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Selective serotonin reuptake inhibitor attenuates the
hyperresponsiveness of TLR2" and TLR4" Th17/Tca7-like cells in
multiple sclerosis patients with major depression
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Elevated frequency of Th17-like cells expressing Toll-like receptors (TLRs)
has been recently associated with relapsing—remitting multiple sclerosis
(MS) pathogenesis, a chronic inflammatory demyelinating autoimmune
disease of the central nervous system. We aimed to investigate the impact
of current major depressive disorder (MDD) on the behaviour of these
cells following in vitro stimulation with TLR2, TLR4, TLR5 and TLR9
agonists. Here, the level of both cell proliferation and cytokine production
related to Th17/Tcl7 phenotypes in response to TLR2 (Pam3C) and
TLR4 (LPS) ligands was significantly higher in CD4" and CD8" T-cell cul-
tures from MS/MDD patients when compared to non-depressed patients.
These cytokine levels were positively associated with neurological disabili-
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INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory
demyelinating autoimmune disease of the central nervous
system (CNS) mainly mediated by effector T cells direc-
ted against myelin sheath antigens.! By affecting any area
of the CNS, MS can lead to sensory, autonomic, cognitive
and motor function deficits.> After definitive diagnosis,
most patients (> 80%) present the relapsing-remitting
MS (RRMS) form of the disease, characterized by
repeated acute inflammatory flare-ups followed by peri-
ods of remission.*

Much evidence appears to suggest the involvement of
different myelin-specific T-cell phenotypes in RRMS
pathogenesis, particularly those related to Th17 cell sub-
sets. Classically, not only high plasma levels of IL-17A
(IL-17) have been observed in those patients during clini-
cal relapses, but also elevated frequency of Thl7 cells,
which are associated with radiological activity of the dis-
ease.””. In addition, increased levels of IL-23, IL-1B and
IL-6, cytokines involved in the differentiation of
encephalitogenic Th17 cells'®"?, are produced by antigen-
presenting cells of MS patients.'®'®. Further, IFN-y-se-
creting Th17 cells have also been implicated in MS patho-
genesis.'”?%. Other cytokines, such as IL-21, IL-22 and
GM-CSF, are also produced by some encephalitogenic
CD4" T cells.***® Finally, cytotoxic CD8" T cells may not
only cause oligodendrocyte death and neuronal damage
through release of cytotoxic molecules, but also may
potentiate brain lesions by secreting IFN-y (Tc-1) or IL-
17 (Tc-17).2°" All these cytokines can lead to oligoden-
drocyte apoptosis and breakdown of both the myelin
sheath and blood-brain barrier by inducing local (mi-
croglia) and migrating [monocytes and dendritic cell
(DCs)] phagocytes to release a broad arsenal of cytotoxic
mediators, such as reactive oxygen intermediates and
matrix metalloproteinases (MMPs).*

Although the treatment of RRMS with immunomodu-
latory drugs referred to as disease-modifying therapy
(DMTs).”%, the disease progression to neurodegenerative
form should be influenced by environmental events, such
as psychiatric disorders.

The association between MS and major depressive dis-
order (MDD) has been known for some time.** Preva-
lence of recurrent MDD in MS patients has been
estimated at around 50%, almost three times the rate of
the general population.’® Under-diagnosed by physicians
and therefore undertreated, MDD in MS patients is the
strongest determinant of impaired quality of life, sleep
disturbance, fatigue and cognitive dysfunction.**

Although MDD may be linked to advanced neurode-
generation in secondary progressive MS patients *°, in the
RRMS form, this psychiatric disorder should be linked to
elevated levels of pro-inflammatory cytokines. It is known
that MDD is directly associated with elevated levels of
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circulating IL-1B, IL-6 and TNF-o’® and that these
cytokines have been associated with fatigue’’, the most
frequent symptom for MS patients, being seen as more
disabling than the physical limitations of MS.*® Further,
mood disorders in MS patients have been widely associ-
ated with an elevated risk of clinical relapse.*

It is possible that inflammation associated with MDD
involves signalling through a pattern recognition receptor
(PRR), such as the Toll-like receptor (TLR) family.
Indeed, elevated TLR expression was observed in periph-
eral blood monocular cells (PBMCs) of MDD patients.40
Due to their immune adjuvant properties on DCs, sig-
nalling via TLRs by molecular patterns from both patho-
gens (PAMPs) has been implicated in the pathogenesis of
autoimmune diseases, such as MS***', Ligands for TLR2
(lipopeptides) and TLR4 (lipopolysaccharides)cy from
pathogens can have an adverse impact on MS by increas-
ing the production of IL-1p, IL-6 and IL-23 by DCs.*>*?
Furthermore, elevated IL-6 levels can damage the function
of regulatory T-cell subsets, such as the release of anti-in-
flammatory cytokine IL-10.***°. Interestingly, elevated
frequency of circulating Th17 cell subsets and Treg cells
expressing functional TLR has been documented in MS
patients.”>*® Ferreira et al.*® demonstrated a positive cor-
relation between the frequency of TLR2" and TLR4 Th17
cell subsets and the number of active brain lesions and
neurological disabilities in RRMS patients.

One of the main theories of MDD suggests that this
pathology is associated with a reduction in monoamine
production, particularly serotonin (5-HT, 5-hydrox-
ytryptamine).*” Apart from its role in regulating mood,
cognition, sleep and appetite, this neurotransmitter plays
different immunomodulatory roles.*® A recent study pub-
lished by our group demonstrated the ability of 5-HT to
decrease in vitro the proportion of Th1l/Tcl and Th17/
Tcl7 cells while elevating the frequency of different regu-
latory T-cell subsets in MS patients.*” Although these
findings are interesting, so far, no study evaluated the
impact of both 5-HT and treatment of MDD with selec-
tive serotonin reuptake inhibitors (SSRIs) on functional
profile of CD4" and CD8" T cells expressing TLRs in
response to different ligands for these PRRs.

MATERIALS AND METHODS

Patients

For our study, 50 RRMS patients, with (n = 25) or with-
out (n =25) major depressive disorder (MDD), were
recruited from January 2017 to March 2020 from Gaffrée
e Guinle University Hospital/UNIRIO (Rio de Janeiro,
Brazil). Among MDD patients, the severity of depressive
symptoms was determined according to the Beck Depres-
sion Inventory (BDI) (Table 1). All patients had been in
clinical remission phase for at least 6 months and were
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undergoing disease-modifying therapy (DMT). Patients
undergoing IFN-beta therapy were excluded as this drug
has been associated with depression.* The impact of
depression treatment on some immune parameters was
investigated in 10 MS/MDD patients 6 months after ther-
apy with selective serotonin reuptake inhibitors (SSRIs)
(fluoxetine, 20 mg/day). This duration for treatment was
chosen because it is sufficient for mood stabilization to
take place using SSRIs. Demographic data such as gender
and age at disease are shown in Table 1. Other autoim-
mune diseases were excluded through clinical and sero-
logical testing. Smokers were also excluded. The
neurological disability status of patients was evaluated at
the time of blood sampling by one of the authors (C.V.)
and was scored according to the Expanded Disability Sta-
tus Scale (EDSS).>® To avoid confounding factors related
to depression associated with advanced neurodegenera-
tion, no patient recruited presented EDSS >6. For assays,
25 healthy subjects matched by age and gender were
recruited to participate in this study. Written informed
consent was obtained from each individual following a
complete description of the study. The study was
approved by the Ethical Committee for Research on
Human Subjects of the Federal University of the State of
Rio de Janeiro.

Cell cultures

Peripheral blood mononuclear cells (PBMCs) were sepa-
rated by a Ficoll-Paque gradient. In some experiments,
enriched CD4" and CD8" T cells were obtained via negative
selection using magnetic columns according to the manu-
facturer’s instructions (EasySep ™, StemCell Technology,
Canada). The purity of CD4" and CD8" T cells was >98%,
as measured by flow cytometry (data not shown). The
PBMCs (1 x 10%ml), or purified CD4" and CD8" T cells
(0.5 x 10°/ml), were cultured in triplicate in the presence
of RPMI-1640 medium supplemented with 2 uM of L-glu-
tamine (GIBCO, Carlsbad, CA, USA), 10% of fetal calf
serum, 20U/ml of penicillin, 20 pg/ml of streptomycin and
20 mM of HEPES buffer for 2 days at 37°C and 5% CO,.
The effect of different PAMPs, all obtained from Invitro-
Gen (San Diego, CA, USA), was evaluated after addition of
agonists for TLR2 [synthetic triacylated lipopeptide
(Pam3Csk4, 1 pg/ml)], TLR4 [lipopolysaccharide (LPS,
100 ng/ml) from Escherichia coli], TLR5 (flagellin (FLA,
1 pg/ml)] or TLRY [CpG oligodeoxynucleotides (ODN
M362, 1 uM/ml)]. These concentrations were chosen from
a previous study conducted by Voo et al.>' and Ferreira
et al.*®. The effect of serotonin (5-HT) on cytokine produc-
tion was evaluated after adding 200 ng/ml of 5-HT at the
beginning of the incubation period. The serotonin concen-
tration used here was based on the study performed by
Soga et al.”® and represents the physiological brain concen-
tration of serotonin.”
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Table 1. Demographic and clinical features of the MS patients and
healthy subjects

Patients®
HS* MS MS/MDD
No. of subjects (1) 25 25 25
Gender, female/male (1) 15/10 15/10 15/10

Age [(years), mean £SD] 37.8 +£10.3 39 + 13  36.2 + 13.1

Disease duration [(years), NAS 79 £55 93 £ 6.1
mean +SD]¢
EDSS [median (range)]® NA 3 (0-4.5) 4 (0-5.5)
BDI" (%)
Mild 0 0 16
Moderate 0 0 28
Severe 0 0 56
Treatment time with DMTs NA 2.7 (1- 2.3 (1-5.8)
[years (range)]® 7.3)

"Data from healthy subjects.

"Data from relapsing—remitting multiple sclerosis (RRMS) with (MS/
MDD) or without (MS) major depressive disorder (MDD) in remis-
sion phase. Age (years) refers to age when the blood samples were
collected.

“Disease duration refers to the number of years since disease onset.
4EDSS, Expanded Disability Status Scale.

“Severity of depressive symptoms was determined according to
the Beck Depression Inventory (BDI).

fTreatment time in years with disease-modifying therapy (DMT) [na-
talizumab (n =7 MS and 8 MS/MDD), dimethyl fumarate (n =7
MS and n =7 MS/MDD), fingolimod (n =05 MS and n =6 MS/
MDD) and glatiramer acetate (n = 5 MS and n = 5 MS/MDD)].
$Not analysed.

Proliferation assay

The proliferation of CD4" and CD8" T cells (0.5 x 10°/
ml) in response to different TLR ligands was measured by
[3H] thymidine incorporation, added to cultures at
4 pCi/well 8 h prior to the conclusion of the 2-day incu-
bation period. This duration was determined via temporal
kinetics (24, 48 and 72 h) evaluating the PBMC prolifera-
tion in response to TLR ligands (data not shown). The
cells were harvested in glass fibre filters in an automatic
cell harvester, and radioactive incorporation was mea-
sured using a liquid scintillation counter. The results were
shown as mean +sd of counts per minute (cpm).

Flow cytometry analysis

Mouse anti-human monoclonal antibodies (mAbs) to
CD3-PE-Cy5.5, CD4-FITC, CD8-PE, CD14-APC, TLR2-
APC, TLR4-APC and IL-17-PE-Cy7 and all isotype con-
trol antibodies were purchased from eBioscience™
(Thermo Fischer Scientific). Whole peripheral blood of
each subject was stimulated in 24-well flat-bottom plates
(2 ml/well) with phorbol 12-myristate 13-acetate (PMA,
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20 ng/ml; Sigma-Aldrich) plus ionomycin (IO, 600 ng/
ml; Sigma-Aldrich) at 37 °C in a humidified 5% CO,
incubator for 4 h. For cytokine measurement optimiza-
tion, brefeldin A (10 pg/ml; Sigma-Aldrich) was also
added. Briefly, whole blood cells were incubated with var-
ious combinations of mAbs for surface markers for
30 min at room temperature in the dark, according to
the manufacturer’s instructions. The cells were washed
with PBS+2%FBS, and then, the whole blood cells were
lysed with Fix/Lyse solution (eBiosciences) for 10 min at
room temperature before cell permeabilization, performed
by incubating cells with Cytofix/Cytoperm solution (BD
Pharmingen, San Diego, CA) at 4°C for 20 min. After
washing, the mAb for IL-17-PE-Cy7 was added and incu-
bated for 30 min at 4°C. The cells were acquired on
Attune NxT flow cytometers (Thermo Fisher Corpora-
tion) and analysed using FlowJo. Isotype control antibod-
ies and single-stained samples were used to periodically
check the settings and gates on the flow cytometer. After
acquisition of 200,000 events, lymphocytes were gated
based on forward and side scatter properties after the
exclusion of dead cells, using propidium iodide [mean
3.57 (range 0.9 to 6.1%)] and doublets. Additionally,
gated cells were negative for CD14 marker (Fig. S1).

Quantification of in vivo and in vitro cytokines

Plasma cytokine levels were quantified by ELISA tech-
nique using OptEIA ELISA kits (BD, Pharmingen, San
Diego, CA), according to the manufacturer’s instructions.
Each ELISA was performed using pairs of antibodies
against IL-1B, TNF-o, IL-6, IL-17, IFN-y and IL-10. The
reaction was revealed with streptavidin—horseradish per-
oxidase, using 3,3/,5,5'-tetramethylbenzidine (TMB) as a
substrate. Recombinant human cytokines, at concentra-
tions ranging from 3.5 to 500 pg/ml, were used to con-
struct standard curves. The in vitro cytokine production
by cell cultures stimulated for 2 days with different TLR
ligands was quantified by Luminex using human Thl/
Th2/TH17 Cytokine 18-Plex Panel (InvitroGen, San
Diego, CA, USA) according to the manufacturer’s
instructions. This multiplex bead-based enzyme-linked
immunosorbent assay was used to measure IFN-y, TNEF-
o, GM-CSF, IL-1p, IL-6, IL-8, IL-10, IL-12, IL-18, IL-21,
IL-22, IL-23 and IL-17A (IL-17) in the supernatants from
TLR-activated immune cells.

Statistical analysis

The statistical analysis was performed using Prism 8.0
software (GraphPad Software). All immunological evalua-
tions were done triplicate in each individual, and the
intra-assay variability ranged from 8% to 17.5% (median
value of 9.7%) as calculated by the software above. Com-
parisons between immune assays in the cell cultures from
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the three different groups (control group, MS and MS/
MDD patients) were performed with two-way ANOVA
followed by the Tukey test for data with Gaussian distri-
bution and the Kruskal-Wallis test followed by Dunn’s
test for data without Gaussian distribution. Also, the
results were corrected by the Bonferroni test. The non-
parametric Mann—Whitney U-test and Student’s t-test
were applied to determine whether the two groups were
statistically different for non-parametric and parametric
variables, respectively. Correlations between parametric
and non-parametric variables were investigated using
Pearson’s and Spearman’s correlations, respectively. Sig-
nificance in all experiments was at p < 0.05.

RESULTS

Major depression elevated the in vivo and in vitro
levels of pro-inflammatory cytokines in MS patients

As shown in Table 1, 50 RRMS patients were recruited to
the present study, 25 with (MS/MDD) and 25 without
(MS) major depressive disorder (MDD), with both
groups being matched for age and gender. According to
BDI, the depressive symptoms among MDD patients were
stratified into mild (n = 4, 16%), moderate (n = 7, 28%)
and severe (n = 14, 56%). The mean duration of the dis-
ease was similar between the two patient subgroups, as
well as the EDSS score. In general, no important differ-
ence was observed concerning the DMT scheme in both
subgroups [natalizumab (7 MS x 8 MS/MDD), dimethyl
fumarate (7 MS x 7 MS/MDD), fingolimod (5 MS x 6
MS/MDD) and glatiramer acetate (6 MS x 4 MS/
MDD)]. Also, no statistical difference was observed with
regard to immunological assays among patients under
different DMT schemes (data not shown). In some exper-
iments, samples from 25 age- and gender-matched
healthy subjects (HS) were also used.

Here, the first immune parameter evaluated was the
plasma levels of IL-1B, IL-6, IL-10, IL-17, IFN-y and
TNF-o in MS and MS/MDD patients. Notably, the con-
centrations of all cytokines were almost undetectable in
the HS subjects (data not shown). Among the patients,
not only IL-1PB and IL-6 levels were significantly higher in
the MS/MDD group (Figure 1A), but also their concen-
tration was also directly correlated with neurological dis-
abilities determined by the EDSS score (Figure 1B).

Elevated IL-1B and IL-6 levels are classically produced
by innate immune cells activated via pattern receptors,
such as members of the TLR family.”* Here, higher levels
of IL-1P (Figure 2A), IL-6 (Figure 2B), IL-8 (Figure 2C),
IL-18 (Figure 2D), GM-CSF (Figure 2F), IL-23 (Figure 2)
and IL-17 (Figure 2J) were released by PBMC cultures in
MS/MDD patients than in MS ones after addition of
TLR2 (Pam3C), TLR4 (LPS) and TLR5 (FLA) ligands,
but not TLR9 agonist (ODN). The same pattern was
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Figure 1. Impact of MDD on circulating levels of cytokines in patients with MS and their relationship with the degree of neurological disability.
In (A), plasma of MS patients with (n = 25) or without (n = 25) MDD was submitted to ELISA for quantification of IL-1, IL-6, TNF-a, IEN,
IL-17 and IL-10 cytokines. Data are shown as mean +SD of seven independent experiments with 3 to 4 MS and 3 to 4 MS/MDD samples per
experiment. Significance was calculated by comparing MS versus MS/MDD, and thepvalues are indicated in the figure. In (B), the correlation

between cytokine levels and the EDSS score at the time of blood collection is shown

observed for TNF-o (Figure 2E) and IL-22 (Figure 2L)
production by MDD-derived cell cultures in response to
Pam3C and LPS. In general, TLR2 and TLR4 agonists
were more effective in inducing cytokine responsiveness
than TLR5 and TLR9 ligands. Additionally, among TLR2
and TLR4 ligands, Pam3C was more potent at enhanc-
ing IL-17 (Figure 2J; p = 0.0009) and IL-22 (Figure 2L;
p =0.0018) production, while LPS showed greater
capacity to wupregulate IL-6 release (Figure 2B;
p =0.0152) in MS/MDD-derived PBMC cultures (Fig-
ure 2). No difference was observed between the two
subgroups, or between the different PAMPs, in terms of
secretion of IL-12 (Figure 2G), IFN-y (Figure 2H) and
IL-21 (Figure 2K). As expected, lower levels of all pro-
inflammatory cytokines were quantified in the super-
natants from PBMC cultures from HS subjects in com-
parison with MS and MS/MDD patients (data not
shown). Although the TLRY ligand was less effective at
inducing inflammatory cytokine production, ODN, as
well as LPS, was the best PAMPs to elevate IL-10 pro-
duction. Nonetheless, the levels of this anti-inflammatory
cytokine were lower in the cell culture from MS/MDD
patients (Figure 2M).

Serotonin down-modulates the in vitro production of
pro-inflammatory cytokines but elevates IL-10 release

One of the main theories of MDD pathology suggests a
reduction in monoamine production, particularly sero-
tonin (5-HT), a neurotransmitter with immunological
functions.*” In the present study, physiological concentra-
tion of 5-HT (200 ng/ml) reduced the production of IL-
1B (Figure 3A), IL-6 (Figure 3B), IL-18 (Figure 3D), IL-
23 (Figure 3G) and IL-17 (Figure 3H) by PBMC from
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MS and MS/MDD patients in response to Pam3C and
LPS. Only in MS/MDD patients did 5-HT decrease the
release of IL-8 (Figure 3C) and GM-CSF (Figure 3F). 5-
HT did not affect TNF-o production (Figure 3E). In cell
cultures from both experimental groups, while 5-HT
decreased IL-22 production (Figure 3I) induced by
Pam3C, this neurotransmitter potentiated IL-10 (Fig-
ure 3]) release in response to LPS.

Higher TLR2 and TLR4 expression and elevated
cytokine production were observed on CD4" and
CD8" T cells from MS patients with major depression

Previous results demonstrated an elevated responsiveness
of PBMC from MS/MDD patients to TLR2 and TLR4
ligands. Although TLRs are classically expressed on innate
immune cells, they are also expressed on chronically acti-
vated T cells.” Following the gate strategy shown in Fig-
ure 4A, a higher percentage of CD4" and CD8" T cells
capable of expressing TLR2 (Figure 4B) and TLR4 (Fig-
ure 4E) was observed in MS and MS/MDD patients than
in HS. Although the proportion of these cell subsets
showed no difference between the two patient subgroups,
the mean fluorescence intensity (MFI) of TLR2 (Fig-
ure 4C) and TLR4 (Figure 4F) for CD4" and CD8" T
cells was significantly higher in MS/MDD patients. In
addition, the percentage of IL-17-secreting CD4" and
CD8" T cells positive for TLR2 (Figure 4D) and TLR4
(Figure 4G) was also significantly higher in the cultures
from MS/MDD than MS patients. As expected, the fre-
quency of these IL-17" TLR" T-cell subsets was signifi-
cantly lower in HS (Figure 4D, G).

In order to investigate the role of TLR ligands in
directly modulating the behaviour of T lymphocytes,
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production [(A) IL-1f, (B) IL-6, (C) IL-18, (D) IL-18, (E) TNF-o, (F) GM-CSF, (G) IL-23, (H) IL-17, (I) IL-22 and (J) IL-10] assayed by Lumi-
nex. Data are shown as mean £SD of seven independent experiments with 3 to 4 MS and 3 to 4 MS/MDD samples per experiment. Significance
was calculated by comparing MS versus MS/MDD, and (¥*), (**) and (***) indicatepvalues <0.05, <0.001 and <0.0001
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CD4" and CD8" T cells from MS patients were purified
and cultured for 2 days with different TLR agonists. As
demonstrated in Figure 5A, the uptake of [*H] thymidine
by these lymphocytes in response to Pam3C and LPS, but
not to FLA and ODN, was significantly higher in MS/
MDD patients. Regarding cytokine production in
response to TLR2 and TLR4 ligands, the occurrence of
major depression is associated with the release of IL-6
and IL-17 by CcD4* (Figure 5B) and CD8" (Figure 5C) T
cells. Also, IL-1B production by CD4" (Figure 5B) and
CD8" (Figure 5C) T cells, as well as TNF-o and IL-22
release by CD4" T cells (Figure 5B), in response to
Pam3C was significantly higher in MS/MDD patients. No
difference was observed for IL-21 and IFN-y production.
As compared to the TLR4 ligand, TLR2 agonist was a
weak inducer of IL-10, and the production of this anti-in-
flammatory cytokine by LPS-activated CD4" (Figure 5B)
and CD8" (Figure 5C) T cells was lower in the MS/MDD
group. Like PBMC cultures, 5-HT diminished IL-6 and
IL-17 release by both CD4" (Figure 6A) and CD8" (Fig-
ure 6B) T-cell cultures from MS (O) and MS/MDD (¢)
patients in response to Pam3C and LPS. Moreover, this
neurotransmitter upregulated IL-10 release by LPS-acti-
vated CD4" T cells (Figure 6A). In these cell cultures, 5-
HT did not change the level of expression of TLR2 and
TLR4 (data not shown).

With regard to EDSS score, a positive and significant
correlation was observed between the levels of IL-6, IFN-
v, IL-17 and IL-21 produced by Pam3C-stimulated CD4"
T cells and neurological disabilities (Table 2). The same
correlation was seen between the production of IL-6 and
IL-17 in those cultures in response to LPS. With regard
to CD8" T cells, a direct and significant correlation was
observed between the EDSS score and IL-6 levels induced
by Pam3C and LPS, as well as IL-17 concentration in
response to the TLR2 ligand (Table 2). Furthermore,
patients with a higher degree of neurological disability
tend to have a higher frequency of cells IL-17-secreting
(CD4" and CD8") T cells positives for TLR2 (p = 0.0588)
e TLR4 (p = 0.0617) (data not shown). In contrast, the
levels of IL-10 by Pam3C-activated CD4" T cells were sig-
nificantly lower in those patients with higher EDSS score
(Table 2).

The depression treatment with SSRIs affects the
expression of TLR2 and TLR4, as well as cytokine
production by CD4" and CD8" T cells

Previous results have demonstrated the ability of sero-
tonin (5-HT) to negatively modulate the in vitro produc-
tion of various pro-inflammatory cytokines in response to
Pam3C and LPS. Our final objective was to determine the
impact of depression treatment on the TLR2 and TLR4
expression and cytokine production by MS/MDD-derived
CD4" and CD8" T cells. Therefore, blood samples from
10 MS/MDD patients (4 moderate and 6 severe MDD)
were collected just before (t0) and 6 months after the
treatment with serotonin reuptake inhibitors (SSRIs). As
demonstrated in Figure 7, SSRIs diminished not only the
percentage of circulating CD4" (Figure 7A, B) and CD8"
(Figure 7A, D) T cells positive for TLR2 and TLR4, but
also the MFI of TLR2 and TLR4 per CD4" (Figure 7A, C)
and CD8" (Figure 7A, E) T cells. Moreover, SSRIs
decrease the production of IL-1p, IL-6, TNF-a and IL-17
by Pam3C- or LPS-activated CD4" T cells (Figure 7F).
Depression treatment also attenuated the secretion of IL-
1B, IL-6 and IL-17 by CD8" T cells stimulated with TLR2
and TLR4 ligands (Figure 7G). On the other hand, SSRI
therapy increased the ability of LPS-stimulated CD4" T
cells to produce IL-10 (Figure 7F). Notably, circulating
levels of IL-1B (20.1 £ 19.7 pg/ml x 11.8 £ 10.1 pg/ml,
p =0.0211) and IL-6 (201.6 £ 113 pg/ml x 78 £ 61 pg/
ml, p = 0.0071) were also lower after MDD treatment.

DISCUSSION

MS is a heterogeneous multifactorial autoimmune disease
influenced by environmental factors that can affect T-cell
behaviour, such as with major depressive disorder
(MDD). The association between MS and depression has
been known for some time>*, and lifetime prevalence of
MDD in those patients has been estimated at almost three
times the rate as the general population.”® The results
presented here are original and reveal the impact of
MDD in favouring the expansion of circulating encephali-
togenic-like T cells with enhanced responsiveness to
mainly TLR2 and TLR4 ligands. This phenomenon

Figure 4. Comparison of the proportion of circulating IL-17-secreting CD4 and CD8'T cells expressing TLR2 and TLR4 in MS patients with or
without MDD. The mean proportion of CD4 and CD8'T cells positive for TLR2 (B) and TLR4 (E), as well as MFI of TLR2 (C) and TLR4 (F)
for these cells, was determined by cytometry following representative dot plots and histograms shown in panel A after acquisition of 200,000
events in samples obtained from healthy subjects (HS,n = 25) and MS patients with (MS/MDD,n = 25) or without (MS,n = 25) MDD. The
mean frequency of IL-17-secreting CD4'and CD8'T cells among TLR2"(D) and TLR4"(G) cells was also evaluated after activation of those cells
with PMA plus ionomycin. Data are shown as mean +SD of seven independent experiments with 3 to 4 samples per experiment from each
group (HS, MS and MS/MDD) (Figure2S). Significance was calculated by comparing different cell culture conditions from HS, MS and MS/

MDD
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should be associated with the known imbalance of cytoki-
nes in MDD subjects.

Psychological stress is associated with elevated plasma
levels of pro-inflammatory cytokines, such as IL-1f, IL-6
and TNF-o’°, and in the present study, higher plasma
levels of IL-1p and IL-6 were dosed in MS/MDD patients
as compared to just MS patients. This difference was not
related to mean time of disease duration and the type of
DMT therapy. Notably, all patients stated that they were
taking the medication regularly.

Classically, IL-1p and IL-6 are produced by activated
innate immune cells following activation of PRRs, such as
members of TLRs, by different PAMPs.>® While TLR5
binds to flagellin, TLR2 and TLR4 recognize lipopolysac-
charides (LPS) and lipopeptides, respectively.”* In con-
trast, TLRY, like other endosomal TLRs, recognizes
nucleic acid structures, which serve as molecular signa-
tures for viral and bacterial infections.”” Upon PAMP
engagement, the myeloid differentiation primary response
protein 88 (MyD88), an adaptor protein associated with
the majority of TLRs, except TLR3, activates nuclear fac-
tor NF-kB, which in turn triggers signalling cascades via
phosphatidylinositol-4,5-bisphosphate 3-kinase/protein
kinase B (PI3 K/AKT) and Ras/mitogen-activated protein
kinase (MAPK). These events promote cell survival and
proliferation, as well as cytokine production.”® Here, the
occurrence of major depression elevated the production
of IL-1B, IL-6, IL-8, IL-18, GM-CSF, TNF-a, IL-22, IL-23
and IL-17 by PBMC cultures from MS patients, mainly in
response to TLR2 (Pam3C) and TLR4 (LPS) ligands.
Among our TLR agonists, ODN was less efficient at
inducing pro-inflammatory cytokine production in MS
and MS/MDD patients. We believe that this event is not
primarily related to lower TLR9 expression, as some stud-
ies have demonstrated elevated expression of this PRR on
PBMCs from both MS*! and MDD***? subjects.

This high responsiveness to TLR2 and TLR4 agonists
may contribute to MS pathogenesis, as accessory cells in
PBMC, particularly PAMP-activated DCs, may lead to a
breakdown in immunological tolerance through non-
specific activation of myelin-specific T cells.**®' Indeed,
the higher production of IL-1f, IL-6 and IL-23 by mono-
cytes and DCs in response to TLR2 and TLR4 agonists
should favour the induction and expansion of pathogenic
Th17 cell subsets implicated in neuronal lesions, such as
those able to produce IL-17, GM-CSF and IFN-y.%*
Nonetheless, functional TLRs are also expressed on MS-
derived T cells.***® Here, in line with those studies, ele-
vated frequency of CD4" and CD8" T cells expressing
TLRs has been observed in MS patients as compared to
healthy subjects. Although the percentage of those T-cell
subsets showed no difference between MS and MS/MDD
patients, the occurrence of major depression was associ-
ated with higher density of TLR2 and TLR4 molecules on
the surface of CD4" and CD8" T cells. Moreover, the
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frequency of those cells capable of producing IL-17 was
also higher among depressed patients as compared to
non-depressed ones. Due to resource limitation, it was
not possible to evaluate TLR5, TLR9 and other cytokines
by cytometry. These findings suggested that higher TLR2
and TLR4 expression on T cells from MS/MDD patients
could explain elevated responsiveness of these cells to
Pam3C and LPS and that this phenomenon might be
associated with depression. Indeed, elevated expression of
TLR mRNA was not only observed in PBMC from MDD,
but TLR4 mRNA levels were also associated with the
severity of MDD.®> We did not observe any correlation
between the level of expression of TLR2 or TLR4 with the
BDI score, a scale that estimates the severity of depression
symptoms, which may be because the majority of our
patients presented severe depression. The ability of
Pam3C and LPS in elevating both lymphoproliferation
and production of some Th17/Tc-17-related cytokines by
MS-derived CD4" and CD8" T cells reveals that TLR2
and TLR4 are functional. Furthermore, higher [*H] thy-
midine uptake and cytokine (IL-1B, IL-6, IL-17, IL-22
and TNF-o) production were observed in the cell cultures
from MS/MDD patients when compared to MS patients.
These cytokines should influence MS pathogenesis.

High IL-17 levels have been detected in the peripheral
blood and cerebrospinal fluid of patients with RRMS dur-
ing clinical relapses.’. Further, the expression of IL-17 has
been detected in astrocytes and oligodendrocytes in areas
of active MS lesions.®® Moreover, 1L-22, produced by
myelin-specific Th17 and Th22 cells, has been associated
with both clinical relapses™ and the number of active
brain lesions®. Along with IL-17 and IL-22, IL-1B, IL-6
and TNF-o might contribute to demyelination by induc-
ing the production of free radicals derived from oxygen
and metalloproteinase-9 through microglia and migrant
macrophages/DCs.*®

TLRs are involved in the pathogenesis of other Th17-
mediated autoimmune diseases, such as systemic lupus
erythematosus (SLE)®® and rheumatoid arthritis®”. In
patients suffering from SLE, high expression of TLR3 to
TLRY on T cells was related to disease activity.®' In exper-
imental autoimmune encephalomyelitis (EAE), the mur-
ine model for MS, Farez et al.”® demonstrated a role for
TLR2 in CNS inflammation. Reynolds et al.*’ revealed
that the disease was attenuated in animals deficient in
TLR2'CD4" T cells. Further, high TLR4 expression was
identified on mononuclear cells found in the CNS lesions
of patients with MS.”°

Although our study was performed in patients during
remission phase, the plasma levels of IL-1p and IL-6, as
well as some cytokines, such as IL-6 and IL-17, produced
by CD4" T cells stimulated with Pam3C and LPS were
also directly correlated with neurological disabilities. Also,
higher release of IL-6, by Pam3C and LPS, and IL-17, in
response to Pam3C, was observed in CD8" T-cell cultures
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Figure 5. Impact of MDD on proliferative response and cytokine production by CD4 and CD8"T cells from MS patients in response to different
TLRs. Purified CD4"and CD8'T cells (0.5 x 10°/ml), obtained from MS patients with (MS/MDD,n = 15) or without (MS,n = 15) MDD, were
maintained for 2 days in the presence of medium (none), lipopolysaccharide (LPS, 100 gg/ml), Pam3Csk4 (Pam3C, 1 lg/ml), flagellin (FLA,
1 pg/ml) or oligodeoxynucleotide (ODN, 1 uM/ml). In (A), the cell proliferation was determined by ’H'] TdR uptake. The cytokine contents in
the supernatants from (B) CD4and (C) CD8'T-cell cultures were evaluated by Luminex. Data are shown as mean +SD of seven independent

experiments with 2 to 3 samples per experiment from MS and MS/MDD patients (FigureS3). Significance was calculated, and thepvalues are

shown in the figure

from MS patients with the highest EDSS score. No corre-
lation between BDI score and the level of neurological
impairment was observed.

Beyond their involvement in MS relapses, elevated
levels of cytokines, such as IL-6 and IL-22, might

© 2020 John Wiley & Sons Ltd, Immunology, 162, 290-305

compromise the function of CD4" CD25"" FoxP3" regu-

latory T cells (Tregs) and Trl cells (IL-10"FoxP37) in
those patients.*>*>®* Elevated IL-6 levels have also been
associated with functional damage to circulating Tregs in
MDD subjects.”! Although we did not analyse classical
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Figure 6. Effect of serotonin (5-HT) on IL-6, IL-17 and IL-10 produced by CD4'and CD8'T cells from MS and MS/MDD patients in response
to LPS and Pam3C. Purified (A) CD4"and (B) CD8'T cells (0.5 x 10°/ml), obtained from MS [1 =10 (O)] and MS/MDD [n =10 (¢)] patients,
were maintained for 2 days in the presence LPS (100 ng/ml) or Pam3Csk4 (Pam3C, 1 pg/ml). The cytokine levels were evaluated by Luminex.
Data are shown as mean +SD of five independent experiments with 4 samples per experiment (2 MS and 2 MS/MDD patients). Significance was

calculated by comparing different cell culture conditions from MS versus MS/MDD patients, and thepvalues are shown in the figure

regulatory T-cell markers, the occurrence of MDD was
associated with lower production of IL-10 by both PBMC
and CD4" and CD8" T cells in response to LPS and
ODN, the two best inducers of these anti-inflammatory
cytokines in our system. Although Pam3C is a weak IL-
10 inducer, the production of pro-inflammatory cytokines
following TLR2 signalling may also negatively impact
Tregs. In MS patients, Nyirenda et al.*® demonstrated not
only an elevated TLR2 expression on Tregs, but also sig-
nalling through this PRR inhibited, in vitro, the suppres-
sive action of these cells. Collectively, our findings suggest
that the occurrence of MDD amplifies T-cell responsive-
ness to exogenous (PAMPs) or endogenous (DAMPs)
TLR ligands.

Systemic infections have been associated with the risk
of MS relapse and increased radiological activity, which
was accompanied by high activation of myelin-specific T
cells.”? Moreover, other sources of TLR ligands can come
from the intestine of patients with gut dysbiosis that has
been implicated with imbalance of Treg/Th1l7 towards
Th17 pro-inflammatory response and increased intestinal
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permeability.”»’* Finally, the presence DAMPs, such as
HSP70 and HMGB, could also contribute to MS. These
intracellular proteins are ubiquitously expressed and act
as chaperones; thus, their expression is upregulated in
response to physical and psychological stress.”> The
release of HSP70 and HMGBI induces inflammation by
activating immune cells through TLR2 and TLR4.” In
MS patients, HSP70 is strongly expressed on brain lesions
where it is found forming a immunogenic complex with
myelin basic protein.”®

In line with our findings, imbalances in TLR expression
appear to be associated with MDD. Alterations in TLR1
to TLR-9 expression, especially TLR3 and TLR4, have
been reported in the PBMC of MDD patients.*>® Inter-
estingly, a short period of selective serotonin reuptake
inhibitor (SSRI) therapy (4 weeks) significantly decreased
the expression of mRNA for all TLRs and IL-6 in PBMC,
together with significant improvement in depressive
symptoms.*® This therapy acts by elevating the availability
of serotonin (5-HT), a neurotransmitter that regulates
mood, cognition, sleep and appetite."® Serotoninergic
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Table 2. The correlation between cytokines produced by TLR-acti-
vated CD4" and CD8" T cells and neurological disabilities in RRMS
patients

Pam3C LPS
r p r P
CD4" T cells
IL—1p 0.3986 0.0817 0.2190 0.3535
IL—6 0.5633 0.0097 0.6013 0.0050
TNF-o 0.3669 0.1116 0.1814 0.4440
IFN-y 0.5390 0.0142 0.3989 0.0814
IL—17 0.5725 0.0083 0.6175 0.0037
IL-21 0.4807 0.0319 0.3344 0.1496
IL—-22 0.3001 0.1988 0.3165 0.1740
GM-CSF 0.3515 0.1285 0.3391 0.1486
IL—10 —0.5013 0.0243 —0.7282 0.0003
CD8" T cells
IL—1p 0.2973 0.2031 0.2639 0.2608
IL—6 0.5053 0.0231 0.6143 0.0040
TNF-o 0.2165 0.3593 0.3753 0.1030
IFN-y 0.1905 0.4212 0.3783 0.1431
IL—17 0.4905 0.0281 0.3970 0.0831
IL-21 0.2601 0.2681 0.3166 0.1738
IL—22 0.0569 0.8115 0.2410 0.3060
GM-CSF 0.2686 0.2522 0.3701 0.1084
IL—10 —0.2538 0.2803 0.1175 0.6217

The levels of different cytokines produced by CD4" and CD$" T-cell
cultures maintained for 48 h in the presence of Pam3C (TLR2 ago-
nist) and LPS (TLR4 agonist) were correlated with neurological dis-
abilities, determined by EDSS score, in 20 RRMS patients (10
without and 10 MDD).

Bold indicate significant values after comparison (p <0.05).

neurotransmission is altered in the brain of MS
patients,”” and in RRMS patients, lower availability of 5-
HT may be related to excessive IFN-y and TNF-o pro-
duction that induces indoleamine 2,3-dioxygenase (IDO),
depleting tryptophan, an essential amino acid for sero-
tonin synthesis.”® Apart from its role as a CNS neuro-
transmitter, the 5-HT, through a wide array of receptors
(5-HT,_;) and in a dose-dependent manner, carries out
different actions on immune cells.””® Snir et al.*® showed
that TNF-o production by LPS-activated mononuclear
cells was inhibited following addition of 5-HT2A receptor
agonist. Also, in the murine model for rheumatoid arthri-
tis, Chabbi-Achengli et al.®' demonstrated the 5-HT2A
receptor signalling reduced the severity of collagen-in-
duced arthritis (CIA) by reducing the frequency of type II
collagen-specific Th17 cells. In humans, 5-HT,p receptor
is expressed in monocyte-derived CD1a'DC, and sig-
nalling through this receptor reduced the production of
IL-6, IL-8, IL-12 and TNF-a by these cells activated via
TLR2, TLR3 and TLR7/8.82 Moreover, Muller et al.®’
demonstrated that 5-HT4 receptor agonists decreased
IFN-y production by mononuclear cells from healthy

© 2020 John Wiley & Sons Ltd, Immunology, 162, 290-305

subjects. Although we have not investigated the subtype
of 5-HT receptor, the physiological concentration of this
neurotransmitter was able to reduce the production of
many pro-inflammatory cytokines (IL-1f, IL-6, IL-18, IL-
23 and IL-17) by Pam3C- and LPS-activated PBMC cul-
tures from MS patients with or without MDD. Also, 5-
HT decreased the release of IL-22, IL-8 and GM-CSF by
PBMC from MS/MDD. Similarly, 5-HT diminished the
IL-6 and IL-17 released by purified CD4" and CD8" T
cells from MS with or without MDD in response to
TLR2 and TLR4 ligands. By contrast, this neurotransmit-
ter elevated IL-10 production by LPS-activated CD4" T
cells in MS and MS/MDD patients. These findings are in
agreement with our previous study® demonstrating the
ability of 5-HT to downregulate the production of Th17
cytokines and elevate the functional status of Tregs and
Tr-1 cells in cultures from MS patients following activa-
tion via CD28 and TCR. These in vitro effects of 5-HT
on cytokine profiles in the present study were not associ-
ated with a reduction in TLR2 and TLR4 expression on
CD4" or CD8" T cells (data not shown). Nonetheless, the
treatment of MS/MDD patients with SSRIs was very effi-
cient at altering not only TLR2 and TLR4 expression, but
also the cytokine profile of T cells. In the present study,
regardless of the small sample size, 6 months of SSRI
treatment diminished both the frequency of TLR2" and
TLR4" and the intensity of expression of these PRRs on
circulating CD4" and CD8" T cells. Furthermore, MDD
therapy also reduced the levels of IL-1f, IL-6 and IL-17
produced by CD4" and CD8" T cells, and TNF-a by
CD4" T cells, in response to TLR2 and TLR4 ligands. On
the other hand, SSRI therapy increased the ability of LPS-
stimulated CD4" T cells to produce IL-10. The inability
of 5-HT to modulate TLR2 and TLR4 expression on T
cells may be explained for two non-exclusive reasons, the
first, the short cell culture time (2 days); and second, the
capacity of SSRI therapy to reduce the expression of these
TLRs is independent of its pharmacological action in
increasing the availability of this neurotransmitter.

Mood disorders in MS patients have been widely asso-
ciated with an elevated risk of clinical relapse.”® Interest-
ingly, treatment for depression with SSRIs was associated
with a reduction in disease activity.** In EAE, lower
severity of the disease following SSRI treatment was asso-
ciated with reduced T-cell activation.®® Therefore, it is
possible that this benefit is linked to the capacity of SSRIs
to reduce pro-inflammatory cytokines, such as IL-17, and
increase IL-10 production by T cells.®*®’

Some studies have found no correlation between dis-
ease severity and depression.”””' However, depression in
MS is associated with severe fatigue, and this ‘phantom
symptom’, as it is not detected in neurological examina-
tions, decreases physical and/or mental energy levels and
may occur while at rest, during physical activity or in
association with clinical attacks.””. Some studies have
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Figure 7. Impact of MDD treatment on TLR2 and TLR4 expression and cytokine release by CD4 and CD8'T cells from MS patients. Purified
CD4"and CD8'T cells (0.5 x 10°/ml), obtained from 10 MS/MDD patients just before (t0) and 6 months (t1) after treatment with SSRIs, were
analysed for TRL2 and TLR4 expression by cytometry following the strategy shown in the panel A. In (B) and (D), the mean frequency of
CD4"and CD8'T cells positive for TLR2 and TLR4, respectively, is shown. In (C) and (E), the intensity of TLR2 and TLR4 expression on
CD4"and CD8'T cells, respectively, is shown. In (F) and (G), the cytokines released by (F) CD4'(G) and CD8'T cells after stimulation by Pam3C
(1 pg/ml) and LPS (100 ng/ml) for 2 days are presented. Data are shown as mean £SD of five independent experiments with 4 samples per
experiment (2 MS and 2 MS/MDD patients). Significance was calculated by comparing different cell culture conditions from MS versus MS/

MDD, and thepvalues are shown in the figure

demonstrated higher plasma levels of TNF-o and IL-6, as
well as elevated IFN-v, IL-17 and IL-22 released by T cells
from MS patients with fatigue.””*> Although the BDI
score is not very appropriate for fatigue evaluation, it
comprises a question on fatigue-related symptoms. As
expected, patients who reported severe fatigue had higher
immune reactivity to TLR2- and TLR4-related PAMPs, as
well as higher production of Thl7 phenotype-related
cytokines (data not shown). A complete neuropsychologi-
cal evaluation of this population, including fatigue, cogni-
tion and quality of life, is now being conducted by a
professor from our group, to be correlated with our data
on T-cell behaviour.

There is a possibility that adverse events that increase
the levels of TLR ligands, such as intestinal dysbiosis or
cell damage, can impact the course of MS by favouring
the expansion of encephalitogenic T cells, and this is
more evident in patients suffering from recurrent, rather
than single episode of MDD. At this moment, we are

302

seeking to determine how these ligands can alter T-cell
responses to antigens in the myelin sheath before and
after SSRI therapy.

Although the study has some weaknesses, such as our
small sample size and the need for a prospective study,
the events described reveal an expansion of circulating
Th17/Tc17-like cells expressing high levels of functional
TLR2 and TLR4 in MS patients with MDD. The capacity
of exogenous serotonin, and treatment with SSRI, to
attenuate imbalances in cytokine networks produced by
these T cells in response to TLR2 and TLR4 agonists
might be additionally evaluated in a larger sample,
because the findings will impact on the follow-up of MS
patients with major depression.
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Additional Supporting Information may be found in the
online version of this article:

Figure S1. Flow cytometry supporting information data
of PBMC.

Figure S2. Percentage of CD4+ and CD8+ T cells from
healthy subjects (HS) and MS patients suffering, or not
(MS), from major depressive disorder (MS/MDD) able to
express TLR2 (A) and TLR4 (B) in each independent
experiment are shown. Also, the MFI for TLR2 (C) and
TLR4 (D), as well as the proportion of TLR2+ (E) and
TLR4+ (F) IL-17-secreting (CD4+ and CD8+) T cells, are
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shown per experiment. Each experiment was performed
with 3 or 4 subjects for each group of subjects (HS, MS
and MS/MDD).

Figure S3. Dosage of different cytokines, per experi-
ment, on supernatants collected from purified CD4+ and
CD8+ T cells from MS patients suffering, or not (MS),
from major depressive disorder (MS/MDD) following
addition of Pam3Csk4 (Pam3C, 1 g/mL) and LPS (100
ng/mL). We dosed IL-1B (A), TNF-a (B), IL-6 (C), GM-
CSF (D), IL-17 (E), IL-21 (F), IL-22 (G), IEN- (H), IL-10
(I). Each experiment was performed with 2 or 3 subjects
for each group of patients (MS and MS/MDD).
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