Cellular and Molecular Life Sciences (2022) 79:298

https://doi.org/10.1007/500018-022-04315-0 Cellular and Molecular Life Sciences
ORIGINAL ARTICLE q
Check for
updates

Major depression favors the expansion of Th17-like cells and decrease
the proportion of CD39Treg cell subsets in response to myelin
antigen in multiple sclerosis patients

Priscila Mendonga do Sacramento'*® - Marisa Sales'* - Taissa de Matos Kasahara' - Clarice Monteiro® -

Hugo Oyamada'*- Aleida Soraia Oliveira Dias'* - Lana Lopes'* - Camilla Teixeira Castro'* - Atila Duque Rossi® -
Lucas Mattos Milioni® - Anshu Agrawal’ - Regina Alvarenga?3 - Claudia Cristina Vasconcelos®3 -

Cleonice Alves de Melo Bento'~>*

Received: 16 February 2022 / Revised: 31 March 2022 / Accepted: 18 April 2022 / Published online: 18 May 2022
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract

Background Mood disorders have been associated with risk of clinical relapses in multiple sclerosis (MS), a demyelinating
disease mediated by myelin-specific T cells.

Objectives We aimed to investigate the impact of major depressive disorder (MDD) and cytokine profile of T-cells in relaps-
ing remitting MS patients.

Methods For our study, plasma and PBMC were obtained from 60 MS patients (30 with lifetime MDD) in remission phase.
The PBMC cultures were stimulated with anti-CD3/anti-CD28 beads or myelin basic protein (MBP), and effector and
regulatory T cell phenotypes were determined by flow cytometry. The cytokine levels, both in the plasma or in the super-
natants collected from PBMC cultures, were quantified by Luminex. In some experiments, the effect of serotonin (5-HT)
was investigated.

Results Here, higher Th17-related cytokine levels in response to anti-CD3/anti-CD28 and MBP were quantified in the plasma
and PBMC cultures of the MS/MDD group in comparison with MS patients. Further, elevated frequency of CD4* and CD8"
T cells capable of producing IL-17, IL-22 and GM-CSF was observed in depressed patients. Interestingly, the percentage
of myelin-specific IFN-y*IL-17* and IFN-y*GM-CSF* CD4" T cells directly correlated with neurological disabilities. In
contrast, the occurrence of MDD reduced the proportion of MBP-specific CD39* Tregs subsets. Notably, the severity of
both neurological disorder and depressive symptoms inversely correlated with these Tregs. Finally, the addition of 5-HT
downregulated the release of Th17-related cytokines in response to anti-CD3/anti-CD28 and myelin antigen.

Conclusions In summary, our findings suggested that recurrent major depression, by favoring imbalances of effector Th17
and Treg cell subsets, contributes to MS severity.
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Introduction

Relapse-remitting multiple sclerosis (RRMS) is a chronic
inflammatory demyelinating autoimmune disorder of the
central nervous system (CNS) mediated by myelin-specific
T cells that attack the myelin sheath of any area of the
CNS, leading to sensory, autonomic, cognitive, and motor
function deficits [1, 2]. Like other autoimmune conditions,
the multiple sclerosis (MS) outcome may be influenced by
environmental or mental health conditions, such as major
depressive disorder (MDD).

Lifetime prevalence of depression is at least three times
higher in RRMS patients than in general population [3,
4], and mood disorders have been associated with risk of
clinical relapses [5]. Moreover, besides the disease is char-
acterized by increased physical disability over time [6],
some symptoms, such as fatigue and cognitive impairment,
are also commonly associated with depression [7-9].

It is known that MDD is associated with elevated levels
of circulating pro-inflammatory cytokines, such as IL-1,
IL-6 and tumor necrosis factor (TNF)-a [10], and lower
availability of serotonin (5-HT) [11]. Apart from its role
in regulating mood, cognition, sleep and appetite, this neu-
rotransmitter plays immunomodulatory roles on T cells
[12], the main lymphocytes that coordinate myelin sheath
damage in MS.

Evidence has suggested a pivotal role of different
myelin-specific Th17 cell subsets in RRMS pathogenesis,
mainly those able to produce interleukin (IL)-17 along
with interferon (IFN)-y [13-18]. High levels of IL-17A
(IL-17), associated with increased frequency of Th17 cells,
have been observed in patients during clinical relapses
[13—15]. The proportion of myelin-specific Th17 cells was
also associated with radiological activity of the disease
[16]. Furthermore, IFN-y* (CD8" and CD4™") T-cells have
been detected in both cerebrospinal cord fluid (CSF) and
around the apoptotic oligodendrocyte [19, 20]. In addi-
tion to IL-17 and IFN-y, some pathogenic Th1/Th17 cell
subsets in RRMS have been associated with production of
granulocyte—macrophage colony-stimulating factor (GM-
CSF). Rasouli et al. demonstrated a higher production
of GM-CSF by peripheral T cells from untreated RRMS
and elevated frequency of GM-CSF-secreting (CD4* and
CD8™%) T cells co-expressing IL-17 or IFN-y in their brain
lesions [21]. Finally, IL-22, released by activated Th17 or
Th22 cells [15], has also been implicated in the disease. A
study published by our group demonstrated a direct cor-
relation between the number of active brain lesions and the
proportion of IL-22*CD4*T cells in response to myelin
basic protein (MBP) [16], one of the antigens believed
to induce the T-cells implicated in the process of demy-
elination of nerves in the CNS [22]. A study by Rolla
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et al. demonstrated an increase of myelin-specific Th22
cells just prior to clinical relapses in RRMS patients [23].
It is believed that those myelin-specific T cell-derived
cytokines, by activating local (microglia) and migrating
(monocytes) innate immunity cells, should lead to oligo-
dendrocyte apoptosis and break down of both the BBB and
the myelin sheath through releasing of cytotoxic media-
tors, such as reactive oxygen intermediates and matrix
metalloproteinases (MMPs) [24].

In addition to expanded effector pathogenic T cells,
functional deficiencies of CD25"¢" FoxP3* regulatory
CD4%T-cells (Tregs) and Trl cells (IL-10*FoxP3~) have
also been described in RRMS patients during clinical
relapses [25-28]. In addition to producing anti-inflamma-
tory cytokines, such as IL-10, the high expression of CD25
by Tregs may reduce effector T cell action by taking up
exogenous IL-2 [29]. Moreover, the expression of CD152
on Tregs, by blocking costimulatory molecules CD80 and
CD86 expressed on immunogenic dendritic cells (DCs),
may, indirectly contribute to controlling the inflammation
by inhibiting effector pathogenic T cells [29]. More recently,
lower frequency of CD39*Tregs was observed in non-
depressed MS patients when compared with healthy subjects
[28]. CD39 degrades the extracellular adenosine triphos-
phate (ATP)/adenosine diphosphate (ADP) into adenosine
monophosphate (AMP) that is then hydrolyzed, by CD73,
to adenosine (ADQO), a metabolite which inhibits effector
T cells via the adenosine receptor A2A (A2AR) [30-32].
Despite these findings, little is known about the impact of
MDD and the effect of serotonin on the in vitro MS-derived
T cell behavior in response to anti-CD3/anti-CD28 beads
and myelin antigen, which was the objective of the present
study.

Material and methods
Patients

For this study, 60 RRMS patients, diagnosed according to
the McDonald criteria (2010), were recruited from January
2017 to June 2021 from Gafrée Guinle University Hospital/
UNIRIO (Rio de Janeiro, Brazil) during remission phase.
Half of the patients suffered from persistent major depres-
sion (MS/MDD). At the time of blood sampling, the severity
of depressive symptoms was evaluated by Beck depression
inventory (BDI) and neurological disabilities determined
through the expanded disability status scale (EDSS) [33].
Demographic data, such as gender, disease duration, and
treatment with disease modifying therapies (DMTs) were
obtained from medical records (Table 1). To avoid con-
founding factors related to depression associated with neu-
rodegeneration, no patients recruited presents EDSS > 6.
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Table 1 Demographic and clinical features of MS patients

Patients

MS? MS/MDDP
N° of subjects (1) 30 30
Gender, female/male (1) 18/12 20/10
Age [(years), mean+ SD] 36.3+11.8 35.8+10.7
Disease duration [(years), mean =+ SD) 6.5+59 7.1+6.1
BDI (mean + SD) 5.0+2.38 22.7+8.1
EDSS [median (range)] 1.5 (0-5.5) 2.5(0-5.5)
Treatment with DMT [n (%)] 20 (67) 23 (77)

Data from relapsing—remitting multiple sclerosis (RRMS)

BDI beck depression inventory (BDI), EDSS, expanded disability sta-
tus scale, DMT disease-modifying therapy

*Without (MS) or

bWith (MS/MDD) major depressive disorder (MDD) in clinical
remission phase. Age (years) refers to age when the blood samples
and clinical information were collected. Disease duration refers to the
number of years since disease onset

Patients that were treated with interferon were excluded, due
to the association of this treatment with depression [4]. We
also excluded MS patients with other autoimmune disorders.
For some experiments, 30 non-MS, age and sex matched
individuals, 15 without (Control, Ctlr) and 15 with MDD,
were also recruited. Those undergoing treatment with anti-
depressants and anxiolytics, smokers and those with acute
infectious diseases were excluded from both MS and non-
MS groups. After a complete description of the study to par-
ticipants, written informed consent was obtained from each
individual. The study was approved by the Ethics Committee
for Research on Human Subjects of the Federal University
of the State of Rio de Janeiro (UNIRIO).

— Plasma

Cell cultures and stimuli

Peripheral blood was collected from participants in hepa-
rin-containing tubes, and both plasma and peripheral blood
mononuclear cells (PBMC) were obtained by centrifugation
on Ficoll-Hypaque density gradients (Fig. 1). After count-
ing cells in trypan blue solution (10% v/v), viable PBMC
(1% 10%mL) were suspended in RPMI-1640 medium sup-
plemented with 2 pM of L-glutamine (GIBCO, Carlsbad,
CA, USA), 10% fetal calf serum (FCS), 20 U/mL of penicil-
lin, 20 pg/mL of streptomycin and 20 mM of HEPES buffer.
To evaluate the antigen (Ag)-specific response, some cell
cultures were stimulated with 10 ug/mL of myelin basic pro-
tein (MBP) (Sigma Chemicals, St Louis, MD) plus 20 U/
mL of human recombinant IL-2 for 5 days [16]. As positive
control, the cells were cultured in 24-well plates for 3 days in
the absence of stimulus (medium alone) or in the presence of
anti-CD3/anti-CD28 beads (25 pl/mL) (Dynalbeads, Gibco,
Grand Island, NY) (Fig. 1). In some experiments, PBMC
cultures were treated with 200 ng/mL of 5-HT (Fig. 1).
The dose of serotonin used here was based on the study
performed by Soga et al. and represents the physiological
brain concentration of this neurotransmitter [34, 35]. The
cell cultures were maintained at 37° in a humidified 5% CO2
incubator during incubation.

Flow cytometry analysis

To determine the frequency of different effector and reg-
ulatory T cell subsets, mouse anti-human monoclonal
antibodies (mAbs) directed against surface (CD3-SB436,
CD4-SB600, CD8-SB702, CD25APC, CD39-FITC, and
CD152-APC-eFluor780) and intracellular (IL-17-PE-
eFluor 610, IFN-y-APC-eFluor780, GM-CSF-PerCP-Cys5.5,
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Fig. 1 Experimental workflow of the in vivo (plasma) and in vitro
(PBMC) assays. Plasma and PBMC from subjects were obtained by
peripheral blood centrifugation on Ficoll-Hypaque density gradients.
The plasmas were submitted to cytokine analysis through Luminex.
The PBMC cultures were stimulated for 3 days or 5 days with anti-
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CD3/anti-CD28 (a-CD3/a-CD28) beads or MBP/hrIL-2, respectively.
In some wells, the 5-HT was added. The content of cytokines in the
supernatants from those PBMC cultures was determined by Luminex.
The T cells phenotypes were determined by cytometry after activat-
ing PBMC cultures with PMA/Ionomycin for 3 h
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IL-22-FITC, IL-10-PE-Cy7, FoxP3-PECy5.5 and CD152-
APC-eFluor 780) markers, as well as isotype control anti-
bodies, were purchased from eBioscence™ (Thermo Fischer
Scientific). To optimize intracellular cytokine detection, at
the end of the incubation period, cell cultures were restimu-
lated for 3 h with phorbol 12-myristate 13-acetate (PMA,
20 ng/mL; Sigma-Aldrich) plus ionomycin (I0, 600 ng/mL;
Sigma-Aldrich) in the presence of brefeldin A (10 pg/mL;
Sigma-Aldrich) (Fig. 1). Briefly, the PBMC were incubated
with different mAbs combinations for surface markers at
room temperature in the dark, according to manufacturer’s
instructions. After 30 min, the cells were washed with
PBS +2%FBS at room temperature before cell permeabi-
lization, that was performed by incubating cells at 4 °C for
20 min with Cytofix/Cytoperm solution (BD Pharmigen, San
Diego, CA). After washing, the different combinations of
mAbs against intracellular makers were added and incubated
for a further 30 min at 4 °C. The cells were acquired on
Attune NxT flow cytometers (Thermo Fisher Corporation)
and analyzed using FlowJo. Isotype control antibodies and
single-stained samples were used to periodically check the
settings and gates on the flow cytometer. After acquisition
of 200,000-250,000 events, lymphocytes were gated based
on forward and side scatter properties after the exclusion of
dead cells, using propidium iodide [PI* cells mean: 4.31%
(range 1.3-8.7%)], and doublets.

In vivo and in vitro cytokine production
quantification

The quantification of different cytokines in plasma and in
supernatants from polyclonal and myelin-specific activated
cells was determined applying the Luminex technique, and
using the “Th1/Th2/Th9/Th17 Cytokine 18-plex human
Panel” kit (InvitroGen, San Diego, CA, USA), following
manufacturer’s instructions.

Statistical analysis

The statistical analysis was performed using Prism 8.0 soft-
ware (GraphPad Software). All immunological evaluations
were performed in triplicate for each individual and the
intra-assay variability ranged from 9.2 to 13.1% (median
value of 10.3%) as calculated by the software above. Com-
parisons between immune assays in the cell cultures from
the three different groups were performed with ANOVA fol-
lowed by Turkey test for data with Gaussian distribution and
the Kruskal-Wallis followed by Dunn’s test for data without
Gaussian distribution. Also, the results were corrected by
Bonferroni. The nonparametric Mann—Whitney U test and
the Student’s 7 test were applied to determine whether the
two groups were statistically different for nonparametric and
parametric variables, respectively. Correlations between
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parametric and nonparametric variables were investigated
using Pearson’s and Spearman’s correlations, respectively.
Significance in all experiments was p <0.05.

Results

The occurrence of major depression favors
the release of Th17-related cytokines implicated
in MS activity and depression severity

For the present study, 60 RRMS patients, 30 with (MS/
MDD) and 30 without (MS) major depressive disorder
(MDD), were recruited. No difference in age or sex was
observed between the two groups, and mean disease dura-
tion and EDSS score were similar (Table 1). Concerning
the DMT scheme, some patients were under treatment with
natalizumab (7 MS X 8 MS/MDD), glatiramer acetate (7
MS x 7 MS/MDD), dymetil fumarate (4 MS x 6 MS/MDD)
and teriflunomide (2 MS x2 MS/MDD). No statistical dif-
ference was observed with regard to immunological assays
between patients under different DMT schemes (data not
shown). The severity of depressive symptoms was classified
into mild (n=12, 40%), moderate (n=8, 27%) and severe
(n=10, 33%) according to BDI.

It is known that both MDD and MS involve imbalances
in cytokine production [10, 19]. With regard to the in vivo
cytokine profile, higher levels of IL-1p (Fig. 2A), IL-6
(Fig. 2B) and IL-17 (Fig. 2F), associated with a lower con-
centration of IL-10 (Fig. 2H), were observed in the plasma
of MS/MDD patients when compared with the MS group.
No difference between the two patient groups was observed
for IL-23 (Fig. 2C), IL-12 (Fig. 2D), TNF-a (Fig. 2E) and
IL-22 (Fig. 2G). Concerning neurological disorders, a posi-
tive correlation was observed between EDSS score and the
circulating levels of IL-1p, IL-6, IL-23, IL-12, TNFa and
IL-17 (Table 2). Also, the severity of depressive symptoms,
evaluated using the BDI scale, directly correlated with
plasma levels of IL-1f and IL-17 and inversely correlated
to IL-10 concentrations (Table 2). As control for MDD, the
cytokine profile of 30 age- and gender-matched non-MS
subjects (15 healthy and 15 with MDD) was also evaluated.
As demonstrated in figure S1A, the occurrence of depres-
sion indeed elevated plasma levels of IL-1f and TNF-a (Fig.
S1A).

In order to evaluate the impact of depression on cytokine
profile by MS-derived T-lymphocytes, PBMC cultures were
stimulated with anti-CD3/anti-CD28 or major basic protein
(MBP). As demonstrated in the (Fig. S2), higher levels
of IL-6 and IL-17 (Fig. S2A, B) were quantified PBMC
cultures containing polyclonally-activated T cells from
depressed patients. In contrast, lower levels of IFN-y and
IL-10 (Fig. S2G, H) were detected in those MDD/MS cell
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Fig.2 Impact of MDD on circulating levels of cytokines in patients
with MS. The levels of (A) IL-1p, (B) IL-6, (C) IL-23, (D) IL-12,
(E) TNF-a, (F) IL-17, (G) IL-22, and (H) IL-10 were quantified in
the plasma of MS patients with (MS/MDD, n=20) or without MDD
(MS, n=20) major depression by Luminex. Data are shown as

Table 2 Correlation between the levels of plasma cytokines with neu-
rological disabilities and severity of depressive symptoms

Cytokines (pg/mL) MS patients

EDSS BDI

r p r p
IL-1B 0.5192 0.0023 0.5604 0.0008
IL-6 0.443 0.0111 0.377 0.334
IL-23 0.4401 0.0117 0.2429 0.1804
IL-12 0.7784  <0.0001 0.2121 0.3539
TNF-a 0.5115 0.0028 0.0105 0.9542
IL-17 0.5874 0.0004 0.3929 0.0261
IL-22 0.2918 0.1052 0.2486 0.1701
IL-10 —0.2533 0.1619 -0.7089  <0.0001

Bold values are statistically significant (p < 0.05)
The levels of circulating cytokines were determined by Luminex

EDSS expanded disability status scale, BDI beck depression inventory
(BDI)

cultures. In non-MS subjects, elevated levels of IL-6, TNF-
o, GM-CSF and IL-17 and were also produced by MDD-
derived PBMC cultures containing anti-CD3/anti-CD28-
activated T cells as compared with healthy subjects (control,
Ctrl) (Fig. S1). In addition, the occurrence of depression
diminished IFN-y production (Fig. S1). With regard to
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mean=+SD of 2 independent experiments with 10 MS and 10 MS/
MDD samples (plasma) per experiment. Significance was calculated
by comparing MS versus MS/MDD and the p values (*p<0.05,
**p <0.001, and ***p <0.0001) are indicated in the figure

antigen-specific response, higher levels of IL-6, GM-CSF,
IL-21 and IL-22 (Fig. 3A-D) were noted in the superna-
tants from MBP/IL-2-activated cell cultures of depressive
patients. On the other hand, those MS/MDD cell cultures
released lower amounts of IFN-y and IL-10 (Fig. 3F, G).
Of note, neither medium (none) nor IL-2 alone was able to
induce detectable cytokines (data not shown).

Concerning clinical parameters, IL-17 and GM-CSF
levels in anti-CD3/anti-CD28-stimulated cell cultures were
positively associated with neurological disabilities (Table 3).
The same correlation was observed between IL-6, released
by MBP/IL-2-activated cell cultures, and the EDSS score
(Table 3). Also, a direct correlation was observed between
the severity of depressive symptoms and IL-6 and IL-17,
produced by anti-CD3/anti-CD28-activated cells, and IL-6,
IL-17, IL-21, IL-22 and GM-CSF, released by Ag-specific
cells (Table 3). In contrast, a higher BDI score inversely
correlated with IL-10 and IFN-y produced by anti-CD3/anti-
CD28- and MBP-stimulated cell cultures (Table 3).

The impact of major depression on the frequency
of cytokine-producing CD4* and CD8T cell subsets
in MS patients

Evidence suggests that myelin-specific CD4" and CD8'T
cells that are able to produce IL-17, IFN-y, IL-22 and
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Fig.3 The impact of major
depression on cytokine produc-
tion by MS-derived PBMC in
response to myelin antigen.
PBMC (1 x 10%/mL), from MS
patients without (MS, n=22) or
with (MS/MDD, n=22) were
stimulated for 5 days with MBP/
IL-2. In (A-G), the cytokine
was evaluated by Luminex.
Data are shown as mean +SD of
8 independent experiments with
1-3 samples per experiment
from each group of patients.
Significance was calculated by
comparing MS and MS/MDD
and the p values (*p <0.05,

**p <0.001, and ***p <0.0001)
are indicated in the figure
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Table 3 Correlation between in vitro cytokine production and clinical
parameters in MS patients

Cytokine (pg/mL)  MS patients
EDSS BDI
r p r p
aCD3/CD28
IL-6 0.2146  0.2089 0.6105 <0.0001
IL-10 —0.3109 0.0611 —0.5211 0.0009
IL-17 0.5573  0.0003 0.3493 0.0341
IL-21 0.2863  0.0858 —0.2323 0.1666
IL-22 0.037 0.542 —0.0296 0.9131
TNF-a 02122 0.2074 0.1937 0.2507
IFN-y -0.087 0.6086 —0.7147 <0.0001
GM-CSF 0.4448  0.0058 0.1564 0.3553
MBP+IL-2
IL-6 0.3298  0.0568 0.5197 0.0016
IL-10 —0.1744  0.3239 —0.5847 0.0003
IL-17 0.1573  0.3821 0.3647 0.0369
IL-21 0.1147 0.5183 0.5120 0.002
IL-22 0.3027 0.0818 0.5458 0.0008
GM-CSF 0.3313  0.0556 0.7892 <0.0001
IFN-y 0.1858 0.3257 —0.5038 0.0045

Bold values are statistically significant (p < 0.05)

The levels of cytokine released by anti-CD3/anti-CD28-activated
and myelin antigen-stimulated PBMC cultures were determined by

Luminex

EDSS expanded disability status scale, BDI beck depression inventory

(BDD)
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GM-CSF play a pivotal role in MS pathogenesis [16, 17, 19,
20, 23, 36, 37]. In order to assess the impact of depression
on the frequency of these cells by flow cytometry, PBMC
cultures from MS patients were stimulated with MBP. As
positive control, the same cytokines were evaluated after T
cell activation with anti-CD3/CD28 beads. Following the
gating strategy shown in Fig. 3SA. Among the cytokines-
producing T cells in response to anti-CD3/anti-CD28 beads,
the proportion of IL-17*CD4™" (Fig. 3SD) and IL-17*CD8"
(Fig. 3SH) T cells was significantly higher in the MDD
group. With regard to Ag-specific response, and taking into
account the gating strategy shown in Fig. 4A, the percentage
of myelin-specific GM-CSF* (Fig. 4B) and IL-22" (Fig. 4E)
CD4*T cells was significantly higher in MDD group. Inter-
estingly, even in the absence of stimulus, the proportion of
those CD4*T cell subsets after 5 days of culturing was sig-
nificantly higher in MS/MDD patients (Fig. 4B, E). Among
CD8*T-cells, the frequency of IFN-y* cells was significantly
higher in cell cultures from no depressed patients (Fig. 4G).
In contrast, the myelin antigen was capable of elevating
the proportion of GM-CSF*CDS8™T cells from MS/MDD,
but not MS cell cultures (Fig. 4F). MBP/IL-2 stimulation
did not alter the IL-17*T cells in both experimental groups
(Fig. 4D, H). Interestingly, among all cell phenotypes evalu-
ated here, only the frequency of myelin-specific CD8*T cells
positives for IL-17 or IFN-y directly correlated with EDSS
score (Table 4).

When the combination of different cytokines was ana-
lyzed (Fig. 5A), the frequency of IL-17*IFN-y* (Fig. 5B)
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Fig.4 Influence of major
depression on the proportion of
myelin-specific T cells in MS
patients. Applying the gating
strategy shown in figure A,
the mean proportion of CD4*
and CD8™* T cells positive
for (B) GM-CSF, (C) IFN-y,
(D) IL-17 and (E) IL-22 in
PBMC (1 x 10%mL) cultures
from depressed (MS/MDD,
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n=15) and non-depressed (MS,
n=15) patients after MBP/
IL-2 addition (10 pg/mL). Data
are shown as mean=+SD of 9
independent experiments with
1-3 samples per experiment
from each group of patients.
Significance was calculated

by comparing MS and MS/
MDD patients and the p values
(*p<0.05, **p<0.001, and
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and IFN-y*GM-CSF* (Fig. 5C) CD4™T cells in response
to anti-CD3/anti-CD28 beads was higher in MS/MDD
than MS cultures. In MBP/IL-2-stimulated cell cultures,
the proportion of IL-17TIFN-y*CD4 T cells (Fig. 5E) was
significantly higher in depressed MS patients. Further,

CD8-Super Bright 702

myelin antigen was capable to up regulate the proportion
of IFN-y*GM-CSF*CD4"T cells only in cell cultures from
depressed patients (Fig. 5F)

Further, the frequency of MBP-specific IFN-yTIL-17*
and IFN-y*GM-CSFTCD4*T cells was directly correlated
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Fig.4 (continued)
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Table 4 The correlation Cytokine «CD3/CD28 MBP/IL-2
between cytokine-producing expression
CD4* and CD8* T cells (%) EDSS BDI EDSS BDI
with severity of neurological
disabilities and depressive r p r P r P r P
symptoms CDA4* T cells
IL-17% —0.1832 0.4781 —0.027 0.9189 0.3415 0.2321 —0.207 0.4745
IFN-y* 0.1979  0.4588 0.2209 0.4081 0.1246 0.6424 —0.4321 0.0647
GM-CSF* —0.1457 0.6322 —0.0219 0.9493 —0.1862 0.5239 0.0285 0.9276
IL-22% —0.045 0.8734 —0.1737 0.5331 —0.3825 0.1297 —0.4295 0.1262
CD8™ T cells
IL-17 —-0.2119 0.4109 0.1314 0.6130 0.597 0.0211 —0.0088 0.9750
IFN-y* 0.0329  0.9042 0.0427 0.8757 0.4875  0.0293 —0.2474 0.3529
GM-CSF* —0.1075 0.7266 —0.2795 0.3551 0.2369 04112 —0.1385 0.6375
IL-22% —-0.136 0.6290 —0.188 0.4994 —0.3337 0.2437 —0.3987 0.1580

Bold values are statistically significant (p < 0.05)

The frequency of CD4* and CD8* T cells positives for IL-17, IFN-y, GM-CSF and IL-22 was determined
by flow cytometry after PBMC cell cultures activation with anti-CD3/anti-CD28 beads (aCD3/CD28) or

MBP/IL-2

EDSS expanded disability status scale, BDI beck depression inventory (BDI)

with neurological disabilities of patients (Table 5). Also,
patients with a higher EDSS score tended to present a
higher percentage of antigen-specific GM-CSF* IL-
17*CD4*T cells (p = 0.0522) (Table 5). Unfortunately,
the very low frequency of CD8™T cells able to produce
different combinations of cytokines after anti-CD3/anti-
CD28 and antigen stimulation made any further analysis
impossible.

@ Springer

Lower frequency of regulatory CD39*CD4*T-cell
subsets was observed in depressed MS patients

Reduced frequency of CD39"Treg cells has been asso-
ciated with MS [28]. Here, taking into account the gat-
ing strategy shown in Fig. 6a, b, the polyclonal activa-
tion of CD4*T cells only increased the percentage of



Fig.5 The impact of major depression on the frequency of multi-
cytokine-secreting CD4* T cells from MS patients. PBMC (1 x 10/
mL), from depressed (MS/MDD, n=15) and non-depressed (MS,
n=15) patients, were cultured for 3 days in the presence of anti-
CD3/anti-CD28 beads (A—C) or for 5 days with MPB/IL-2 (D-F).
After acquisition of 250,000 events, and following the gating strat-
egy shown in figures A, D, the mean percentage of anti-CD3/anti-

CD397CD4'T cells capable of expressing FoxP3 and IL-10
in cell cultures from patients without depression (Fig. 6C,
D). Similarly, the frequency of CD39" CD25*CD4*T cells
positive for FoxP3 (Fig. 6F) and IL-10 (Fig. 6G) were sig-
nificantly higher in samples from patients without depres-
sion compared to the MDD group. Furthermore, the pro-
portion of CD39% (Fig. 6E) and CD39*CD25" (Fig. 6H)
cells positive for CTLA-4 among polyclonally-activated
CD4*T cells was also significantly higher in the group
without depression. Moreover, taking into account the
gating strategy shown in Fig. 51, the proportion of CTLA-
4*CD39" (Fig. 6J, K) and CTLA-4+CD39+CD25+
(Fig. 6L, M) CD4™T cells able to produce, or not, IL-10
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CD28- and MBP-stimulated CD4" T cell subsets dual positive for
IL-17*INF-y*, IL-17*GM-CSF* and IL-17*IL-22% (B, E) or for
IFN-y*IL-22% and IFN-y*GM-CSF* (C, F) was determined. Data
are shown as mean=+SD of 9 independent experiments with 1 to 3
samples per experiment from each group of patients. Significance
was calculated by comparing MS versus MS/MDD and the p values
(*p<0.05, **p <0.001, and ***p <0.0001) are indicated in the figure

was significantly lower in patients with MS/MDD than in
patients with only MS. In cultures stimulated with MBP/
IL-2, no difference was observed regarding the percent-
age of CD39" and CD39*CD25*CD4*T-cells capable of
expressing FoxP3 (Figs. 7C, 6F) or IL-10 (Fig. 7D, F)
between the two groups of patients. However, the percent-
age of CTLA-4"IL-10" gated on CD39" (Fig. 7E, H) or
CD39*CD25" (Fig 7J, L) CD4™T cell subsets after anti-
gen stimulation was significantly higher in patients with-
out depression. The frequency of MBP-specific CTLA-
4*1L-10" was very low with no difference between the
groups of patients being observed (Fig. 7K, M). Interest-
ingly, among different regulatory CD4*T cell phenotypes
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Fig.5 (continued)
Table 5 The correlation Cytokine «CD3/CD28 MBP/IL-2
between the frequency of expression
multi-cytokine-producing CD4* (%) EDSS BDI EDSS BDI
and CD8™ T cells with clinical
parameters of MS patients r p r p r p r p
IL-17*CD4* T cells
IFN-y* 0.0548  0.8462 0.0331  0.9001 0.4771  0.0301 —0.0523 0.8464
GM-CSF* 03151  0.2377 0.1293  0.6724 0.4007  0.0522 0.0002  0.9999
IL-227F 0.0568  0.8578 —0.3259 0.2344  —-0.3001 03409 —0.2007 0.4876
IFN-y*CD4* T cells
IL-227* 0.3245  0.2773 —0.0224 09372 —0.1461 0.6527 —0.1982  0.4939
GM-CSF* 0.4087  0.2110 0.1813  0.5537 0.7244  0.0121 —0.0442  0.8807

@ Springer

Bold values are statistically significant (p < 0.05)

The frequency of IL-17*CD4* capable of producing IFN-y, GM-CSF or IL-22, as well as IFN-ytCD4" T
cells positives for GM-CSF or IL-22 was determined by flow cytometry after PBMC cell cultures activa-
tion with anti-CD3/anti-CD28 beads («CD3/CD28) or MBP/IL-2

EDSS expanded disability status scale, BDI beck depression inventory (BDI)
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Fig.6 The in vitro frequency of different anti-CD3/anti-CD28-acti-
vated CD39*Treg cells in depressed MS patients. PBMC (1 x10%
mL), from depressed (MS/MDD, n=15) and non-depressed (M,
n=15) patients, were cultured for 3 days in the presence of anti-
CD3/anti-CD28 beads. Different CD39% Treg cell subsets capable
of expression of CD25, FoxP3, CTLA-4 and IL-10 were determined
by flow cytometry after acquisition of 250,000 events and following
the gating strategies shown in figures A, B, I. The mean percent-
age of anti-CD3/anti-CD28-stimulated CD39* CD4" T cell subsets
able to co-express (C) FoxP3, (D) IL-10 or (E) CTLA-4, as well as

analyzed in the present study, the proportion of CTLA-
4*IL-10'CD39* and CTLA-4*1L-100CD39*CD25*CD4*T
cells, following anti-CD3/anti-CD28 activation or MBP/
IL-2 stimulation, was negatively correlated with severity
of depressive symptoms (Table 6). Also, the frequency of
antigen-specific CD39*CD257CD4*T cells was negatively
correlated with EDSS scores (Table 6).

CTLA-4-APC-eFluor 780

FoxP3-PE-Cy5.5 IL-10-PE-CY7

CD39% CD25% CD4" T cells positive for (F) FoxP3, (G) IL-10 or
(H) CTLA-4 in the two subgroups of patients, were compared, and
the p values indicated in the figure. The mean percentage of CTLA-
4*CD39" and CTLA-4TCD39"CD25% CD4* T cells negative (J,
L) or positive (J, M) for IL-10 was also determined in MS and MS/
MDD patients and compared and the p values (*p <0.05, **p <0.001,
and ***p<0.0001) are indicated in the figure. Data are shown as
mean+SD of 9 independent experiments with 1-3 samples per
experiment from each group of patients

The in vitro addition of serotonin modulates
the release of cytokines by polyclonally activated
and myelin-specific-stimulated cells

A previous study published by us revealed the ability 5-HT
to reduce the release of pro-inflammatory cytokines and up-
regulate regulatory CD4*T cells in polyclonally-activated T
cells in MS patients without MDD [28]. Here, a physiologi-
cal dose of 5-HT reduced the production of IL-6, TNF-a,
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Fig.6 (continued)

INF-y, IL-17, IL-21 and IL-22, and increased the release
of IL-10 not only in anti-CD3/anti-CD28-activated PBMC
cultures from non-depressive MS patients but also in MS/
MDD patients (Fig. 8A). Additionally, the levels of 1L-6,
IFN-y, GM-CSF, IL-17, IL-21 and IL-22 produced by MBP-
stimulated cells were also decreased after 5-HT addition, but
no change in the IL-10 secretion was observed in these cell
cultures (Fig. 8B).

Discussion

The lifetime prevalence of major depression in MS patients
is at least three times higher than observed in general popu-
lation [4], and mood disorders have been associated with
increased risk of clinical relapses [5]. Despite a lack of
studies investigating the molecular and cellular mechanisms
behind this adverse relationship, it may involve cytokine
production by encephalitogenic T cells [34, 35] associated

@ Springer

with recurrent demyelination in any area of the CNS, leading
to sensory, autonomic, cognitive, and motor function defi-
cits [1, 2]. Although preliminary, the results presented here
are original and reveal the impact of MDD in favoring the
expansion of circulating pathogenic T-cells with enhanced
reactivity to myelin antigen. This phenomenon should be
associated with the known imbalance of cytokines observed
in MDD subjects.

Higher levels of IL-1f, IL-6 and IL-17 were observed
in the plasma from MS/MDD patients when compared to
MS patients. Accordingly, the production of Th17-related
cytokines (IL-6, IL-17, TNF-a, IL-21 and IL-22) in response
to both anti-CD3/anti-CD28 and myelin antigen was higher
in cell cultures from depressed patients. In these cell cul-
tures, the occurrence of depression also elevated the fre-
quency of myelin-specific GM-CSF* and IL-22" CD4*T
cells. In line with other authors [10], elevated plasma levels
of IL-1p and TNF-a, as well as higher release of IL-6, TNF-
o, GM-CSF and IL-17 by anti-CD3/anti-CD28-activated
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Fig.6 (continued)

T-cells, were observed by our group in samples from non-
MS depressed subjects when compared with healthy individ-
uals. These findings suggested that major depression should
indeed favor the expansion of T cell phenotypes correlated
with MS severity. In agreement, previous study published
by us [38] demonstrated that occurrence of MDD elevated
the production of Th2-related cytokines (IL-5 and IL-13) in
patients suffering from allergic asthma but not non-allergic
subjects. Classically, those cytokines have been associated
with severity of atopic diseases [39].

In this context, the plasma levels of IL-1p, TNF-a, IL-17
and IL-6, as well as the in vitro production of IL-17, IL-6
and GM-CSF by anti-CD3/anti-CD28-activated T cells from
MS patients directly correlated with neurological disability
and the severity of depressive symptoms. This indicates that
Th17-related cytokines production has been implicated in
both myelin sheath damage and depression severity.

In agreement with these findings, elevated levels of
IL-1p, IL-6 and TNF-a have been associated with sever-
ity of depressive symptoms in general population [40,
41]. Keaton et al. revealed that high IL-6 levels are linked
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to increased risk of suicide [42]. In rheumatoid arthritis
patients, depression was associated with elevated IL-6 pro-
duction and disease severity [43—45]. In the context of MS,
higher production of IL-6 and IL-1p in depressed patients
may contribute to disease severity by favoring, along with
IL-23, the differentiation of highly pathogenic Th17 cell
subsets (IFN-y* and GM-CSF*) [46, 47]. Here, the fre-
quency of IL-177IFN-y* and IFN-y*GM-CSF* CD4*T
cells in response to myelin antigen was not only higher in
depressed MS patients, but their proportion positively cor-
related with neurological disabilities. Concerning IL-21,
this cytokine should also contribute to disease progression
by providing a positive feedback loop for Th17 survival
[48].

Although Th17 cells can release IL-22, abundant amounts
of IL-6 and TNF-a observed in depressed patients can also
induce Th22 cells [49]. MBP-specific Th22 cells have been
associated with both clinical relapse rates [23] and the num-
ber of active brain lesions [16]. Interestingly, in our study,
elevated levels of IL-6 and TNF-a were associated with
higher expansion of IL-22*CD4*T-cells in cell cultures
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Fig.7 The frequency of different myelin-specific CD39*Treg cells
in depressed MS patients. PBMC (1 x 10%mL), from depressed (MS/
MDD, n=15) and non-depressed (MS, n=15) patients, were cultured
for 5 days in the presence of MBP/IL-2. Different CD39" Treg cell
subsets capable of expression of CD25, FoxP3, CTLA-4 and IL-10
was determined by flow cytometry after the acquisition of 250,000
events and following the gating strategies shown in figures A, B, 1.
The mean percentage of anti-CD3/anti-CD28-stimulated CD39*
CD4" T cell subsets able to co-express (C) FoxP3, (D) IL-10 or (E)

from MS/MDD. Notably, the frequency of MDD-derived
CD4*T-cells positive for IL-22 and GM-CSF at baseline
was significantly higher than in non-depressed MS patients,
indicating the presence of pre-activated CD4* T-cells.
Beyond their involvement in MS activity, elevated lev-
els of cytokines, like IL-6 and IL-21 might compromise
the function of regulatory CD4*T (Treg) subsets in these
patients [25-27]. In addition to producing anti-inflammatory
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CTLA-4, as well as CD39% CD25* CD4" T cells positive for (F)
FoxP3, (G) IL-10 or (H) CTLA-4 in the two patient subgroups were
compared and the p values indicated in the figure. The mean percent-
age of CTLA-47CD39*% and CTLA-4"CD39*CD25" CD4* T cells
negative (J, L) or positive (J, M) for IL-10 was also determined in
MS and MS/MDD patients and was compared and the p values
(*p<0.05, **p<0.001, and ***p <0.0001) are indicated in the fig-
ure. Data are shown as mean =+ SD of 9 independent experiments with
1-3 samples per experiment from each group of patients

cytokines, such as IL-10, the expression of CD25, CD39
and CD152 on Treg cells participates in their functional-
ity [28-33]. A study by our group has found a lower fre-
quency of CD39*IL-10*FoxP3* CD4*T-cells in non-
depressed RRMS patients when compared with healthy
subjects [28]. In the present study, in comparison with
non-depressed MS individuals, MDD patients had reduced
IL-10 levels quantified in the plasma and in the supernatants
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Fig.7 (continued)

collected from MBP-stimulated PBMC cultures. Further,
the severity of depressive symptoms negatively corre-
lated with IL-10 levels. A more detailed investigation of
the impact of MDD on different regulatory CD39*T cell
subsets demonstrated a higher frequency of CD39" and
CD397CD25*CD4™T cells able to express FoxP3, IL-10
and CTLA-4 in non-depressed MS patients after anti-CD3/
anti-CD28 activation. On the other hand, a lower percent-
age of CD39" and CD39*CD25*CD4*T-cells capable of
expressing CTLA-4 in response to MBP was observed in
MS/MDD patients when compared to MS patients. With
regard to disease activity, the proportion of myelin-specific
CD39*CD25"CD4T cells inversely correlated with neuro-
logical disability. Moreover, the BDI score negatively corre-
lated with the percentage of MBP-specific CD39*CTLA-4*
and CD39*CD25*CTLA-4*CD4*T cells. Taken together,
these findings reveal the negative impact of depression on
auto-tolerance mechanisms in MS patients.

Finally, excessive cytokine production may also contrib-
ute to MS pathogenesis by depleting tryptophan, an essential
amino acid for the synthesis of serotonin (5-HT) [50]. It is
known that MDD is associated with a reduction in monoam-
ine production, particularly 5-HT [11], and that serotoniner-
gic neurotransmission is altered in the brain of MS patients
[S1]. Apart from its role as a CNS neurotransmitter, 5-HT,
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through its wide array of receptors (5-HT,_;) and in a dose-
dependent manner, carries out different actions on immune
cells [52]. For example, this neurotransmitter contributes
to immune homeostasis by favoring the expansion regula-
tory immune cells [53-56]. Kim et al. demonstrated that
individuals with severe depression have a lower frequency
of circulating classical Treg cells, and when compared
with healthy individuals, CD39*Treg cells expressed lower
5-HT, , receptor levels [57]. Although we did not investigate
the involvement of 5-HT receptors, serotonin reduced the
in vitro release of Th1/Th17-relared cytokines after anti-
CD3/anti-CD28 or myelin antigen stimulation. Nonetheless,
this neurotransmitter only elevated IL-10 production in poly-
clonally activated T cells.

Underdiagnosed by physicians and, therefore, under-
treated, MDD in MS patients is the strongest determinant
of impaired quality of life, sleep disturbance, fatigue and
cognitive dysfunction [4]. Although our study has some
limitations, such as the small sample size and the need for
a prospective study, the findings presented here reveal the
negative impact of depression on the imbalance of T cell-
derived cytokines implicated in MS pathogenesis, with
expansion of Th1/Th17 and Th22 cell subsets associated
with decrease of CD39"Treg cell subsets, mainly those
expressing CTLA-4 marker. Finally, the ability of serotonin
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Fig.7 (continued)
Table 6 Correlation between different regulatory CD4" T cell subsets and clinical parameters
Expression (%) aCD3/CD28 MBP/IL-2
EDSS BDI EDSS BDI
r p r p r p r p
CD39*CD4* T cells —0.4187 0.0944 0.0953 0.7133 —0.3938 0.1628 —0.0804 0.7825
CTLA-4*IL-10~ 0.0684 0.8086 —0.533 0.0187 —0.1605 0.5798 - 0.5176 0.0603
CTLA-4*IL-10* —0.2696 0.3278 —0.2316 0.4034 0.1627 0.5176 —0.0374 0.8988
CD39*CD25*CD4™" T cells —0.3974 0.1274 0.1939 0.4858 —0.6579 0.0129 0.033 0.9124
CTLA-4*IL-10~ —0.2013 0.4720 —0.5297 0.0238 —0.0361 0.9038 —0.5624 0.0151
CTLA-4*IL-10* —0.2095 0.4497 —0.1436 0.6074 0.0091 0.9765 0.0601 0.8369

Bold values are statistically significant (p < 0.05)

The percentage of different CD39*Treg cells was determined by flow cytometry after PBMC cell cultures activation with anti-CD3/anti-CD28

beads (xCD3/CD28) or MBP/IL-2

EDSS expanded disability status scale, BDI beck depression inventory (BDI)

to attenuate the production of cytokines by effector T cells
suggests that lower availability of this neurotransmitter in
patients with MDD may contribute to MS severity. In line
with us, the depression treatment in MS patients with selec-
tive serotonin reuptake inhibitors (SSRIs) not only attenu-
ated IFN-y production by T cells in response to myelin

@ Springer

antigen MOG (myelin oligodendrocyte glycoprotein) [58],
but also appears to reduce the occurrence of new active
brain lesions [59]. Therefore, the possibility that MDD
treatment with SSRIs could play a role in the treatment of
MS, by enhancing the mechanisms of self-tolerance, should
be considered and requires clinical investigation.
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Fig.8 The modulatory effects
of serotonin (5-HT) on cytokine
production by PBMC of MS
patients with or without MDD.
The PBMC cultures (1 x 10%
mL) from MS patients with
(MS/MDD, n=22) or without
(MS, n=22) MDD were acti-
vated for 3 days with anti-CD3/
anti-CD28 beads (A) or for

5 days with MPB/IL-2 (B). The
effect of serotonin on cytokine
production was determined after
addition of 200 ng/mL of 5-HT.
The different cytokine levels
were assayed by Luminex. Data
are shown as mean + SD and
significance was calculated by
comparing MS and MS/MDD
and the p values (*p <0.05,
**p <0.001, and ***p <0.0001)
are indicated in the figure. Data
are shown as mean=+ SD of 8
independent experiments with
1-3 samples per experiment
from each group of patients
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