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ARTICLE INFO ABSTRACT

Keywords: Males exhibit stronger sympathetic nervous system (SNS) activity, but weaker primary CD4+ T-cell (auto)
EAE immune responses. To test the role of catecholamines, major end-point SNS mediators, in this dimorphism,
Noradrenaline influence of propranolol (B-adrenoceptor blocker) on mitogen/neuroantigen-stimulated CD4+ T cells from fe-
B-Adrenoceptor male and male EAE rat draining lymph node (dLN) cell cultures was examined. Male rat dLNs exhibited higher
]C)];a;r:ncgeﬁmztlli;?:;fm noradrenaline concentration and frequency of B,-adrenoceptor—expressing CD4+ T lymphocytes and antigen
Th7 differgntiation presenting cells. Propranolol, irrespective of exogenous noradrenaline presence, more prominently augmented
IL-2 production and proliferation of CD4+ lymphocytes in male than female rat dLN cell cultures. In neu-
roantigen-stimulated dLN cells of both sexes propranolol increased IL-1(3 and IL-23/p19 expression and IL-17 +
CD4 + cell frequency, but enhanced IL-17 production only in male rat CD4 + lymphocytes, thereby abrogating
sexual dimorphism in IL-17 concentration observed in propranolol-free cultures. Thus, -adrenoceptor-mediated

signalling may contribute to sex bias in rat IL-17-producing cell secretory capacity.

1. Introduction

Generally, as many other organ-specific autoimmune diseases,
multiple sclerosis (MS) is more prevalent in women than in men [1].
The sex bias in the incidence of MS is linked with greater T- and B-
cell-mediated immune responses in women compared with men [1,2].
However, the factors determining the magnitude of (auto)immune re-
sponses and mechanisms of their action, have not been fully elucidated,
yet [1,2]. Animal studies could provide opportunity to identify them,
and thereby to bridge the gap in our knowledge.

Experimental autoimmune encephalomyelitis (EAE) is widely used
animal model for studying MS pathogenesis, and for developing and
testing drugs [3]. Typically, EAE is a CD4+ T lymphocyte-mediated

autoimmune disease [3]. The development of EAE starts in the pre-
clinical phase with activation/proliferation of neuroantigen-specific T
lymphocytes in the draining lymph nodes (dLNs) and their migration
into the central nervous system (CNS) [3]. In the CNS, cytokine-se-
creting T lymphocytes further recruit immune cells (monocytes) from
the blood into the CNS and activate microglia [3]. This leads to the
tissue damage and inflammation, and consequently transition from the
preclinical to clinical phase of EAE [3].

Sex-based differences in the incidence and clinical course of EAE
have also been recognized [4-7]. In Dark Agouti (DA) rat EAE model,
the lower incidence and postponed onset of the clinical phase of the
disease were observed in male compared with female rats [5]. This was
linked with a less efficient generation of IL-17-producing T helper
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(Th17) cells, the key driver in EAE pathogenesis [5,8], in dLNs in the
preclinical phase of EAE in male compared with female rats [5].
However, the factors contributing to this sexual dimorphism have not
yet been identified.

It is widely accepted that noradrenaline, predominantly acting
through (,-adrenoceptor (AR), modulates innate and adaptive immune
cell proliferation, differentiation, migration/homing and effector func-
tions [9-12]. The major sources of noradrenaline in secondary lymphoid
organs are noradrenergic nerve fibers [11,13], and noradrenaline syn-
thesizing, storing and releasing “noradrenergic” immune cells [14,15].
Several lines of evidence suggest sex differences in noradrenaline im-
munoregulatory action. Firstly, sympathetic nervous system activity is
greater in men compared with women [16]. Secondly, in rat secondary
lymphoid organs age-dependent sex differences in the density of nora-
drenergic nervous fibers and noradrenaline content in immune cells have
been observed [17,18]. Thirdly, the density of $>-AR on immune cells
and many [3;-AR-mediated catecholamine effects on these cells are
sexually dimorphic in healthy rodents and humans [17,19,20].

Furthermore, not less important, alterations in noradrenaline im-
munomodulatory action are suggested to contribute to MS pathogenesis
[21,22]. Namely, MS patients exhibit: i) sympathetic nervous system
dysfunction [23], ii) changes in the circulating noradrenaline levels
[14] and iii) alterations in peripheral blood lymphocyte noradrenaline
content and P-AR expression/responsiveness [14,22]. Additionally,
pharmacological manipulations with B-AR-mediated noradrenaline
action affect EAE development in rodents [24-26]. Furthermore, the
decline in splenic noradrenaline level associated with up-regulation of
B-AR expression in splenocytes in the preclinical phase of EAE [27,28]
suggests a role for noradrenaline in the modulation of early steps in EAE
pathogenesis.

Having in mind all the aforementioned, we hypothesized that sexual
diergism in B-AR-mediated noradrenergic immunomodulation could
contribute to the previously observed sex differences in the primary
CD4+ T-lymphocyte response to immunization for EAE in DA rats
(higher in females), and consequently in the incidence and onset of
clinical disease [5]. To test this hypothesis, 3-AR-mediated effects of
noradrenaline on mitogen- and myelin basic protein (MBP)-stimulated
proliferation of CD4 + lymphocytes and the frequency of Th17 cells in
cultures of dLN cells retrieved in the preclinical phase of EAE from DA
rats of both sexes were examined.

2. Material and methods
2.1. Experimental animals and experimental design

Three-month-old male and female DA rats from the Immunology
Research Centre “Branislav Jankovi¢” breeding colony were used in the
study. The animal facilities were endorsed by the Ministry of
Agriculture and Environmental Protection of the Republic of Serbia
(Veterinary Department). The animals were housed under the standard
laboratory conditions. All experimental procedures and animal care
were performed in accordance with the directive 2010/63/EU of the
European Parliament and the Council on the protection of animals used
for scientific purposes, and the governmental regulations (Law on
Animal Welfare, “Official Gazette of RS”, no. 41/2009). The study
protocol was approved by the Animal Care and Use Committee of the
Faculty of Pharmacy (Eticki komitet Farmaceutskog fakulteta, permit
number 6/12). The experiments complied with the ARRIVE guidelines
for reporting animal research. Animal health monitoring was performed
on a daily basis by animal care staff and a veterinarian.

2.2. Induction and clinical evaluation of EAE
For induction of EAE, the rats were administered with 100 pl

emulsion of equal volumes of rat spinal cord homogenate in phosphate-
buffered saline (PBS) and complete Freund’s adjuvant containing 1 mg/
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ml of heat-killed and dried M. tuberculosis H37Ra (Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany) followed by an injection of
5 x 108 B. pertussis (Institute of Virology, Vaccines and Sera “Torlak”,
Belgrade, Serbia), as described in detail [5]. All rats were sacrificed on
the 7" day post immunization (d.p.i.) through transcardial perfusion in
deep anesthesia by an intraperitoneal injection of ketamine/xylazine
anesthetizing cocktail (80 mg/kg body weight/8 mg/kg body weight).
Two independent experiments (6 rats/sex, total 12 rats/sex) were
performed.

2.3. Antibodies and immunoconjugates

For immunolabeling, the following monoclonal antibodies (Abs):
fluorescein isothiocyanate (FITC)/phycoerythrin (PE)-conjugated anti-
CD4 (clone OX-38), FITC-conjugated anti-CD8 (clone OX-8), biotin-
conjugated anti-CD11b (clone WT.5), PE-conjugated anti-IL17A (clone
TC11-18H10), as well as FITC-conjugated goat anti-rabbit IgG, peri-
dinin chlorophyll-protein (PerCP)-conjugated streptavidin and isotype
controls were obtained from BD Biosciences Pharmingen (Mountain
View, CA, USA). Unconjugated rabbit polyclonal anti-3,-AR Ab (H-73)
was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Alexa Fluor 647-conjugated monoclonal anti-TCRaff (clone R73) Ab
was provided by BioLegend (San Diego, CA, USA). Unconjugated rabbit
polyclonal anti-tyrosine hydroxylase Ab was obtained from EMD
Millipore (Billerica, MA, USA).

2.4. Isolation of mononuclear cells

Freshly isolated popliteal dLNs were weighed and divided into
pieces that were used for isolation of mononuclear cells and high per-
formance liquid chromatography (HPLC). To obtain single-cell mono-
nuclear cell suspensions, dLN tissue was passed through a 70 pm nylon
cell strainer (BD Biosciences, Erembodegem, Belgium) in ice-cold PBS
supplemented with 2% fetal calf serum (Gibco, Grand Island, NY, USA).
Thereby obtained dLN cells were counted in 0.2% trypan blue solution
using an improved Neubauer hemacytometer.

2.5. Cultivation of dLN cells for analyses of cell proliferation and cytokine
production

Mononuclear cells from dLNs were cultured for 72h in complete
RPMI 1640 medium supplemented with 100 uM ascorbic acid in the
presence or in the absence of 2.5ug/ml of Concanavalin A (ConA,
Sigma-Aldrich Chemie GmbH) or 20ug/ml MBP (Sigma-Aldrich
Chemie GmbH) in a 5% CO, humidified air atmosphere at 37 °C. To
ConA- and MBP-stimulated cultures 10™® M of arterenol [( + )-nora-
drenaline (+)-bitartrate salt, Sigma-Aldrich Chemie GmbH] and/or
107° M of non-selective 3-AR antagonist propranolol [( % )-propra-
nolol hydrochloride, Sigma-Aldrich Chemie GmbH] were added. Cells
were preincubated at 37 °C in a 5% CO, humidified air atmosphere
with: i) arterenol (1 h) or propranolol (15 min) alone and ii) arterenol
and propranolol (arterenol was added 15 min after propranolol). This
dose of arterenol was chosen considering that noradrenaline con-
centration in direct vicinity of lymphocytes in secondary lymphoid
organs is on the order of 0.3-3 mM [29], and that its supraphysiological
(i.e. = 10~ ® M) concentrations are required for functional changes in
immune cells in vitro [11]. Additionally, dLN cells were pretreated with
107° M of alpha-methyl-pi-tyrosine (AMPT, Sigma-Aldrich Chemie
GmbH) for 1 h (to inhibit catecholamine synthesis), and then stimulated
with ConA in the absence or in the presence of propranolol. After cul-
tivation, the cells were processed for proliferation and reverse tran-
scription-quantitative polymerase chain reaction (RT-qPCR) analyses,
or restimulated with 200 ng/ml phorbol 12-myristate 13-acetate (PMA,
Sigma-Aldrich Chemie GmbH) and 400ng/ml ionomycin (Sigma-Al-
drich Chemie GmbH) in the complete culture medium. The cells were
restimulated in the presence of 3 pug/ml of brefeldin A (eBioscience, San



L. Vujnovié et al.

Diego, CA, USA) in a 5% CO, humidified atmosphere for 4h at 37 °C
and examined for IL-17 synthesis using flow cytometry analysis. Cell-
free culture supernatants were assayed for IL-17 and IL-2 concentra-
tions by ELISA.

2.6. Noradrenaline measurement

For HPLC analysis, dLN cells (1 x 10”) were harvested and dLN
tissue (10 mg) was homogenized, in DEPROT solution containing 2%
ethylene glycol tetraacetic acid, 0.1 N HCIO4 and 0.2% MgCl,, soni-
cated and centrifuged (30 min, 18.000 rpm, +4 °C). The supernatants
were injected using the autosampler of a Dionex UltiMate 3000 HPLC
system (Thermo Scientific, Sunnyvale, CA, USA) equipped with a Hibar
125-4 LiCrospher100 RP-18 (5um) HPLC column (Merck Millipore,
Darmstadt, Germany). Instrument control and data acquisition were
carried out by the Chromeleon7 Chromatography Data System (Thermo
Scientific). The flow rate of mobile phase consisting of 98% ammonium
formate buffer (Fisher Scientific, Cambridge, UK, pH 3.6) and 2% me-
thanol (J.T.Baker, Griesheim, Germany) was set at 500 ul/min. The
potential for electrochemical measurements and the separation tem-
perature were set at +850 mV and 25 °C, respectively. Standard solu-
tions of noradrenaline (pi-noradrenaline hydrochloride) in 0.5-25 pg/
ml concentration range were prepared from the stock standard solution
(1 mg/ml noradrenaline in methanol) in DEPROT. All chemicals, if not
stated otherwise, were obtained from Sigma-Aldrich Chemie GmbH.

2.7. RT-qPCR

Total RNA was extracted by ABI Prism 6100 Nucleic Acid
PrepStation system (Applied Biosystems, Foster City, CA, USA) using
Total RNA Chemistry Starter Kit (Applied Biosystems) and DNase wash
solution (Absolute RNA Wash Solution, Applied Biosystems). cDNA was
synthesized using a High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems), under the following thermal cycler conditions:
10 min at 25 °C, 120 min at 37 °C and 5 s at 85 °C. Reaction mixtures for
RT-qPCR consisted of 5ul of cDNA template, 1x TagMan Gene
Expression Master Mix with Uracil-DNA glycosylase (UDG) (Applied
Biosystems) and 1x mix of premade primer and hydrolysis probe sets
(TagMan Gene Expression Assays, Applied Biosystems), in a final vo-
lume of 25ul. RT-qPCR reactions were carried out in triplicate using
Applied Biosystems 7500 Real-Time PCR System, as previously de-
scribed [5]. The following TagMan Gene Expression Assays were used:
IL-1fB (111b, Rn99999009_m1), IL-2 (112, Rn00587673_m1), IL-23/p19
(1123a, Rn00590334_g1), RORyt (Rorc, Rn01261022_m1), nerve growth
factor (NGF; Ngf, Rn01533872.ml), and f-actin (Actb,
Rn00667869_m1). Target mRNA expression was determined using the
comparative threshold cycle (dCt) method with (-actin as a reference
and SDS v1.4.0. software (Applied Biosystems). Relative amounts of
target mRNAs were shown as 279 values, representing the ratio of
target to reference gene, where dCt = Ct target — Ct reference.
2.8. Flow cytometry analysis

Aliquots of freshly isolated cells (for surface antigen im-
munostaining) or fixed/permeabilized according to eBioscience pro-
tocol (http://www.ebioscience.com/resources/best-protocols/flow-
cytometry-protocols.htm) cells (for intracellular antigen
munostaining) were incubated with saturating concentrations of either
fluorochrome-labeled Abs or biotin-conjugated/unconjugated Abs.
When biotin-conjugated/unconjugated Abs were used, after the in-
cubation the cells were washed and subjected to an additional in-
cubation with the appropriate second-step reagents.

The proliferating lymphocytes among cultured dLN cells were
identified using 7-aminoactinomycin D (7-AAD) staining of DNA, and
their frequency was determined using Dean-Jett-Fox model of the
FlowJo software version 7.8. (TreeStar Inc, Ashland, OR, USA). For this

im-
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purpose, upon surface antigen staining, cells were fixed/permeabilized
overnight using 70% ethanol at 4 °C, and then incubated with 7-AAD
(BD Biosciences Pharmingen), at 4 °C for 30 min.

For analyses, 50.000 events per sample were acquired on FACSVerse
flow cytometer (Becton Dickinson, Mountain View, CA, USA) and used
to determine the frequency and/or absolute number of marker positive
cells and/or mean fluorescence intensity (MFI), using FlowJo software
version 7.8.

2.9. ELISA

For measuring the concentration of cytokines, commercial kits for
IL-17A (BioLegend) and IL-2 (R&D Systems, Minneapolis, MN, USA)
were used. The assays were performed following the manufacturers’
instructions. A standard curve was generated for each assay, with the
limits of detection for IL-17 = 8 pg/ml and IL-2 < 15pg/ml.

2.10. Statistical analysis

To assess sex differences unpaired Student’s t-test was used. To ex-
amine influence of sex and culturing conditions on the examined
parameters, two-way ANOVA followed by Bonferroni test for post-hoc
comparisons was used. Data were analyzed using GraphPad Prism
Software (version 5.00; GraphPad Software, San Diego, CA, USA). The
results were shown as mean *+ SEM. Values of p < 0.05 were con-
sidered significant.

3. Results

3.1. Sex-based differences in noradrenaline concentration in dLN tissue and
B2-AR expression on dLN cells from EAE rats

3.1.1. Higher noradrenaline concentration in male rat dLN tissue

On the 7 d.p.i. for EAE (the preclinical phase of EAE) dLNs were
isolated from female DA rats, which exhibit higher incidence and
shorter duration of the preclinical phase of EAE than age- and strain-
matched male rats [5], and from their male counterparts. The con-
centration of noradrenaline was higher in male than in female rat dLNs
(Fig. 1A). Considering that noradrenergic nerve fibers are the main
source of noradrenaline in lymphoid tissues and that noradrenergic
nerve fiber density in peripheral tissues correlates with NGF expression
[30-32], the amount of NGF mRNA in dLNs was examined. NGF ex-
pression was upregulated in dLNs from male rats compared with their
female counterparts (Fig. 1A). Given that, apart from noradrenergic
nerve fibers, various types of immune cells also synthesize noradrena-
line [33-35], their contribution to the sexual dimorphism in nora-
drenaline concentration in dLNs of EAE rats was also investigated. The
overall noradrenaline content was greater in male than in female rat
dLN cells (Fig. 1B). Consistently, the frequency of cells expressing tyr-
osine hydroxylase, the key rate-limiting enzyme in catecholamine bio-
synthesis [36], was higher among dLN cells from male compared with
female rats (Fig. 1C; Suppl. Fig. 1A). The greater number of tyrosine
hydroxylase + cells isolated from male rat dLNs suggested that the
augmented “intrinsic” noradrenaline supply also contributed to the
higher concentration of this neurotransmitter/hormone in dLNs of male
compared with female DA rats. It is noteworthy that we failed to detect
measurable levels of dopamine in dLN cells.

Considering that CD4+ T lymphocytes, the key cell driver in EAE
pathogenesis [5,8], synthesize noradrenaline [37], their expression of
tyrosine hydroxylase was also explored. The results showed higher
frequency of tyrosine hydroxylase+ cells within dLN CD4+ T lym-
phocytes from male compared with female rats (Fig. 1D; Suppl.
Fig. 1B). Given that more tyrosine hydroxylase + CD4+ T lymphocytes
were retrieved from male rat dLNs (Fig. 1D), it was assumed that CD4 +
T lymphocytes contributed to the sexual dimorphism in dLN “intrinsic”
noradrenaline supply.
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Fig. 1. Sex differences in noradrenaline concentration and cell content in dLNs
from rats immunized for EAE on the 7 d.p.i., and tyrosine hydroxylase and B,-
AR expression in/on their dLN cells. (A, B) Chromatograms of (A) tissue and (B)
cell samples retrieved from dLNs of male (bold black line, M) and female (gray
line, F) rats. Dashed lines (S) correspond to standard samples containing (A)
8 ug/ml and (B) 4 ug/ml of noradrenaline. Bar graphs indicate (A) noradrena-
line concentration and the relative expression of NGF mRNA (determined by
RT-qPCR and shown as 279 relative to B-actin) in dLN tissue and (B) nora-
drenaline content in dLN cells. (C, D) Representative flow cytometry dot plots
indicate the frequency of tyrosine hydroxylase + cells among (C) all dLN cells
and (D) dLN CD4 + TCRaf + (T) lymphocytes from female and male rats. FMO
controls for these analyses are shown in Suppl. Fig. 1A, B. Bar graphs indicate
(left) the frequency and (right) the number of tyrosine hydroxylase+ cells
among (C) all dLN cells and (D) dLN CD4+ T lymphocytes from female and
male rats. (E) Representative flow cytometry dot plots indicate the frequency of
B2-AR+ cells among dLN CD4+ T lymphocytes from female and male rats.
FMO controls for 3-AR expression analysis are shown in Suppl. Fig. 1C. Bar
graph indicates the frequency of B,-AR expressing cells in CD4+ T cells from
female and male rats. The data are represented as mean = SEM (6 pools/
group, total 12 rats). ##p < 0.01; ###p < 0.001.

3.1.2. Higher frequency of B2-AR+ cells among dLN CD4+ T lymphocytes
from male rats

Given that noradrenaline exerts immunomodulatory effects on T
lymphocytes mainly through (,-AR [9,11], its expression on dLN CD4 +

Cellular Immunology 336 (2019) 48-57

dLN cell culture

A CD4+ lymphocytes
=]

£ 27, s iff7
- 2a & ¥ % %
= 244 S e k¥ *
e 5 #
221 ﬂ " '
=18l m
§ b U LI
& 0
ConA| / + +
Art / / + / +
Prop | / / / + +

B CD4+ lymphocytes
ymphocy

- P2
< 204 ok pitip
- ok * ¥
= 184 S = P i
8 PE oM
£ el
g 14! -
L T =, ##
£ YLD
& 0 -
MBP / + + + +
Art / / + / +
Prop | / / / + +

C IL-2 mRNA
. ek N edek ,
1.2_ ! -JL** ' -!I:** | '
S 0.8
s}
> it
% 041 ###
[g\}
Control MBP MBP+Prop
IL-2
| Sk L kR
1207 wwx | wws
] 80_
g #
2
40- Hi
0

Control MBP MBP+Prop

(] Female B Male

(caption on next page)

T lymphocytes was also examined. In the preclinical phase of EAE, the
frequency of B,-AR+ cells was higher among CD4+ T lymphocytes
from male compared with female rat dLNs (Fig. 1E; Suppl. Fig. 1C).
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Fig. 2. f-AR-mediated influence of noradrenaline on proliferation of CD4+
lymphocytes in cultures of dLN cells retrieved from female and male rats im-
munized for EAE on the 7% d.p.i. (A, B) Bar graphs indicate the frequency of
proliferating cells (cells in S+ G2/M phases of the cell cycle) among CD4 +
lymphocytes from dLN cell cultures of female and male rats in the absence of
cognate stimuli (Control) or following stimulation with (A) ConA or (B) MBP in
the absence or in the presence of 10~° M of arterenol (Art) and/or 10> M of
propranolol (Prop), as determined by 7-AAD staining. (C) Bar graphs indicate
(upper) the relative expression of IL-2 mRNA (determined by RT-qPCR and
shown as 279 relative to B-actin) in cells and (lower) the concentration of IL-2
in supernatants from female and male rat dLN cell cultures stimulated with
MBP in the presence of Prop or in its absence and corresponding Control cul-
tures, as determined by ELISA. Two-way ANOVA showed significant interac-
tions between the effects of sex and culturing conditions for the frequency of
proliferating CD4 + cells in ConA- (F4,50) = 2.60; p < 0.05) and MBP-stimu-
lated (F450) = 2.65; p < 0.05) cultures, and for IL-2 mRNA expression
(F2,30) = 14.19; p < 0.001) and IL-2 concentration (F3 30y = 10.15; p < 0.001)
in MBP-stimulated cultures. The data are represented as mean + SEM (6
pools/group, total 12 rats). 'p < 0.05; “p < 0.01; "p < 0.001; *p < 0.05;
##p < 0.01; ###p < 0.001. # vs Female. a, vs unstimulated; b, vs ConA/MBP; c,
vs ConA/MBP + Art; d, vs ConA/MBP + Prop.

3.2. B-AR blockade was more efficient in enhancing proliferation of CD4+
Lymphocytes in male compared with female rat dLN cell cultures

Next, B-AR-mediated effects of noradrenaline on proliferation of
dLN CD4+ lymphocytes retrieved from female and male rats in the
preclinical phase of EAE were investigated. Their proliferation was
analyzed in dLN cell cultures following stimulation with either mitogen
(ConA) or neuroantigen (MBP), in the presence of exogenous nora-
drenaline (arterenol) and/or propranolol (B-AR blocker) and in their
absence. In the presence of either ConA or MBP alone the frequency of
cells in S+G2/M phases of cell cycle (proliferating cells) was lower
among CD4+ lymphocytes from male compared with female rat dLN
cell cultures (Fig. 2A, B). Arterenol increased their frequency in ConA-
and MBP-stimulated dLN cell cultures from rats of both sexes (Fig. 2A,
B). However, propranolol also augmented CD4+ lymphocyte pro-
liferation in ConA- and MBP-stimulated dLN cell cultures from rats of
both sexes (Fig. 2A, B). These effects of propranolol were more pro-
nounced in dLN cell cultures from male rats (Fig. 2A, B). This resulted
in the loss of sex differences in the frequency of proliferating cells
among CD4+ lymphocytes observed in the presence of either ConA or
MBP alone (Fig. 2A, B). The effects of the B-AR blocker in dLN cell
cultures in the absence of arterenol could be ascribed to noradrenaline
synthesis in dLN cells. To corroborate this assumption was the lack of
propranolol effects on CD4+ lymphocyte proliferation in dLN cell
cultures pretreated with AMPT, an inhibitor tyrosine hydroxylase [38],
as the key and rate-limiting enzyme in catecholamine synthesis (Suppl.
Fig. 2).

Considering that noradrenaline influences mitogen-induced CD4 +
cell proliferation by diminishing their IL-2 synthesis [39,40], IL-2
mRNA expression in cells from dLN cell cultures stimulated with MBP
in the absence and the presence of propranolol and IL-2 protein con-
centration in cell free supernatants from the same cultures were ex-
amined. The stimulation with MBP increased IL-2 expression at both
mRNA and protein level in dLN cell cultures from both female and male
rats, without affecting sex bias in its expression (Fig. 2C). IL-2 con-
centration was lower in male rat compared with female rat dLN cell
cultures (Fig. 2C). As expected [39,40], propranolol up-regulated IL-2
mRNA expression in cells from MBP-stimulated dLN cell cultures of
male and female rats, and increased the protein levels in their super-
natants (Fig. 2C). These effects of propranolol were more prominent in
dLN cell cultures from male rats, so none of these two parameters sig-
nificantly differed between sexes in propranolol-supplemented dLN cell
cultures (Fig. 2C).

Furthermore, in both ConA- and MBP-stimulated dLN cell cultures
the frequency of proliferating cells among CD4+ lymphocytes was

52

Cellular Immunology 336 (2019) 48-57

higher in the co-presence of arterenol and propranolol than in the
presence of either arterenol or propranolol alone (Fig. 2A, B). This
suggested that noradrenaline (arterenol) affects CD4+ lymphocyte
proliferation in dLN cell cultures acting not only through 3-AR, but also
through a-AR, as previously suggested [41]. Additionally, in the co-
presence of arterenol and propranolol there was no sex difference in the
frequency of proliferating cells among CD4 + lymphocytes (Fig. 2A, B).

3.3. Effects of B-AR blockade on the frequency of IL-17+ cells among
CD4+ lymphocytes in male and female rat dLN cell cultures

Considering data indicating (i) dominant pathogenetic role of Th17
lymphocytes in EAE model used in this study [8] and (ii) a strong
correlation between tyrosine hydroxylase expression level and Th17
cell frequency in spleen of mice with collagen-induced arthritis [12],
influence of arterenol and/or propranolol on the frequency of IL-17 +
cells among CD4+ lymphocytes from dLN cell cultures was also ex-
amined. In the presence of either ConA or MBP their frequency in-
creased in dLN cell cultures from rats of both sexes when compared
with control cultures without any cognate proliferative stimulus
(Fig. 3A, B; Suppl. Fig. 3A). However, it remained lower in male rat
cultures (Fig. 3A, B; Suppl. Fig. 3A). Arterenol decreased the frequency
of IL-17+ cells among CD4+ lymphocytes in both ConA- and MBP-
stimulated male and female rat dLN cell cultures without affecting the
sex bias in their frequency (Fig. 3A, B). On the contrary, propranolol,
irrespective of the proliferative stimulus, increased the frequency of IL-
17 + cells among CD4+ lymphocytes in both female and male rat dLN
cell cultures (Fig. 3A, B). To exclude non-AR-mediated action of pro-
pranolol, we found that it did not significantly influence the frequency
of IL-17+ cells among CD4+ lymphocytes in dLN cell cultures pre-
treated with AMPT, a blocker of catecholamine synthesis (Suppl.
Fig. 3B). Additionally, propranolol elevated the production of IL-17, as
it was shown by determining its concentrations in supernatants of MBP-
stimulated dLN cells cultures from female and male rats (Fig. 3B).
However, this effect of propranolol was more prominent in male rat
dLN cell cultures, so IL-17 concentration was comparable in male and
female rat MBP-stimulated dLN cell cultures supplemented with pro-
pranolol (Fig. 3B). It is noteworthy that MBP alone increased the con-
centration of IL-17 in both female and male rat dLN cell cultures, so that
its concentration was lower in male rat compared with female rat dLN
cell cultures (Fig. 3B). To explain obvious discrepancy in the frequency
of IL-17 + cells among CD4 + lymphocytes from female and male dLN
cell cultures and IL-17 concentration in these cultures, IL-17 MFI, as a
measure of the protein expression, in IL-17+ CD4+ cells was ex-
amined. The results showed that IL-17 MFI in IL-17 + CD4+ cells was
comparable between female and male control and MBP-stimulated dLN
cell cultures (Fig. 3B). Propranolol increased IL-17 MFI only in MBP-
stimulated dLN cell cultures from male rats (Fig. 3B). Consequently, IL-
17 MFI was higher in IL-17+ CD4+ cells from male compared with
female propranolol-supplemented MBP-stimulated dLN cell cultures
(Fig. 3B). Thus, the lack of sexual dimorphism in IL-17 concentration in
propranolol-supplemented MBP-stimulated dLN cell cultures exhibiting
sexual dimorphism in IL-17+ cell frequency (lower frequency of IL-
17+ cells in male compared with female cultures) could be associated
with greater IL-17 production in male compared with female IL-17 +
CD4+ cells. In the co-presence of arterenol and propranolol the fre-
quency of IL-17 + cells among CD4 + lymphocytes was higher than in
the presence of either propranolol or arterenol alone (Fig. 3A, B). This
suggests that arterenol (noradrenaline) may also affect IL-17+ cell
frequency in dLN cell cultures through a-AR, but that its 3-AR-me-
diated inhibitory action is dominant.

Next, the putative mechanisms underlying propranolol influence on
IL-17+ cell frequency in MBP-stimulated dLN cell cultures were in-
vestigated. Considering data suggesting a direct catecholamine action
on Th17 cell differentiation [12], dLN cells were examined for the ex-
pression of mRNA for RORyt, the key transcription factor in Th17 cell
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Fig. 3. B-AR-mediated influence of noradrenaline on the frequency of IL-17 + cells within CD4+ lymphocytes in cultures of dLN cells retrieved from female and
male rats immunized for EAE on the 7 d.p.i. (A, B) Representative flow cytometry dot plots indicate the frequency of IL-17 + cells among CD4 + lymphocytes from
dLN cell cultures of female and male rats in the absence of cognate stimuli (Control) or following stimulation with (A) ConA or (B) MBP in the absence or in the
presence of 10~ ® M of arterenol (Art) and/or 10> M of propranolol (Prop). Isotype/FMO control for these analyses is shown in Suppl. Fig. 3A. Bar graphs indicate
the frequency of IL-17 + cells within CD4 + lymphocytes from female and male rat dLN cell cultures stimulated with (A) ConA or (B) MBP in the absence or in the
presence of Art and/or Prop and corresponding Control cultures. Bar graphs (B, inserts) indicate (right) IL-17 mean intensity of fluorescence (MFI) in IL-17 + CD4 +
cells and (left) IL-17 concentration in supernatants from female and male rat dLN cell cultures stimulated with MBP in the presence of Prop and in its absence and
corresponding Control cultures. (C) Bar graph indicates the relative expression of RORyt mRNA in cells from female and male rat dLN cell cultures stimulated with
MBP in the presence of Prop and in its absence and corresponding Control cultures (determined by RT-qPCR and represented as 2~ 9 relative to B-actin). Two-way
ANOVA showed significant interactions between the effects of sex and culturing conditions for the frequency of IL-17 + cells within CD4+ lymphocytes in ConA-
(Fa50) = 24.94; p < 0.001) and MBP-stimulated (F4s0) = 2.59; p < 0.05) cultures, and for RORyt mRNA expression (F( 30y = 11.24; p < 0.001), IL-17 con-
centration (F(230) = 23.29; p < 0.001) and IL-17 MFI in IL-17 + CD4+ cells (F(230) = 46.34; p < 0.001) in MBP-stimulated cultures. The data are represented as
mean * SEM (6 pools/group, total 12 rats). ‘p < 0.05; “p < 0.01; “p =< 0.001; #p < 0.05; **p < 0.01; **#p < 0.001. # vs Female. a, vs unstimulated; b, vs ConA/
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development [42]. In control cultures the less amount of RORyt mRNA
was found in dLN cells from male rats compared with female rats
(Fig. 3C). MBP upregulated RORyt mRNA expression in cells from fe-
male and male rat dLN cell cultures (Fig. 3C). In the presences of pro-
pranolol these effects of MBP were further augmented in both female
(by approx. 37%) and male (by approx. 160%) rats (Fig. 3C). However,
irrespective of propranolol presence, the expression of RORyt mRNA
remained less in MBP-stimulated dLN cells from male compared with
female rats (Fig. 3C).

Next, considering the central role of cytokines secreted by antigen
presenting cells in CD4+ T lymphocyte differentiation, and AR ex-
pression on their surface [43-45], the expression of mRNAs for IL-1f
and IL-23/pl9, the key cytokines driving/maintaining Th17 cell po-
larization [46], was examined in dLN cell cultures stimulated with MBP
in the presence of propranolol and in its absence. The expression of
both cytokines was lower in dLN cells from female and male rat control
cultures compared with corresponding cultures stimulated with MBP
(Fig. 4A). However, irrespective of MBP presence their expression was
lower in male rat dLN cells (Fig. 4A). In the presence of propranolol the
expression of mRNAs for IL-13 and IL-23/p19 was enhanced in dLN
cells from rats of both sexes (Fig. 4A). In the presence of propranolol the
expression of IL-1f3 transcript was lower in dLN cells from male com-
pared with female rats (Fig. 4A). However, in the presence of

A dLN cell culture
IL-1p mRNA

fekk *
I } | I

IL-23/p19 mRNA
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propranolol the expression of IL-23/p19 mRNA was comparable in dLN
cells from female and male rats (Fig. 4A).

To corroborate the previous findings, the expression of tyrosine
hydroxylase and (3,-AR in/on CD11b+ cells from dLNs isolated on the
7% d.p.i. were examined. Indeed, irrespective of sex, tyrosine hydro-
xylase+ and B,-AR+ cells were found among dLN CD11b+ cells. The
frequency of tyrosine hydroxylase+ cells was comparable among
CD11b+ cells from male and female rat dLNs (Fig. 4B; Suppl. Fig. 4A).
On the other hand, the frequency of 3,-AR+ cells was slightly higher
among CD11b+ cells from male compared with female rat dLNs
(Fig. 4C; Suppl. Fig. 4B).

4. Discussion

The study indicated that dLN CD4+ T lymphocytes and CD11b+
cells expressed not only P»-AR, but also synthesized noradrenaline
(“noradrenergic cells”), so that propranolol, irrespective of arterenol
presence, augmented CD4+ lymphocyte proliferation and increased
the frequency of Th17 cells in MBP-stimulated cultures of dLN cells
isolated from EAE rats in the preclinical phase of EAE. Thus, our results
indicated that noradrenaline released not only from noradrenergic
nerve fiber endings, but also from “noradrenergic” dLN cells could have
an important role in modulating the primary CD4+ T-lymphocyte

Fig. 4. Tyrosine hydroxylase and [3,-AR expression in/
on CD11b+ dLN cells retrieved from female and male
rats immunized for EAE on the 7% dp.i. and B-AR-
mediated influence of noradrenaline on the expression
P S of Thl7-polarizing cytokines in cells from dLN cell
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response. To give an extra weight to this notion, are data indicating that
noradrenaline from “noradrenergic” immune cells has a particularly
important role in dLNs and some other tissues following sym-
pathectomy, during autoimmune pathologies and under stress, when its
release from nerve fibers decreases [47-50]. Indeed, we found that
noradrenaline concentration (reflecting mainly its “extrinsic” supply)
declines in dLN tissue from rats of both sexes after immunization for
EAE (data not shown). In favor of the stimulatory influence of pro-
pranolol on CD4 + T-lymphocyte proliferation are data indicating that
B-AR agonists inhibit proliferation of CD4+ T lymphocytes from both
healthy rodents and mice with collagen-induced arthritis [13,24,51].
Given that, despite the lower frequency of activated antigen presenting
CD11b+ cells in male compared with female DA rat dLN cells on the 7
d.p.i. [5], propranolol exerted more prominent effects on CD4+ lym-
phocyte proliferation in both ConA-stimulated (where CD4+ cell pro-
liferation was not dependent on the antigen presenting cells) and MBP-
stimulated (where CD4+ cell proliferation was dependent on the an-
tigen presenting cells) dLN cell cultures, a direct effect of propranolol
on CD4+ T lymphocytes could be assumed. To corroborate this as-
sumption are data showing that B,-AR-mediated noradrenaline influ-
ence on T-cell proliferation is not dependent on the presence of antigen
presenting cells [52]. Given that CD4+ lymphocytes are the main
producers of IL-2 [53], the stimulatory effect of propranolol on CD4 +
lymphocyte proliferation in dLN cell cultures was linked with their
increased IL-2 production. In favor of this assumption are data in-
dicating that noradrenaline diminishes IL-2 production in mitogen-ac-
tivated splenocytes acting through B,-AR [54]. The greater proliferative
response of CD4+ lymphocytes to propranolol stimulation in male
compared with female rat dLN cell cultures (leading to the loss of sexual
dimorphism in this parameter observed in cultures stimulated with
ConA or MBP alone) could be associated with the higher frequency of
tyrosine hydroxylase+ and (»-AR+ cells among dLN CD4+ T lym-
phocytes from male compared with female rats. In favor of sexual
diergism in CD4+ T lymphocyte proliferation are data indicating that
CD4+ T lymphocytes from female mice exhibit greater proliferative
response to stimulation with anti-CD3 and anti-CD28 Abs compared
with those from male mice [55]. Considering that the concentration of
noradrenaline was higher in male than in female dLNs (reflecting
greater noradrenaline supply from both noradrenergic nerve fibers, as
shown by analysis of NGF expression, and “noradrenergic” immune
cells, as indicated by the frequency of tyrosine hydroxylase + cells), the
previous finding could explain lower proliferation of dLN CD4+ T
lymphocytes and consequently neuroantigen-specific cell generation in
male compared with female rats immunized for EAE [5]. To corrobo-
rate sex bias in noradrenergic nerve supply are sex differences in: i) the
structural organization and number of tyrosine hydroxylase-expressing
neurons in the locus coeruleus having a pivotal role in the regulation of
sympathetic nervous system activity [56] and ii) regulation of tyrosine
hydroxylase expression and consequently noradrenaline synthesis in
the locus coeruleus neurons [57]. To the best of our knowledge there is
no data on sex differences in the frequency of “noradrenergic” cells in
dLNs. The higher frequency of B»-AR+ cells among CD4+ T lympho-
cytes from male rats is also consistent with their less efficient genera-
tion of neuroantigen-specific cells in male compared with female DA
rats [5].

Additionally, propranolol increased the frequency of IL-17+ cells
among CD4 + lymphocytes from MBP-stimulated dLN cell cultures, and
RORyt expression in the cells from these cultures. Without excluding
direct stimulatory effect of propranolol on Th17 differentiating cells in
MBP-stimulated dLN cell cultures [12,52], our findings suggested that
the increased frequency of Th17 cells in dLN cell cultures in the pre-
sence of propranolol could also reflect its enhancing effect on the ex-
pression of Th17 polarizing cytokines in antigen presenting cells. In
favor of direct action of propranolol on CD4+ T cell differentiation
towards Th17 cells are findings showing that f,-AR antagonst
ICI118551 inhibits noradrenaline-induced decrease in the percentage of
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IL-17 + cells and the expression of ROR-yt in anti-CD3/CD28 antibody-
stimulated CD4 + T-cell cultures from mice with collagen-induced ar-
thritis [51]. Additionally, there are data indicating that tyrosine hy-
droxylase gene overexpression in CD4+ T lymphocytes diminishes
RORyt expression, and consequently Th17 cell differentiation in mice
with collagen-induced arthritis [12]. On the other hand, in favor of
propranolol indirect action on CD4+ T cell differentiation into Th17
cells are data indicating that noradrenaline may reduce Th17 cell dif-
ferentiation acting on antigen presenting cell polarizing capacity
[58-60]. Specifically, noradrenaline is shown to inhibit lipopoly-
saccharide- or IFN-y-stimulated IL-1B production in macrophages
through (3,-AR [58,59]. Additionally, it has been shown that: i) nora-
drenaline inhibits lipopolysaccharide-stimulated IL-23 production in a
mixed population of human dendritic cells [61] and ii) adrenaline
pretreatment diminishes IL-23-producing capacity of bone marrow
dendritic cells maturing in the presence of lipopolysaccharide [62]. To
additionally support indirect, antigen presenting cell-mediated, action
of propranolol on CD4+ lymphocytes we found (3,-AR expression on
dLN CD11b+ cells. This was fully consisted with data obtained in some
previous studies examining B»-AR expression on dendritic cells and
macrophages [62-64]. The greater effects of propranolol on the ex-
pression of cytokines driving/maintaining Th17 cell differentiation,
which are particularly obvious if one takes into account the lower
frequency of activated dLN antigen presenting cells in male compared
with female rats [5], could be related to the higher frequency of 3>-AR
+ cells among CD11b+ cells from male rat dLNs. Finally, given that
despite lower frequency of IL-17 + cells in male compared with female
rat MBP-stimulated dLN cell cultures supplemented with propranolol,
IL-17 concentration was comparable in these cultures, it seems obvious
that propranolol influenced not only the frequency, but also secretory
capacity of IL-17-producing cells. Given that the concentration of IL-17
was lower in male than in female dLN cell cultures stimulated with MBP
alone, it seems obvious that this effect of propranolol, differently from
that on IL-174+ CD4+ cell frequency, was sexually dimorphic. To
support this assumption are our findings obtained by examining influ-
ence of propranolol on IL-17 MFI. To additionally corroborate differ-
ential effect of propranolol in female and male rat dLN cell cultures are
data indicating that: i) while RORyt is considered as a IL-17-specific
transcription factor, an accumulating body of evidence clearly shows
that IL-17 transcription is regulated by multiple transcription factors
exerting not only positive, but also negative regulatory effects [65], and
ii) among them some selectively inhibit IL-17 expression in male CD4 +
T lymphocytes [66].

In conclusion, the study showed that: i) noradrenaline from rat dLN
noradrenergic nerve fibers and “noradrenergic” cells alike, acting
through B-AR, exerts an inhibitory influence on the primary CD4 + T-
cell response to rat inoculation with (auto)antigens, in particular on
Th17 cell differentiation and IL-17 production by Th17 cells and ii)
noradrenaline, differently from Th17 cell differentiation, influences IL-
17 production by Th17 cells, in a sex-specific manner (more efficiently
in male rats). However, considering that pathogenic effects of auto-
reactive CD4 + T cells induced in dLNs following immunization for EAE
largely depend on the target tissue capacity to control their migration,
autoimmune attack and cytoprotection, and thereby tissue damage
[671, it is obvious that further in vivo studies to evaluate not only in-
fluence of propranolol on the shaping of Th17 cell pathogenic profile,
but also their target tissue damaging capacity (and thereby its relevance
for the outbreaking of EAE and possibly MS) are required. Such in-
vestigations have already been launched in our laboratory.
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