporter
(NET) forward, 5'-GCTAGATAGTTCAATGGGAGG-3'; NET reverse, 5'-
CTCACGAACTTCCAACACAG-3'; MAO-A forward, 5'-GCATGATAA-
TTGAAGATGAGGAGG-3'; MAO-A reverse, 5'-CGAATCACCCTTCC-
ATACAG-3'; MAO-B forward, 5'-GTATGGAATCCTATCACCTACC-3';
MAO-B reverse, 5'-AATTTCCTCTCCTGTCCTCC-3'; DBH forward, 5'-
TTCCAATGTGCAGCTGAGTC-3'; DBH reverse, 5'-GGTGCACTTGT-
CTGTGCAGT-3'; VMAT?2 forward, 5'-TGCCAGCGAGCATCTCTTAT-3';
VMAT?2 reverse, 5'-CTTCCTTAGCAGGTGGACTT-3'. Amplicon sizes
were verified by electrophoresis on a 1.5% agarose gel after ethidium bro-
mide staining.

Analysis of cytokine mRNA production by real-time RT-PCR

Cells were lysed and RNA was extracted using the TRIzol reagent. cDNA
(1 pg) was synthesized using oligonucleotide and M-MLV reverse tran-
scriptase (Promega) according to the manufacturer’s instructions. A 20-pl
real-time PCR reaction included 1 wl cDNA, 10 wl Brilliant SYBR Green
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QRT-PCR Master Mix (Stratagene), and primers and water as indicated
by the manufacturer’s instructions. PCR was carried out for 40 cycles
with 95°C melting (30 s), 60°C annealing (45 s), and 72°C extension (40 s).
All reactions were performed on a Stratagene Mx3000P. Primer sequences
were as follows: IL-23 forward, 5'-TGCTGGATTGCAGAGCAGTAA-3';
IL-23 reverse, 5'-GCATGCAGAGATTCCGAGAGA-3'; IL-6 forward,
5'-AGGATACCACTCCCAACAGACCT-3'; IL-6 reverse, 5'-CAAGTG-
CATCATCGTTGTTCATAC-3"; IL-1B forward, 5'-CAAATCTCGCAG-
CAGCACA-3'; IL-1B reverse, 5'-TCATGTCCTCATCCTGGAAGG-3';
TGF-B forward, 5'-TGCGCTTGCAGAGATTAAAA-3'; TGF-B reverse,
5'-CTGCCGTACAACTCCAGTGA-3'; GADPH forward, 5'-TCCGTGT-
TCCTACCCCCAATG-3'; GADPH reverse, 5'-GAGTGGGAGTTGCTG-
TTGAAG-3'. For relative quantification, mRNA expression in each sample
was normalized by comparison with the GAPDH mRNA expression using
the ddCT method as previously described (34).

Phosphorylation of ERKs

DCs were incubated with FBS-free medium for 14 h before experiments.
DCs (2 X 10° cells/ml) were washed twice and resuspended in prewarmed
medium either in the presence or absence of 100 ng/ml LPS and either left
untreated or treated with 1 nM SKF38393 (SKF) or 1 nM SCH23390
(SCH; Tocris, Bristol, U.K.) for 10 min. Cells were lysed with ice-cold
lysis buffer 2X [2% Triton X-100, 100 mM Tris-HCI pH 7.6, 80 mM
B-glycerophosphate, 50 mM sodium fluoride, 2 mM sodium orthovana-
date and protease inhibitor mixture (Sigma)]. Cell lysates (50 wg/sample)
were resolved by SDS-PAGE, transferred to polyvinylidene difluoride
membranes (Hybond-P; Amersham Biosciences, Uppsala, Sweden),
and diphosphorylated-ERK1/2 was detected using a mouse phospho-
specific ERK1/2 mAb (1:2000; Sigma) followed by HRP-conjugated
goat anti-mouse 1gG Ab (1:2000; Rockland). Immunodetection was car-
ried out with SuperSignal West Pico chemiluminescent substrate (Pierce,
Rockford, IL). Membranes were stripped and reprobed with rabbit anti-
ERK1/2-specific pAb (1:30,000; Sigma) followed by HRP-conjugated
goat anti-rabbit Ab (1:4000; Rockland) and detected as described above.

Cytokine ELISA

Levels of IL-6, IL-10, and IL-12 released into the culture supernatant of
iDCs and mDCs and IL-2 secreted by T cells into the coculture supernatant
were quantified by ELISA as previously described (35). Recombinant
murine cytokines were used as standards for quantification. All of the
reagents, recombinant cytokines, and Abs used were purchased from BD
Pharmingen. When indicated, DCs were pretreated with 1 wM reserpine
(Tocris) for 1 h to promote depletion of intracellular stores of DA. Sub-
sequently, cells were washed, resuspended in fresh prewarmed medium,
and stimulated or not with LPS as described earlier.

T cell activation assays

iDCs or mDCs were washed and resuspended in fresh prewarmed medium.
Subsequently, DCs were cocultured at indicated ratios (see the figures and
figure legends that accompany this article) with either purified OT-I or OT-1I
T cells (10° T cells/well) in the presence of 0.1 ng/ml OVA,s7 64 peptide
or 200 ng/ml OVAj3,3_339 peptide (GenScript, Piscataway, NJ), respec-
tively. Purification of OT-I and OT-II T cells from total splenocytes was
carried out by negative selection using CD8" or CD4" T cell isolation kits
(Miltenyi Biotec), respectively. T cell activation was determined as IL-2
secretion in the coculture supernatant after incubation for 24 h by ELISA
(35). For determination of T cell proliferation, purified OT-I or OT-II
T cells were stained with 5 uM CFSE (Invitrogen) in the presence of
5% heat-inactivated FBS for 5 min at room temperature. Subsequently,
cells were washed and cocultured with DCs as indicated earlier. After 72 h
of coculture incubation, cells were stained either with allophycocyanin-
conjugated anti-CD8 (clone 53-6.7) or anti-CD4 (clone RM4-5) (both from
BD Pharmingen), and CFSE-associated fluorescence of the CD8* or CD4*
populations were analyzed by flow cytometry.

EAE induction and evaluation

Six- to eight-week-old female C57BL/6 WT or DSRKO mice were injected
s.c. with 50 wg myelin oligodendrocyte glycoprotein 35-55 peptide
(pMOG; Genetel Laboratories, Madison, WI) emulsified in CFA (Invi-
trogen) supplemented with heat-inactivated Mycobacterium tuberculosis
H37 RA (Difco Laboratories, Detroit, MI). In addition, mice received i.p.
injections of 500 ng pertussis toxin (Calbiochem, La Jolla, CA) on days
0 and 2. Clinical signs were assessed daily according to the following
scoring criteria: 0, no detectable signs; 1, flaccid tail; 2, hind limb weak-
ness or abnormal gait; 3, complete hind limb paralysis; 4, paralysis of fore
and hind limbs; and 5, moribund or death. In some EAE experiments, 10°

STIMULATION OF D5R FACILITATES DC IMMUNOGENICITY

bone marrow-derived DCs from WT and DSRKO mice were pulsed with
5 pg/ml pMOG for 4 h and then transferred i.v. into WT C57BL/6 re-
cipient mice 14 and 7 d before EAE induction. For the preparation of CNS
mononuclear cells, mice were perfused through the left cardiac ventricle
with cold PBS. The brain and spinal cord were dissected, and CNS tissue
was cut into small pieces and digested by collagenase D (2.5 mg/ml;
Roche Diagnostics) and DNasel (I mg/ml; Sigma) at 37°C for 45 min.
Digested tissue was passed through a 70-pm cell strainer obtaining single-
cell suspension that was subjected to centrifugation in a Percoll gradient
(70%/37%). Mononuclear cells were removed from the interphase and
resuspended in culture medium for further analysis.

Statistical analysis

Statistical significance of differences between groups was evaluated by two-
tailed Student ¢ test or Mann—Whitney rank sums two-tailed U test by using
GraphPad Prism software.

Results
DCs express functional D5R whose expression is modulated
during maturation

To determine whether DA could regulate DC function, we first
evaluated the expression of DARSs on the cell surface using specific
Abs and flow cytometry. Our results show that both iDCs and mDCs
express DIR, D2R, D3R, and D5R. Notably, only DSR expression
was significantly downregulated on DCs after LPS treatment (Fig.
1A, 1B), suggesting that DSR could be involved in the regulation
of DC function during maturation. Inflammatory signals triggered
by TLR stimulation on DCs involve activation of several signaling
pathways including NF-kB, MAPKs, PI3K, and STATs (36). To
test whether D5R engagement is capable of affecting LPS-induced
intracellular signaling, we studied the phosphorylation of key
signaling molecules involved in cytokine production, ERK1/2,
JNK, and p38 MAPK (37). Stimulation with the selective D1R/
D5R agonist SKF attenuated LPS-induced ERK1/2 phosphoryla-
tion in WT DCs (Fig. 1C, top panel), an effect not observed in
D5RKO DCs (Fig. 1C, bottom panel). No significant differences
were observed in levels of ERK1/2 phosphorylation when WT or
D5RKO DCs were treated with the D1IR/D5SR antagonist SCH
in the presence (Fig. 1C) or absence of LPS (data not shown). No
changes in phosphorylation levels of p38 and JNK were detected
upon stimulation of D1/D5 receptors in WT or DSRKO DCs (data
not shown). These results indicate that D5R is expressed on DCs,
and its stimulation is coupled to modulation of LPS-triggered
signaling pathways.

DCs express the machinery to synthesize, store, and degrade

DA

Previous studies have shown that some immune cells not only
express neurotransmitter receptors but also have the ability to
synthesize, internalize, and accumulate neurotransmitters in in-
tracellular reservoirs (38, 39). Such properties enable these cells to
release neurotransmitters in the presence of certain stimuli. These
neurotransmitters may act in an autocrine/paracrine manner to
modulate DC function (37, 40). We investigated the expression of
key enzymes necessary for biosynthesis, degradation, uptake, and
storage of DA in DCs. Accordingly, we first analyzed intracellular
TH expression in DCs, an enzyme necessary to synthesize DA. We
found that DCs express TH and that its expression is regulated
during DC maturation (Fig. 2A). Next, transcripts for VMAT2,
which mobilizes cytosolic DA toward vesicular storage, were de-
tected in iDCs, whereas very low to undetectable levels were
found in mDCs (Fig. 2B). These results correlate with the de-
creased expression of TH detected in mDCs compared with that
in iDCs (Fig. 2A). In contrast, expression of DBH mRNA, an
enzyme that oxidizes DA to produce norepinephrine in catechol-
aminergic cells, could not be detected in either iDCs or mDCs
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FIGURE 1. Expression of functional D5R in DCs. DCs obtained from WT mice were either left unstimulated (iDCs) or stimulated with 100 ng/ml LPS
for 48 h (mDCs), and DAR expression was assessed in the CD11c* I-AP* population by flow cytometry (A, B). (A) Representative histograms of DAR
expression in iDCs (bold line) and mDCs (dotted line) are shown. Filled histograms correspond to nonspecific Ig control for each receptor subtype. (B) The
ratio of the mean fluorescence intensity (MFI) corresponding to specific label over MFI corresponding to unspecific control is represented. Data from four
independent experiments are shown. Values represent mean = SD. **p < 0.01 (unpaired Student ¢ test). (C) DCs obtained from WT or DSRKO mice were
either left untreated (UT) or treated with 100 ng/ml LPS, alone or in the presence of either the DIR/D5R agonist SKF or the DIR/D5R antagonist SCH for
10 min. Cells were lysed in the presence of phosphatase inhibitors, and the presence of diphosphorylated ERK1/2 (pERK1/2, top panel) or total ERK1/2
irrespective of their phosphorylations (ERK1/2, bottom panel) was analyzed in protein extracts by Western blot. Representative data from one of three
independent experiments are shown.

(Fig. 2B). Thus, DCs express some components required to syn-
thesize and store DA but do not seem to contain components to
convert DA to norepinephrine.

Some dopaminergic cells can also take up DA from the extra-
cellular environment. According to this notion, we analyzed the
expression of DAT and NET, which can both take up DA from the
extracellular compartment. Neither DAT protein (Fig. 2C) nor NET
mRNA (Fig. 2D) were detected in DCs. The human and rat SERT
were recently described to mediate DA uptake (41). Notably,

SERT mRNA expression was found in both iDCs and mDCs (Fig.
2D), suggesting that DCs could take up DA in a noncanonical
fashion. Next, we assessed the expression of DA-degrading en-
zymes in DCs. We detected the mRNA expression of two mono-
amine oxidase enzymes, MAO-A and MAO-B, in both iDCs and
mDCs (Fig. 2E), indicating that DCs are capable of catabolizing
intracellular DA. Taken together, these results indicate that DCs
express molecular components required to synthesize, store, and
degrade DA.
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FIGURE 2. Expression of components of the dopaminergic system in DCs. Bone marrow-derived DCs were either left unstimulated (iDCs) or stimulated
with LPS (mDCs). After 24 h, cells were analyzed for protein expression by flow cytometry (A) or Western blot (C) and for mRNA expression by RT-PCR
(B, D, and E). (A) Intracellular TH expression was analyzed in the CD11c* I-A* population. In the left panel, a representative result is shown. Isotype
control is indicated with a solid gray area. In the right panel, the ratio of MFI corresponding to specific label over MFI corresponding to isotype control is
represented. Data from four independent experiments are shown. Values represent mean * SD. *p < 0.05 (unpaired Student ¢ test). (B) Expression of
enzymes involved in catecholamine biosynthesis (DBH) and storage (VMAT2) was assessed with specific primers. (C) Detection of the plasma membrane
DAT was assessed in total cell extracts by using specific Abs. (D) Transcripts of norepinephrine and serotonin transporters were also analyzed using NET
and SERT specific primers, respectively. (E) Transcripts encoding for DA degrading enzymes, MAO-A and MAO-B, were detected by using specific
primers. Representative data from two experiments are shown. Positive controls (+) correspond to suprarenal gland, except for SERT, for which cerebellum
was used. B-Actin was used as loading control.
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D3R selectively modulates cytokine secretion by
LPS-stimulated DCs

Next, we determined whether DSR regulates the phenotype of DCs
upon maturation. To do this, we evaluated the secretion of regu-
latory cytokines and expression of key surface markers by WT and
D5RKO DCs either untreated or matured with LPS. Whereas no
differences were detected in the levels of 1L-12, IL-10, and IL-6
secreted by WT or DSRKO iDCs, DSRKO mDCs secreted sig-
nificantly less IL-12 compared with that of WT mDCs (Fig. 3A).
We observed no differences in levels of IL-10 and IL-6 released by
WT or DSRKO mDCs. To gain more insight into the role of DSR
in the production of other important cytokines involved in CD4*
T cell polarization, we determined mRNA levels for IL-23,
TGF-3, and IL-1p produced by WT or D5R-deficient DCs. Re-
sults show that expression of D5R contributed significantly to the
production of IL-23 mRNA by mDCs but not by iDCs (Fig. 3B).
Conversely, DSR was not relevant for production of TGF-§ or
IL-1B by DCs (Fig. 3B). A comparison of the expression of sur-
face maturation markers such as I-Ab, CD80, and CD86 in WT
and DSRKO mDCs revealed no differences (Supplemental Fig. 1).
Given that DCs express machinery to synthesize and store DA, we
hypothesized that intracellular stores of DA may stimulate D5R in
an autocrine manner and promote IL-12 stimulation upon matu-
ration. To test this possibility, we performed LPS-induced matu-
ration experiments in which WT DCs were previously depleted of
intracellular stores of DA by treatment with reserpine (42). De-
pletion of DA caused a significant decrease in IL-12 secretion in
mDCs without affecting IL-10 or IL-6 production (Supplemental
Fig. 2). These results suggest that during the maturation process,
DC-derived DA selectively facilitates secretion of some regulatory
cytokines by stimulating the DSR in an autocrine manner.

D5R expressed on DCs facilitates a strong CD4™ T cell
response

Cytokines play an important role in the priming of T cells by DCs.
Because we found that DSR selectively regulates cytokine pro-
duction in DCs (Fig. 3), we assessed the ability of DSR expressed
on DCs to modulate the priming of naive Ag-specific T cells. To
this end, OVA-specific naive T cells were cocultured with WT or
D5RKO DCs pulsed with OVA-derived peptides (see Materials
and Methods), and T cell activation and proliferation were de-
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termined by measuring IL-2 secretion and dilution of CFSE-
associated fluorescence, respectively. Whereas no difference in
IL-2 release was observed from CD4* T cells cocultured with WT
or D5RKO iDCs, CD4" T cells produced much less IL-2 when
cultured with D5R-deficient mDCs than when cultured with WT
mDCs (Fig. 4A). This suggests that DSRKO mDCs are signifi-
cantly less efficient at activating CD4* T cells than are WT mDCs.
In contrast, no difference was observed in IL-2 production from
CD8* T cells when cocultured with WT or DSRKO DCs, re-
gardless of the maturation state (Fig. 4A).

Because differences in the capability of DCs to promote efficient
T cell activation (Fig. 4A) and cytokine production (Fig. 3) were
observed between WT and D5R-deficient DCs only at the mature
state, we next compared T cell proliferation induced by WT or
D5SRKO mDCs. In support of our previous results, we found that
D5R-deficient mDCs were less efficient at inducing CD4™ T cell
proliferation compared with WT mDCs (Fig. 4B). We observed no
differences in the proliferation rates of CD8* T cells when they
were cocultured either with WT or DSRKO mDCs (Fig. 4B),
confirming our data of CD8" T cell activation (Fig. 4A). These
results indicate that DSR expressed in DCs facilitates strong
priming of CD4" T cells but does not contribute to CD8" T cell
activation or proliferation.

Absence of D5R on DCs decreases EAE severity

To study the relevance of the D5R in the modulation of the CD4*
T cell-mediated response in vivo, we used EAE, a murine model
of autoimmunity mainly mediated by autoreactive CD4" T cells
(43). Accordingly, we first compared the susceptibility of WT and
DSRKO mice to develop the disease after EAE induction. Disease
onset and progression were quantified using a clinical score as
described in Materials and Methods. Whereas there were no dif-
ferences in disease incidence between WT and DSRKO mice,
D5R-deficient mice displayed a delayed onset of the disease
compared with WT mice (day 12.80 = 2.37 versus day 9.54 *
2.18, p < 0.001) (Fig. 5A). Additionally, DSRKO mice exhibited
a significantly reduced clinical score or severity of disease com-
pared with that of WT mice (Fig. 5A).

To determine the contribution of the D5R expressed specifically
on DCs to EAE development and progression, pMOG-pulsed WT
or D5R-deficient DCs were transferred into WT recipient mice
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unstimulated (iDCs) or stimulated with LPS (mDCs) for 24 h and subsequently cocultured with CD4™ (top panels) or CD8" (bottom panels) T cells purified
from OT-II or OT-I mice, respectively, in the presence of corresponding OVA-derived peptides. After 24 h, IL-2 release was assessed in the culture su-
pernatant by ELISA. Data from four independent experiments are shown. Values represent mean * SEM. *p < 0.05 (unpaired Student ¢ test). (B) DCs
obtained from WT or DSRKO mice were stimulated with LPS (mDCs) for 24 h and then cocultured with CFSE-stained CD4* (top panels) or CD8" (bottom
panels) T cells purified from OT-II or OT-I mice (5 X 10> DCs and 10° T cells/well), respectively, in the presence of corresponding OVA-derived peptides.
After 72 h, dilution of CFSE-associated fluorescence was assessed in the CD4* or CD8" population by FACS. Numbers on histograms represent percentage
of proliferating cells. Data are representative of at least four independent experiments. Values represent mean = SEM. **p < 0.01 (compared with WT by

paired Student 7 test).

14 and 7 d before EAE induction, and disease progression was
monitored daily. We found that mice that received DSRKO DCs
presented a significantly less severe disease than mice that received
WT DCs (Fig. 5B). There were no significant differences in the
disease incidence or kinetics of disease onset when comparing the
development of EAE on WT DC- or DSRKO DC-recipient mice
(data not shown).

Because of the pivotal role of CNS-infiltrating Th1, Th17, and
Treg CD4" T cells in the outcome of EAE (43), we examined the
functional phenotypes of CD4" T cells infiltrating the CNS at the
peak of the disease. At day 15 after disease induction, we isolated
the infiltrating mononuclear fraction from spinal cords and brains
of mice transferred with either WT or D5R-deficient DCs (see
Materials and Methods for more details). No differences were
detected in the levels of infiltrating Tregs (CD25" Foxp3™*) or
effector CD4™ T cells (CD25" Foxp3 ™) (data not shown). How-
ever, we did detect significant differences in the levels of CD4*
T cell subtypes (for gating strategy, see Supplemental Fig. 3). We
found a significant reduction in the levels of IL-17—producing
CD4* T cells in the CNS of mice that received DSRKO DCs
compared with those in the CNS of mice that received WT DCs
(Fig. 5C, 5D). The proportion of IFN-y* CD4" T cells were var-
iable between the two groups, but no significant differences were
found (Fig. 5C, 5D). Notably, the percentage of double-positive
IFN-y* IL-17" CD4* T cells infiltrating the CNS was significantly
reduced in mice that received DSRKO DCs compared with those
in the CNS of mice that received WT DCs (Fig. 5C, 5D). Because
DA has also been involved in the polarization of CD4™ T cells

toward Th2 phenotype (25), we evaluated the presence of IL-4"
cells in the population of CD4" T cells infiltrating the CNS. We
did not detect IL-4—producing cells in the CNS of mice receiving
WT or D5SRKO DCs (data not shown), thereby discarding the
participation of Th2 cells. Taken together, these data indicate that
DS5R expressed on DCs is able to modulate the development of an
autoimmune response in vivo by biasing the differentiation of
CD4* T cells toward the Th17 phenotype.

Discussion
In this work, we present data from in vitro experiments as well
as an in vivo autoimmunity model that illustrate the involvement
of D3R signaling in DCs in the determination of CD4" T cell fate.
Our data from in vitro experiments suggest a mechanism triggered
by DC maturation, which involves DA secretion and sub-
sequent autocrine stimulation of DSR promoting selective reg-
ulation on cytokine release, thereby contributing to efficient Ag-
specific CD4™ T cell response. In agreement with our in vitro data,
in this study we show that DSR expressed on DCs contributes to
the development of a CD4" T cell-driven autoimmunity. These
findings contribute to the knowledge of DC physiology and sug-
gest relevant molecular targets for immunotherapy.
Accumulating evidence has pointed to a role for neuro-
transmitters in regulating the immune system and influencing the
activation and differentiation of T cells. In agreement with this, we
show that mouse DCs express receptors for the neurotransmitter
DA and express components necessary to synthesize, store, and
degrade DA itself. The timing of expression of these components
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FIGURE 5. The absence of D5R on DCs reduces severity of EAE by decreasing infiltration of IL-17-producing CD4™ T cells into the CNS. (A) EAE was
induced in WT mice (black line) and DSRKO mice (gray line) by immunization with pMOG in CFA followed by pertussis toxin injection (see Materials
and Methods). (B) WT (black line) or DSRKO (gray line) purified bone marrow-derived DCs were pulsed with pMOG and transferred (10° DCs/mice; i.v.
injections) into WT recipient mice at days 14 and 7 prior to EAE induction. Disease severity was evaluated as clinical score (see Materials and Methods)
from day O to day 20 postinduction (A, B). Data from six to eight mice in each group, corresponding to a representative from three (A) and two (B) in-
dependent experiments, are shown. Values represent mean = SEM. *p < 0.05, **p < 0.01 (Mann—Whitney U test). Mononuclear cells were isolated from
CNS followed by ex vivo stimulation with PMA/ionomycin in the presence of brefeldin A, and intracellular cytokine staining analysis was carried out by
flow cytometry. (C) Representative dot plots for IL-17 versus IFN-y production in the infiltrating CD4* gated population are shown. Numbers at the corners
indicate the percentage of IFN-y* IL-17", IFN-y* IL-17%, and IFN-y~ IL-17" cells, respectively. (D) Bar graphs indicate percentage of CNS-infiltrating
CD4* T cells producing IFN-vy (left panel), IL-17 (central panel), or both cytokines (right panel). Data representative of two independent experiments are
shown. Values represent mean = SEM. *p < 0.05, **p < 0.01 (unpaired Student # test).

(Fig. 2) and the requirement for intracellular DA to induce se- tribution of DC signaling to the amelioration of EAE, the authors
lective cytokine secretion from mDCs (Supplemental Fig. 2) treated DCs with SCH ex vivo and transferred treated cells into
suggest an autocrine mechanism of action of this neurotransmitter. WT recipient mice (24). A slight decrease in EAE severity was
These results are in agreement with previous observations that seen in mice transferred with SCH-treated DCs, but such differ-
an anti-DA Ab produced positive immunoreactivity in human ences were not statistically significant (24).

monocyte-derived DCs (25). Notably, only D5R expression de- In contrast, our genetic approach allowed us to determine the
creased upon LPS-induced DC maturation, suggesting a role for contribution of DCs and specific DARs to CD4* T cell differen-
this receptor during DC maturation. Using a genetic approach, we tiation and EAE development and progression. By comparing

were able to analyze the particular effects of D5SR on DC function. results obtained from WT DCs and DSRKO DCs, we were able to
In cell culture, D5R appears to be important for both IL-23 and determine the effects of D5R signaling on DCs and to resolve the

IL-12 production from mature mDCs and the subsequent activa- contributions of D3R signaling to CD4" T cell polarization. We
tion of CD4* T cells. found that D5R signaling in DCs selectively affects IL-23 and IL-

A previous study hinted at the involvement of type I DARSs in 12 production by DCs (Fig. 3) and contributes to CD4" T cell
the amelioration of EAE, the murine model of MS. In this study, activation and proliferation (Fig. 4). In our in vivo model of EAE,

the systemic treatment of mice with the type I DAR antagonist we showed that signaling through D5R on DCs is important for
SCH alleviates the development of EAE by decreasing the Th17 the development of this disease. DSR-deficient mice exhibited
response (24). However, this pharmacologic approach does not delayed EAE progression with reduced severity compared with
permit discrimination between the effects of DSR or DIR because normal mice (Fig. 5), presumably due to the reduced proportion of
the drug inhibits both type I DARs. In fact, SCH not only displays Th17 (IL-17%) T cells present in the CNS of these mice (Fig. 5).
similar affinities for DIR and D5R (K; = 0.2 and 0.3 nM, re- Thus, although data are in agreement with a previous study (24),

spectively) (44) but also displays comparable affinities for sero- we were able to show that DSR specifically expressed on DCs
tonin receptors 5-HT1C and 5-HT2C (K; = 6.3 and 9.3 nM, contributes directly to CD4* T cell fate and disease progression. In
respectively) (26, 27). Furthermore, this study could not confine addition to the decreased disease severity, we also observed that
the cell type responsible for the amelioration effect. EAE is me- the onset of EAE was delayed in DSRKO mice compared with that
diated mainly by T cells, but B cells also contribute to the initi- in WT mice (Fig. 5A). This delay was not seen in WT mice

ation and development of the disease (43, 45, 46). Type I DARs as transferred with DSRKO DCs (Fig. 5B). Moreover, the decrease
well as serotonin receptors have been found to be expressed on in EAE severity was not as robust in WT mice transferred with
many types of immune cells including DCs (47), T cells (23, 48, D5RKO DCs (Fig. 5B) as that observed in DSRKO mice (Fig.
49), and B cells (50, 51). Therefore, systemic treatment with SCH 5A). These differences in the decrease of EAE severity and in
could affect several types of immune cells. To restrict the con- disease onset observed in DSRKO mice and WT mice transferred
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with D5SRKO DCs may suggest that DSR signaling in cell types
other than DCs is involved in the progression and development of
this autoimmune disease. In this regard, Kipnis et al. (52) have
described that Tregs express type I DARs, and stimulation of these
receptors attenuates the suppressive activity of Tregs. Thus, ab-
sence of D5R in Tregs could favor the suppressive activity of these
cells and thereby contribute to decreased EAE manifestation ob-
served in DSRKO mice (Fig. 5A), which should not be observed in
WT mice transferred with DSRKO DCs (Fig. 5B).

Another nonexcluding possibility for explaining the differences
on EAE severity and onset between DSRKO mice and WT mice
transferred with DSRKO DCs is that endogenous DCs in WT
recipients could compete with exogenously administered DSRKO
DCs. Some of the exogenously administered DSRKO DCs bearing
pMOG could die soon after injection and be phagocytosed by
endogenous WT APCs. Thus, the effect due to the pMOG pre-
sentation by DSRKO DCs would be, in part, masked by pMOG
presentation by WT APCs in vivo. Therefore, the occurrence of this
possibility would lead to observation of a subestimated effect
promoted by DSRKO DCs in WT mice (Fig. 5B) compared with
that in DSRKO mice (Fig. 5A).

Considering the in vitro data, our data obtained from in vivo
experiments show both expected and unexpected results. In ag-
reement with the contribution of D5R expressed on DCs to the
production of IL-23 observed in vitro (Fig. 3B), we observed that
mice transferred with DSRKO DCs had fewer Th17 CD4*
T cells infiltrating the CNS upon EAE (Fig. 5D). In contrast,
despite IL-12 production from DCs being favored by D5R
in vitro (Fig. 3), the proportion of CNS-infiltrating Th1 cells was
not affected by DSR expressed on DCs in vivo (Fig. 5D). This
discrepancy could be due to the presence of other mediators
in vivo (but absent in vitro) that could act on DCs contributing to
IL-12 production, making DA-DSR participation unnecessary
and/or redundant for this effect. However, it seems that the DA—
D5R axis operating in DCs is not redundantly contributing to
strong IL-23 production in vivo.

In summary, the data presented in this study suggest the exis-
tence of an autocrine modulatory mechanism mediated by DA
operating in DCs. DA release triggered by the DC maturation
process could act through D5R and promote the release of
proinflammatory cytokines. This could, in turn, induce a potent
Th17 response in vivo, contributing to the development of auto-
immunity.

Acknowledgments

We thank Dr. Emma McCullagh for critical reading of the manuscript, Dr.
David Sibley for donation of DSRKO mice, Dr. Maria Rosa Bono for
donation of OT-II transgenic mice, and Sebastian Valenzuela for valuable
veterinary assistance at the Fundacion Ciencia y Vida animal facility.

Disclosures
The authors have no financial conflicts of interest.

References

1. Lanzavecchia, A., and F. Sallusto. 2001. Regulation of T cell immunity by
dendritic cells. Cell 106: 263-266.

2. Sakaguchi, S. 2004. Naturally arising CD4+ regulatory t cells for immunologic
self-tolerance and negative control of immune responses. Annu. Rev. Immunol.
22: 531-562.

3. Zhou, L., M. M. Chong, and D. R. Littman. 2009. Plasticity of CD4+ T cell
lineage differentiation. Immunity 30: 646-655.

4. McGeachy, M. J., and D. J. Cua. 2008. Th17 cell differentiation: the long and
winding road. Immunity 28: 445-453.

5. Banchereau, J., F. Briere, C. Caux, J. Davoust, S. Lebecque, Y. J. Liu,
B. Pulendran, and K. Palucka. 2000. Immunobiology of dendritic cells. Annu.
Rev. Immunol. 18: 767-811.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

3069

. Bhat, R., R. Axtell, A. Mitra, M. Miranda, C. Lock, R. W. Tsien, and

L. Steinman. 2010. Inhibitory role for GABA in autoimmune inflammation.
Proc. Natl. Acad. Sci. USA 107: 2580-2585.

. Pacheco, R., F. Ciruela, V. Casado, J. Mallol, T. Gallart, C. Lluis, and R. Franco.

2004. Group I metabotropic glutamate receptors mediate a dual role of glutamate
in T cell activation. J. Biol. Chem. 279: 33352-33358.

. Pacheco, R., H. Oliva, J. M. Martinez-Navio, N. Climent, F. Ciruela,

J. M. Gatell, T. Gallart, J. Mallol, C. Lluis, and R. Franco. 2006. Glutamate
released by dendritic cells as a novel modulator of T cell activation. J. Immunol.
177: 6695-6704.

. Ledn-Ponte, M., G. P. Ahern, and P. J. O’Connell. 2007. Serotonin provides an

accessory signal to enhance T-cell activation by signaling through the 5-HT7
receptor. Blood 109: 3139-3146.

. O’Connell, P. J.,, X. Wang, M. Leon-Ponte, C. Griffiths, S. C. Pingle, and

G. P. Ahern. 2006. A novel form of immune signaling revealed by transmission
of the inflammatory mediator serotonin between dendritic cells and T cells.
Blood 107: 1010-1017.

. Grebe, K. M., H. D. Hickman, K. R. Irvine, K. Takeda, J. R. Bennink, and

J. W. Yewdell. 2009. Sympathetic nervous system control of anti-influenza CD8+
T cell responses. Proc. Natl. Acad. Sci. USA 106: 5300-5305.

. Haskd, G., and C. Szabd. 1998. Regulation of cytokine and chemokine pro-

duction by transmitters and co-transmitters of the autonomic nervous system.
Biochem. Pharmacol. 56: 1079-1087.

. Weihe, E., D. Nohr, S. Michel, S. Miiller, H. J. Zentel, T. Fink, and J. Krekel.

1991. Molecular anatomy of the neuro-immune connection. Int. J. Neurosci. 59:
1-23.

. Missale, C., S. R. Nash, S. W. Robinson, M. Jaber, and M. G. Caron. 1998.

Dopamine receptors: from structure to function. Physiol. Rev. 78: 189-225.

. Weihe, E., C. Depboylu, B. Schiitz, M. K. Schifer, and L. E. Eiden. 2006. Three

types of tyrosine hydroxylase-positive CNS neurons distinguished by dopa
decarboxylase and VMAT?2 co-expression. Cell. Mol. Neurobiol. 26: 659-678.

. Torres, G. E., R. R. Gainetdinov, and M. G. Caron. 2003. Plasma membrane

monoamine transporters: structure, regulation and function. Nat. Rev. Neurosci.
4: 13-25.

. Mignini, F,, D. Tomassoni, E. Traini, and F. Amenta. 2009. Dopamine, vesicular

transporters and dopamine receptor expression and localization in rat thymus and
spleen. J. Neuroimmunol. 206: 5-13.

. Mignini, F, E. Traini, D. Tomassoni, and F. Amenta. 2006. Dopamine plasma

membrane transporter (DAT) in rat thymus and spleen: an immunochemical and
immunohistochemical study. Auton. Autacoid Pharmacol. 26: 183-189.

. Alaniz, R. C., S. A. Thomas, M. Perez-Melgosa, K. Mueller, A. G. Farr,

R. D. Palmiter, and C. B. Wilson. 1999. Dopamine beta-hydroxylase deficiency
impairs cellular immunity. Proc. Natl. Acad. Sci. USA 96: 2274-2278.

Sibley, D. R., F. J. Monsma, Jr., and Y. Shen. 1993. Molecular neurobiology of
dopaminergic receptors. Int. Rev. Neurobiol. 35: 391-415.

Strange, P. G. 1993. New insights into dopamine receptors in the central nervous
system. Neurochem. Int. 22: 223-236.

Cosentino, M., R. Bombelli, M. Ferrari, F. Marino, E. Rasini, G. J. Maestroni,
A. Conti, M. Boveri, S. Lecchini, and G. Frigo. 2000. HPLC-ED measurement of
endogenous catecholamines in human immune cells and hematopoietic cell
lines. Life Sci. 68: 283-295.

Cosentino, M., A. M. Fietta, M. Ferrari, E. Rasini, R. Bombelli, E. Carcano,
F. Saporiti, F. Meloni, F. Marino, and S. Lecchini. 2007. Human CD4+CD25+
regulatory T cells selectively express tyrosine hydroxylase and contain endog-
enous catecholamines subserving an autocrine/paracrine inhibitory functional
loop. Blood 109: 632-642.

Nakano, K., T. Higashi, K. Hashimoto, R. Takagi, Y. Tanaka, and S. Matsushita.
2008. Antagonizing dopamine D1-like receptor inhibits Th17 cell differentia-
tion: preventive and therapeutic effects on experimental autoimmune encepha-
lomyelitis. Biochem. Biophys. Res. Commun. 373: 286-291.

Nakano, K., T. Higashi, R. Takagi, K. Hashimoto, Y. Tanaka, and S. Matsushita.
2009. Dopamine released by dendritic cells polarizes Th2 differentiation. Int.
Immunol. 21: 645-654.

Millan, M. J., A. Newman-Tancredi, Y. Quentric, and D. Cussac. 2001. The
“selective” dopamine D1 receptor antagonist, SCH23390, is a potent and high
efficacy agonist at cloned human serotonin2C receptors. Psychopharmacology
(Berl.) 156: 58-62.

Briggs, C. A., N. J. Pollock, D. E. Frail, C. L. Paxson, R. F. Rakowski,
C. H. Kang, and J. W. Kebabian. 1991. Activation of the 5-HT1C receptor
expressed in Xenopus oocytes by the benzazepines SCH 23390 and SKF 38393.
Br. J. Pharmacol. 104: 1038-1044.

Miiller, T., T. Diirk, B. Blumenthal, M. Grimm, S. Cicko, E. Panther,
S. Sorichter, Y. Herouy, F. Di Virgilio, D. Ferrari, et al. 2009. 5-Hydroxytryp-
tamine modulates migration, cytokine and chemokine release and T-cell priming
capacity of dendritic cells in vitro and in vivo. PLoS ONE 4: e6453.

Giorelli, M., P. Livrea, and M. Trojano. 2005. Dopamine fails to regulate acti-
vation of peripheral blood lymphocytes from multiple sclerosis patients: effects
of IFN-beta. J. Interferon Cytokine Res. 25: 395-406.

Batkowiec-Iskra, E., 1. Kurkowska-Jastrzebska, I. Joniec, A. Ciesielska,
A. Czlonkowska, and A. Czlonkowski. 2007. Dopamine, serotonin and nor-
adrenaline changes in the striatum of C57BL mice following myelin oligoden-
drocyte glycoprotein (MOG) 35-55 and complete Freund adjuvant (CFA)
administration. Acta Neurobiol. Exp. (Warsz.) 67: 379-388.

Hollon, T. R., M. J. Bek, J. E. Lachowicz, M. A. Ariano, E. Mezey,
R. Ramachandran, S. R. Wersinger, P. Soares-da-Silva, Z. F. Liu, A. Grinberg,
et al. 2002. Mice lacking D5 dopamine receptors have increased sympathetic
tone and are hypertensive. J. Neurosci. 22: 10801-10810.

2102 /2 Yo Al uo 6o’ jountuu | MMM WO papeo|umo


http://www.jimmunol.org/

3070

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

. Ureta, G., F. Osorio, J. Morales, M. Rosemblatt, M. R. Bono, and J. A. Fierro.

2007. Generation of dendritic cells with regulatory properties. Transplant. Proc.
39: 633-637.

Inaba, K., M. Inaba, N. Romani, H. Aya, M. Deguchi, S. Ikehara, S. Muramatsu,
and R. M. Steinman. 1992. Generation of large numbers of dendritic cells from
mouse bone marrow cultures supplemented with granulocyte/macrophage
colony-stimulating factor. J. Exp. Med. 176: 1693-1702.

Uemura, Y., M. Suzuki, T. Y. Liu, Y. Narita, S. Hirata, H. Ohyama, O. Ishihara,
and S. Matsushita. 2008. Role of human non-invariant NKT lymphocytes in the
maintenance of type 2 T helper environment during pregnancy. Int. Immunol. 20:
405-412.

Gonzilez, P. A., C. E. Prado, E. D. Leiva, L. J. Carrefio, S. M. Bueno,
C. A. Riedel, and A. M. Kalergis. 2008. Respiratory syncytial virus impairs
T cell activation by preventing synapse assembly with dendritic cells. Proc. Natl.
Acad. Sci. USA 105: 14999-15004.

Mikeld, S. M., M. Strengell, T. E. Pietild, P. Osterlund, and I. Julkunen. 2009.
Multiple signaling pathways contribute to synergistic TLR ligand-dependent
cytokine gene expression in human monocyte-derived macrophages and den-
dritic cells. J. Leukoc. Biol. 85: 664—672.

Pacheco, R., C. E. Prado, M. J. Barrientos, and S. Bernales. 2009. Role of dopa-
mine in the physiology of T-cells and dendritic cells. J. Neuroimmunol. 216: 8—19.
Kawashima, K., and T. Fujii. 2003. The lymphocytic cholinergic system and its
contribution to the regulation of immune activity. Life Sci. 74: 675-696.
Kawashima, K., T. Fujii, Y. Watanabe, and H. Misawa. 1998. Acetylcholine
synthesis and muscarinic receptor subtype mRNA expression in T-lymphocytes.
Life Sci. 62: 1701-1705.

Franco, R., R. Pacheco, C. Lluis, G. P. Ahern, and P. J. O’Connell. 2007. The emer-
gence of neurotransmitters as immune modulators. Trends Immunol. 28: 400-407.
Larsen, M. B., M. S. Sonders, O. V. Mortensen, G. A. Larson, N. R. Zahniser, and
S. G. Amara. 2011. Dopamine transport by the serotonin transporter: a mecha-
nistically distinct mode of substrate translocation. J. Neurosci. 31: 6605-6615.
Metzger, R. R., J. M. Brown, V. Sandoval, K. S. Rau, M. A. Elwan, G. W. Miller,
G. R. Hanson, and A. E. Fleckenstein. 2002. Inhibitory effect of reserpine on
dopamine transporter function. Eur. J. Pharmacol. 456: 39-43.

43

44.

45.

46.

47.

48.

49.

50.

51.

52.

STIMULATION OF D5R FACILITATES DC IMMUNOGENICITY

. Goverman, J. 2009. Autoimmune T cell responses in the central nervous system.
Nat. Rev. Immunol. 9: 393-407.

Bourne, J. A. 2001. SCH 23390: the first selective dopamine D1-like receptor
antagonist. CNS Drug Rev. 7: 399-414.

Murphy, A. C., S. J. Lalor, M. A. Lynch, and K. H. Mills. 2010. Infiltration of
Thl and Th17 cells and activation of microglia in the CNS during the course of
experimental autoimmune encephalomyelitis. Brain Behav. Immun. 24: 641—
651.

Matsushita, T., K. Yanaba, J. D. Bouaziz, M. Fujimoto, and T. F. Tedder. 2008.
Regulatory B cells inhibit EAE initiation in mice while other B cells promote
disease progression. J. Clin. Invest. 118: 3420-3430.

Pacheco, R., E. Riquelme, and A. M. Kalergis. 2010. Emerging evidence for the
role of neurotransmitters in the modulation of T cell responses to cognate
ligands. Cent. Nerv. Syst. Agents Med. Chem. 10: 65-83.

Besser, M. J., Y. Ganor, and M. Levite. 2005. Dopamine by itself activates either
D2, D3 or D1/D5 dopaminergic receptors in normal human T-cells and triggers
the selective secretion of either IL-10, TNFalpha or both. J. Neuroimmunol. 169:
161-171.

Watanabe, Y., T. Nakayama, D. Nagakubo, K. Hieshima, Z. Jin, F. Katou,
K. Hashimoto, and O. Yoshie. 2006. Dopamine selectively induces migration
and homing of naive CD8+ T cells via dopamine receptor D3. J. Immunol. 176:
848-856.

McKenna, E, P. J. McLaughlin, B. J. Lewis, G. C. Sibbring, J. A. Cummerson,
D. Bowen-Jones, and R. J. Moots. 2002. Dopamine receptor expression on hu-
man T- and B-lymphocytes, monocytes, neutrophils, eosinophils and NK cells:
a flow cytometric study. J. Neuroimmunol. 132: 34—40.

Meredith, E. J., M. J. Holder, A. Rosén, A. D. Lee, M. J. Dyer, N. M. Barnes, and
J. Gordon. 2006. Dopamine targets cycling B cells independent of receptors/
transporter for oxidative attack: Implications for non-Hodgkin’s lymphoma.
Proc. Natl. Acad. Sci. USA 103: 13485-13490.

Kipnis, J., M. Cardon, H. Avidan, G. M. Lewitus, S. Mordechay, A. Rolls,
Y. Shani, and M. Schwartz. 2004. Dopamine, through the extracellular signal-
regulated kinase pathway, downregulates CD4+CD25+ regulatory T-cell activity:
implications for neurodegeneration. J. Neurosci. 24: 6133-6143.

2102 /2 Yo Al uo 6o’ jountuu | MMM WO papeo|umo


http://www.jimmunol.org/

