1632 Send Orders for Reprints to reprints@benthamscience.net

Current Neuropharmacology, 2022, 20, 1632-1639
RESEARCH ARTICLE

The Role of D,-like Dopaminergic Receptor in Dopamine-mediated Modu-
lation of Th17-cells in Multiple Sclerosis
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Abstract: Background: Dopamine is one of the main mediators capable regulate the neuroimmune
interaction and is involved in multiple sclerosis (MS) pathogenesis.

Objective: The aim of this study was to clarify the role of dopamine and its receptors in modulation
of Th17-cells in MS.

Methods: 34 relapsing-remitting MS patients and 23 healthy subjects were examined. To assess the
effect of dopamine on Th17-cells, CD4" T-cells were cultured in the presence of dopamine and an-
tagonist or agonist of D;- or D,-like dopaminergic receptors and stimulated with anti-CD3/CD28-
microbeads. The levels of cytokines in supernatants were assessed by ELISA.

Results: Production of interleukin-17 (IL-17), interferon-y (IFN-y), granulocyte-colony stimulating
factor (GM-CSF), and IL-21 by CD4" T-cells as well as dopamine were comparable between the
groups. Dopamine suppressed cytokine secretion by activated CD4" T-cells in both groups. Block-
ade of D,-like dopaminergic receptor with a specific antagonist SCH23390 did not affect dopamine-
mediated cytokine suppression. In contrast, blockade of D,-like dopaminergic receptor by sulpiride
decreased dopamine's inhibitory effect on IL-17 secretion in both groups and GM-CSF and IL-21
production in MS patients. Blockade of D;-like dopaminergic receptor directly inhibited IL-17, IFN-
¥, GM-CSF in both groups and IL-21 production in healthy subjects, while blockade of D,-like do-
paminergic receptor had no effect on cytokine secretion. Finally, activation of D,-like dopaminergic
receptor with a specific agonist quinpirole decreased cytokine production in both groups.
Conclusion: These data suggest an inhibitory role of dopamine on Th17-cells in MS, which could
be mediated by the activation of the D,-like dopaminergic receptor.
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1. INTRODUCTION

Multiple sclerosis (MS) is an immune-mediated demye-
linating and neurodegenerative disease of the central nervous
system (CNS), which affects mainly young adults [1].

Recent studies showed that disturbance of neuroimmune
interaction is involved in MS pathogenesis [2, 3]. Biogenic
amines are direct mediators of this interaction and affect MS
pathogenesis by modulating immune cell function.

Among the neurotransmitters that participated in the regu-
lation of neuroimmune interaction in MS, dopamine attracted
the most attention. In MS, dopamine mediates neuropsycho-
logical symptoms, such as fatigue, cognitive impairments,
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depression [3]. On the other hand, dopamine modulates both
innate and adaptive immune systems' cells. In particular, mac-
rophages, dendritic cells, monocytes, CD4" and CD8" T-cells
express all types of dopaminergic receptors. Furthermore,
some of them may produce dopamine suggesting the possible
dopaminergic autoregulation [4].

It is known that Thl7-cells play a crucial role in the
pathogenesis of a number of autoimmune diseases, including
MS [5]. Thl7-cells produce pro-inflammatory cytokines
such as interleukin-17 (IL-17), IL-21, granulocyte- and gran-
ulocyte-macrophage colony-stimulating factors (G-CSF and
GM-CSF). Thl7-cells can penetrate the blood-brain barrier
and mediate neuroinflammation in MS [6, 7]. The relapse of
MS is characterized by an increasing number of Thl7-cells
in the CSF and peripheral blood as well as IL-17 and IFN-y
production by activated PBMCs [8, 9]. According to litera-
ture data, almost all pathogenetic treatments of MS affect the
Th17-cells function [10].
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Table 1.  Clinical and demographic characteristics of MS patients and healthy subjects. Data are medians (25"; 75" percentiles).
Factor MS Patients, n=34 Healthy Subjects, n=23
Age, years 29 (25; 33) 30 (28; 35)
Men/women (% women) 12/22 (65) 8/15 (65)
Duration of MS, years 2(2;6) NA*
EDSS score 1.5(1.5;2) NA*

*NA - not applicable.

In this regard, the effect of dopamine on Th17-cells func-
tion in MS has been met with great interest [11]. In some
previous studies, the ability of dopamine to modulate Th17-
cytokine production by activated peripheral blood mononu-
clear cells (PBMCs) in MS was shown [11]. However, the
effect of dopamine on Th17-cells function in MS is still con-
troversial [9, 12]. In addition, the role of dopaminergic re-
ceptors in the modulation of Th17-cells has not been suffi-
ciently investigated.

This study was aimed at clarification of the dopamine ef-
fect and involvement of its receptors in the modulation of
Th17-cytokine production by CD4" T-cells in patients with
relapsing-remitting MS.

2. MATERIALS AND METHODS
2.1. Patients

Thirty-four patients with a documented diagnosis of re-
lapsing-remitting MS according to McDonald criteria (modi-
fication 2017) [13] were examined. Their main demographic
and clinical characteristics are shown in Table 1. All patients
were subjected to a standard neurological examination with
an assessment of the EDSS score [14]. All patients were ex-
amined during clinical remission without the magnetic reso-
nance imaging (MRI) activity of the disease. All patients had
been treated with glatiramer acetate for more than one year.
At the time of blood sampling, all patients studied had not
been treated with corticosteroid therapy or therapy with anti-
depressants for more than six months. All patients were non-
smoking and had no mental disorders, according to the Beck
Depression Inventory [15], and cognitive impairments, ac-
cording to Montreal Cognitive Assessment [16]. The control
group consisted of 23 healthy donors matched with patients
by sex and age (Table 1).

All patients signed the written informed consent to par-
ticipate in this study. The study was approved by the ethics
committee of the Pirogov Russian National Research Medi-
cal University (protocol No. 192).

2.2. CD4" T-cells Cultures and Activation

To evaluate the function of Thl7-cells, CD4" T-cells
were isolated and activated by anti-CD3/CD28-microbeads
as previously described [17].

To assess the effect of dopamine on the function of
Th17-cells, samples of CD4" T-cells were cultured in the
presence of dopamine (Sigma, USA) at a concentration of
10° M [9] for 15 min. whereafter anti-CD3/CD28-
microbeads were added to the cultures.

To study the involvement of dopaminergic receptors in
dopamine-mediated modulation of cytokine production,
some samples of CD4" T-cells were pre-incubated with an-
tagonists of D;- or D,-like dopaminergic receptors
(SCH23390 and sulpiride respectively) (both from Sigma,
USA) at a concentration of 10~ M [9] for 15 min, whereafter
dopamine (at 10> M) was added to the cultures and stimula-
tion was proceeded.

To study the direct effect of blockading or activation of
the dopaminergic receptor, CD4" T-cells were pre-incubated
in the presence of D;- or D,-like receptors antagonists
(SCH23390 and sulpiride respectively [at 10~ M]) or D,-like
receptor agonist (quinpirole [at 10" M] Tocris, Switzerland)
and activated by anti-CD3/CD28-microbeads [18].

2.3. Dopamine and Homovanillic Acid Evaluation

The concentration of dopamine and its metabolite homo-
vanillic acid (HVA) in culture supernatants were determined
by high-performance liquid chromatography (HPLC) as pre-
viously described [17]. Dopamine and HVA concentrations
in samples were calculated by the “internal standard” meth-
od, based on the ratio of peak areas in the standard mixture
and the sample, and expressed in pmol/ml.

2.4. Cytokine Assessment

Levels of cytokine (IL-17, IFN-y, GM-CSF, and IL-21)
in the supernatants were determined by enzyme-linked im-
munosorbent assay ELISA (Invitrogen, USA). In all cases of
ELISAs, the instructions of the kit manufacturers were fol-
lowed. Data are expressed as pg/ml or as the percentage of
cytokine production by stimulated CD4" T-cells in the ab-
sence of dopamine and antagonists/agonists of dopaminergic
receptors [17].

2.5. Statistical Analysis

The statistical analysis of the results was performed using
Prizm 6 software. The nonparametric Mann-Whitney U test
or Wilcoxon signed-rank test was used to compare the two
groups. One-way ANOVA followed by Bonferroni correc-
tion was used for multiple comparisons. Differences were
considered statistically significant if p<0.05.

3. RESULTS

3.1. Production of Cytokines, Dopamine, and HVA by
CD4" T-cells in MS Patients and Healthy Subjects

To study cytokine production by Thl7-cells, CD4" T-
cells were activated by anti-CD3/CD28-microbeads, where-
after the levels of IL-17, IFN-y, GM-CSF, and IL-21 were
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Table2. The production of cytokine by CD4" T-cells (ELISA) in MS patients and healthy subjects. Data are medians (25"™; 75"

percentiles).*

Cytokine Stimulation

MS Patients, n=34

Healthy Subjects, n=23

None

0(0;7)

3(0;11)

IL-17, pg/ml
Anti-CD3/anti-CD28

700 (321; 1125)

788 (165; 1351)

None

6(2;22)

2(0; 11)

IFN-y, pg/ml
Anti-CD3/anti-CD28

5199 (2777; 7960)

4557 (1590; 5315)

None

0(0;4)

4(0; 10)

GM-CSF, pg/ml
Anti-CD3/anti-CD28

493 (201; 787)

390 (107; 874)

None

0 (0; 0)

2(0; 15)

IL-21, pg/ml
Anti-CD3/anti-CD28

87 (45; 162)

118 (52; 247)

* No statistically differences between the groups (Mann-Whitney U-test).

Table3. The production of dopamine and its metabolites by CD4" T-cells (HPLC) in MS patients and healthy subjects. Data are

medians (25"; 75" percentiles).

Factor Stimulation MS Patients, n=32 Healthy Subjects, n=18
Dopamine, None 0.75 (0.39; 1.38) 0.69 (0.52; 1.14)
pmole/ml Anti-CD3 / anti-CD28 1.11 (0.47; 2.42)* 1.81 (1.11; 2.3)**

HVA, None 0.81 (0;2.7) 0 (0; 0.33)
pmole/ml Anti-CD3 / anti-CD28 0.54 (0; 2.3) 0(0; 1)

* p<0.05 compared with unstimulated production in MS patients (Wilcoxon matched-pair test).
** p<0.01 compared with unstimulated production in healthy subjects (Wilcoxon matched-pair test).

assessed in culture supernatants by ELISA. Although IFN-y
is mainly a product of Thl-cells, it was shown that Th17.1-
cells (a subset of Th17-cells) also produce IFN-y and play an
important role in the pathogenesis of MS [19]. According to
ELISA, the production of cytokine by non-activated or acti-
vated CD4" T-cells was comparable between the groups (Ta-
ble 2).

We also studied the ability of CD4" T-cells to produce
dopamine and HVA without or upon CD3/CD28-
stimulation. We found that dopamine production by CD4" T-
cells upon CD3/CD28-stimulation was higher than unstimu-
lated production in both groups (Table 3). There were no
significant differences in spontaneous or stimulated dopa-
mine production by CD4" T-cells between the groups (Table
3).

3.2. The Role of Dopaminergic Receptors in Dopamine-
mediated Modulation of Th17-cells in MS Patients and
Healthy Subjects

To assess the dopamine effect on cytokine production,
we stimulated CD4" T-cells in the presence of dopamine at a
concentration of 10~ M. Dopamine reduced IL-17, IFN-y,
GM-CSF, and IL-21 production by stimulated CD4" T-cells
in both groups (Fig. 1) without affecting proliferative re-
sponse (data not shown).

To study the dopaminergic receptors, which could medi-
ate dopamine effect on cytokine production, CD4" T-cells

were pre-incubated with a specific antagonist of Di- or D;-
like dopaminergic receptors and dopamine and activated by
anti-CD3/CD28-microbeads. It was found that pre-blocking
of D,-like dopaminergic receptor by sulpiride decreased do-
pamine-mediated IL-17 suppression in both groups (Fig. 2a
and b) and GM-CSF and IL-21 production in MS patients
(Fig. 2e and g). There was no influence of D;-like receptor
antagonist on the inhibitory effect of dopamine on cytokine
production in both groups (Fig. 2).

3.3. The Involvement of Dopaminergic Receptors in
Modulation of Th17-cells in MS Patients and Healthy
Subjects

Then, we investigated the direct effect of blockade of do-
paminergic receptors (without subsequent dopamine addi-
tion) on cytokine production by CD4" T-cells. We found that
blockade of D;-like dopaminergic receptor suppressed 1L-17,
IFN-y, and GM-CSF production in both groups (Fig. 2a-f)
and IL-21 production in healthy subjects (Fig. 2h) without
affecting proliferative response (data not shown). Blockade
of D,-like dopaminergic receptor had no effect on cytokine
production in both groups (Fig. 2).

To clarify the role of D,-like dopaminergic receptors in
Th17-cells modulation, we investigated the effect of D,-like
dopaminergic receptor agonist quinpirole on cytokine pro-
duction by activated CD4" T-cells. We found that activation
of D,-like dopaminergic receptor reduced IL-17, IFN-y, and
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Fig. (1). The effect of dopamine on IL-17 (a), IFN-y (b), GM-CSF (c), and IL-21 (d) production by stimulated CD4" T-cells in MS patients
(n=34) and healthy subjects (n=23). Data are expressed as the percentage relative to anti-CD3/CD28-stimulated cytokine production in the
absence of dopamine. Horizontal lines at the graphs correspond to the median, and whiskers indicate 25M and 75™ percentiles. The median

values were compared and the p values are indicated in the figure.

GM-CSF production in both groups (Fig. 3) without affect-
ing proliferative response (data not shown).

4. DISCUSSION

The results of recent studies suggest that Th17-cells are
one of the crucial therapeutic targets in MS [10]. In the pre-
sent research, we did not find any difference in cytokine
production by the activated CD4" T-cells between MS pa-
tients and healthy subjects (Table 2), confirming our previ-
ous results where we showed the comparable IL-17 and IFN-
v production by PBMCs and purified CD4" T-cells in MS
patients during clinical remission and healthy subjects [20].
In addition, all MS patients had been treated with glatiramer
acetate, which reduced Th17-immune response in MS [20].

The production of dopamine and HVA by non-activated
or activated with anti-CD3/CD28-microbeads was also com-
parable between the groups (Table 3), consistent with data
from Cosentino et al., who showed similar dopamine pro-

duction by phytohemagglutinin (PHA)-activated PBMCS in
patients with inactive MS and healthy subjects, and de-
creased dopamine production in patients with active MS
[21]. Another study showed the same dopamine production
by resting T-cells obtained from relapsing-remitting MS pa-
tients in clinical remission and healthy subjects [22]. It is
notable that stimulated dopamine production was significant-
ly higher compared to spontaneous production in both
groups (Table 3), consistent with data obtained from non-
activated or PHA-activated PBMCS and suggested the in-
volvement of dopamine in the modulation of activated T-
cells [23]. It should be noted that we have excluded cofactors
related to dopaminergic system disturbance: all MS patients
who participated in the present study had no psycho-
emotional or cognitive impairments and were not treated
with interferon-f, which could aggravate depression and
change catecholamines production by T-cells [24].

We also found that dopamine suppressed Thl7-cytokine
production by activating CD4" T-cells in both groups
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Fig. (2). The role of dopaminergic receptors in dopamine-mediated suppression of IL-17 (a and b), IFN-y (¢ and d), GM-CSF (e and f), and
IL-21 (g and h) production by stimulated CD4" T-cells in MS patients (n=10) and healthy subjects (n=10). Data are expressed as the percent-
age of cytokine production by activated cells in the absence of dopamine and dopaminergic receptors antagonists. Horizontal lines at the
graphs correspond to the median, and whiskers indicate 25" and 75 percentiles. The median values of MS and control groups were com-

pared, and the p values are indicated in the figure.
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Fig. (3). The effect of D,-like dopaminergic receptor agonist quinpirole on IL-17 (a and b), IFN-y (¢ and d), and GM-CSF (e and f) produc-
tion by stimulated CD4" T-cells in MS patients (n=6) and healthy subjects (n=6). Data are expressed as the percentage of cytokine production
by activated cells in the absence of dopamine and quinpirole. Horizontal lines at the graphs correspond to the median, and whiskers indicate
25M and 75" percentiles. The median values of MS and control groups were compared, and the p values are indicated in the figure.

(Fig. 1). The inhibitory effect of dopamine on Th17-cells and
dendritic cells induced Thl7-immune response in demye-
linating CNS diseases was previously reported [11]. Howev-
er, these studies were conducted in EAE or PBMCs of MS
patients. Here we showed the inhibitory effect of dopamine

on cytokine secretion by purified CD4" T-cells obtained
from relapsing-remitting MS patients, reaffirming the anti-
inflammatory role of dopamine in MS. It is important to note
that this effect is achieved using relatively high concentra-
tion (10> M), while at lower concentrations, dopamine may
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enhance IL-17 and IL-21 production by activated PBMCs or
CD4" T-cells in relapsing-remitting MS patients [12]. Alt-
hough the dopamine concentration used in the present study
was much higher than we measured in culture supernatants,
in the distinct regions of brain tissue, dopamine level may
achieve 10 M [25]. In addition, at this concentration, do-
pamine did not affect proliferative response. Thus, we
showed the clear suppressive effect of dopamine on Thl7-
cells.

To study the role of dopaminergic receptors in Th17-cells
modulation, we affected these receptors by specific antago-
nists or agonists of D;-like or D,-like dopaminergic receptors
in the presence or absence of dopamine and stimulated with
anti-CD3/CD28-microbeads. First, we confirmed the in-
volvement of D,-like dopaminergic receptors in dopamine-
mediated cytokine suppression by activated Thl7-cells in
MS. Thus, the antagonist of D,-like dopaminergic receptor
sulpiride reduced dopamine-mediated IL-17, GM-CSF, and
IL-21 suppression in MS patients (Fig. 2), which corre-
sponds to the effect of sulpiride on the inhibitory dopamine
impact on IL-17 production by activated PBMCs in patients
with relapsing-remitting MS [9]. Conversely, blockade of
D;-like dopaminergic receptors did not affect dopamine-
mediated suppression of cytokine production (Fig. 2).

Then, we investigated the direct effect of D;- and D,-like
dopaminergic receptors targeting on Th17-cells function. We
found that blockade D;-dopaminergic receptor suppressed
IL-17, IFN-y, GM-CSF in both groups and IL-21 production
in healthy subjects, while blockade of D,-like dopaminergic
receptor had no effect on cytokine secretion in both groups
(Fig. 2). The inhibitory effect of D;-like receptor blocking on
Th17-immune response was previously reported by Nakano
et al., who showed that SCH23390 suppressed dendritic cells
induced IL-17 production [26]. In the present research, we
found that D;-like dopaminergic receptor antagonists could
affect Th17-immune response by directly affecting T-cells.

Finally, in line with these data, the agonist of D,-like do-
paminergic receptor quinpirole decreased IL-17, IFN-y, and
GM-CSF production by activated CD4" T-cells in both
groups (Fig. 3), suggesting the role of D,-like dopaminergic
receptor activation in Th17-cells suppression.

The molecular mechanisms underlying the influence of
D,-like dopaminergic receptor activation on Thl7-cells are
unclear. Huang ef al. reported that activation of D,-like do-
paminergic receptor by quinpirole decreased intracellular
cAMP content and reduced the phosphorylated cAMP-
response element-binding (CREB) level in T-cells [27].
Simultaneously, quinpirole increases the expression of Th2-
and Treg-specific transcription factors (GATA-3 and Foxp3
respectively) and IL-10 mRNA expression in Con A-
activated mice lymphocytes but decreases the expression of
Thl- and Thl7-specific transcription factors (T-bet and
ROR-yt respectively) and IFN-y and IL-17 mRNA. These
effects of quinpirole are abolished by the D,-like dopaminer-
gic receptor antagonist haloperidol [27]. These data suggest
that D,-like dopaminergic receptors modulate the cAMP-
protein kinase A (PKA)-CREB pathway and modulate Th17-
cells function. However, more studies are needed.

Melnikov et al.

CONCLUSION

Taken together, the results of present and other studies
suggest the anti-inflammatory role of dopamine in MS that
could be mediated by the modulation of Thl7-immune re-
sponse via D,-like dopaminergic receptor.
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