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Abstract

Background: Peripheral immune cells participate in the pathogenesis and progression of central nervous system diseases including
relapsing-remitting multiple sclerosis (RRMS), which is an immune-mediated demyelinating disorder. The association between IL-6 and
RRMS pathogenesis is clear but there is some uncertainty about the role of IL-6 and IL-6 pathway components in blood and the molecular
mechanisms through which T regulatorys (Tregs) contribute to MS pathogenesis. The purpose of this study was to identify markers of
IL-6 pathways in serum and regulatory CD8" and CD4™ T cells in the blood of RRMS patients and to analyze their associations with
multiple sclerosis, with each other, and with age. Methods: Peripheral blood was collected from female RRMS patients (16), and
healthy controls (18) recruited between December, 2019 and July, 2022. The serum levels of IL-6, TGF-31, IL-6Ra, IL-6/IL-6R«
complex, and soluble glycoprotein-130 (sgp-130) were measured by ELISA. Flow cytometry was used to quantify the surface expression
of IL-6R (CD126), membrane glycoprotein 130 (gp130, CD130), and phospho-STAT3 (pSTAT3) and pSTATS in CD4+TCD25" FoxP3 ™,
CD8TCD25"FoxP3™, and CD81TCDI122" Tregs. Differences were compared using the Student’s t-test or Welch’s #-test. Pearson
product-moment correlations were used to detect correlations. A p-value < 0.05 was considered statistically significant. Results: The
CD8'TCDI122" Treg subset in RRMS patients exhibited an increased level of surface CD126 and CD130 associated with classical IL-6R
signaling without STAT3 phosphorylation. For CD41tCD25%FoxP3 " and CD8"CD25"FoxP3 ™ Tregs, no changes in classical IL-6R
surface markers were observed in RRMS, but there was an increased percentage of pSTAT3 in these cells. Age-related changes in pSTATS
expression across Treg subsets in healthy controls were absent in RRMS patients. Conclusions: Our findings underscore the complex
interplay between IL-6 signaling and Tregs as well as age-related immune regulation. The observed alterations in the expression of
receptors and in signaling activity may contribute to the dysregulation of CD8TCDI122" Treg function activated via the classic IL-6
pathway and suggests IL-6 trans-signaling in CD25-positive Tregs. RRMS may interfere with normal immune aging patterns, possibly
by promoting a sustained inflammatory state that overrides the senescence of Tregs.
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1. Introduction

The central nervous system (CNS) is strongly con-
nected to the peripheral immune system. A robust inflam-
matory response in the peripheral system can result in the
infiltration of immune cells into the CNS [1]. Immune cells
can migrate in and out of the CNS as a consequence of the
increased permeability of the blood brain barrier (BBB),
amplifying inflammatory processes in CNS and in the pe-
riphery. Therefore, peripheral immune cells may partici-
pate in the pathogenesis and progression of CNS diseases.
Multiple sclerosis (MS) is a heterogeneous and complex
autoimmune disease that is characterized by inflammation,
demyelination, and axon degeneration in the CNS. The rel-
evance of pro-inflammatory signaling in the pathogenesis
of MS has been highlighted [2].

IL-6 is a key pro-inflammatory cytokine which is in-
volved in autoimmunity. An alteration in IL-6 responsive-
ness is associated with the activation of T regulatory (Treg)
populations [3]. IL-6 action is regulated by the expres-
sion of its receptor, both on the cell surface and in its solu-
ble form, which, unlike the soluble receptors for other cy-
tokines, tends to stabilize and strengthen the effect of IL-6.

Classical IL-6R signaling is the binding of IL-6 to
the membrane-bound a-receptor (IL-6R, CD126). Bind-
ing is followed by dimerization of the signal-transducing b-
receptor glycoprotein 130 (gp130) (CD130), which is ubig-
uitously expressed. Cells that do not express IL-6R obtain
their IL-6 signals via trans-signaling. Enzymatic cleavage
of the membrane receptor creates the soluble form of IL-6R
(sIL-6R). Alternatively, the soluble form is produced by al-
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ternative splicing of the IL-6 receptor alpha transcript. IL-
6/sIL-6R forms a signaling complex with gp130 on the cell
surface. Further signaling through gp130 is mainly carried
out by the Janus-kinase/signal transducer and activator of
transcription (JAK/STAT). In contrast to classic signaling
which is anti-inflammatory, trans-signaling is responsible
for the pro-inflammatory effects of IL-6 [4] and the inhib-
ited activity of Treg subpopulations. Activation of trans-
signaling is tightly controlled at multiple levels. One of
the natural inhibitors in human blood is the soluble form
of gp130 (sgp-130). Sgp-130 inhibits IL-6 trans-signaling,
whereas IL-6 classic signaling is largely unaffected [5].

The association between IL-6 and Relapsing-remitting
multiple sclerosis (RRMS) pathogenesis is clear but there
is some uncertainty about the role of IL-6 and IL-6 path-
way components in blood. Specifically, whether the con-
centration of IL-6 in serum differs in patients with MS and
whether this difference influences disease pathogenesis [6].

Recent studies have demonstrated phenotypic and
functional changes in subpopulations of CD8* Tregs in
several CNS diseases including MS [7]. CD8™ T cells are
age dependent and there is an exponential increase in the
number of transcriptionally senescent CD8T T cells. How-
ever, the role of aging in inducing changes in CD8% Treg
cells in MS is not well understood. In particular, how CD8™
T lymphocytes influence MS pathogenesis is unclear.

Here, we defined markers for IL-6 pathways in serum
and regulatory CD8* and CD4™ T cells in the blood of
newly diagnosed RRMS females and analysed the associa-
tions among them and with age.

2. Materials and Methods
2.1 Blood Samples

Peripheral venous blood was obtained from 16 RRMS
females aged 19 to 48 years (mean age 36 years, SD + 11)
and 18 healthy female volunteers aged 19 to 54 years (mean
age 36 years, SD + 12) and collected in tubes containing
EDTA or heparin as an anticoagulant. Patients were under
the care of Department of Neurology, Military Institute of
Aviation Medicine in Warsaw, Poland. Blood samples were
obtained before starting any treatment. Blood samples were
donated by the Regional Blood Donation and Blood Treat-
ment Center in Warsaw. This study included patients and
donors recruited between December 2019 and July 2022.

2.2 Clinical Examination

Females with the first attack of MS made up the
RRMS patient group. All patients met the 2017 Revised
McDonald Criteria for a diagnosis of MS [8]. The clinical
disability was evaluated at the time of enrollment with the
Kurtzke Expanded Disability Status Scale (EDSS) [9]. All
patients were in remission and were categorized as no dis-
ability (1-1.5 EDSS) to minimal disability (2-2.5 EDSS)
(mean EDSS 1.7, SD + 0.8). The magnetic resonance
imaging (MRI) scan provided the lesion location (brain,

spinal cord and optic nerve) and the results of Gadolinium
(Gd) contrast-enhancing lesions. RRMS patients sampled
at the time of diagnosis had not been given MS disease-
modifying therapy, corticosteroid therapy and other drugs,
as well as any other immunomodulators in the 2 months
before blood collection. Unrelated healthy female blood
donors who were from the same geographical area as the
patients were the controls. All the examined subjects were
white, ethnically Polish individuals. The exclusion criteria
were age below 18 years, active allergies, other associated
autoimmune disease, malignancies, inflammatory, acute or
chronic infections and pregnancy, as well as patients unable
to give written informed consent for participation.

2.3 Blood and Serum Analysis

Blood samples were collected by antecubital
venipuncture between 7:30 AM and 9:30 AM. The tubes
were then centrifuged at 3000 rpm for 15 min and then
at 6000 rpm for 15 min before storage at —70 °C before
analysis. The serum levels of IL-6, TGF-81, IL-6Rq,
IL-6/IL-6Ra complex, soluble glycoprotein-130 (sgp-130)
were measured using ELISA assays following the man-
ufacturer’s instructions: Human IL-6 ELISA Kit (High
Sensitivity) (A1473, Antibodies.com, Cambridge, UK);
TGF-£-1 Human/Mouse Uncoated ELISA Kit (88-8350-
77, Invitrogen, Vienna, Austria); DuoSet Human IL-6R«
(DY227, R&D Systems, Minneapolis, MN, USA); Human
IL-6/IL-6Ra: Complex DuoSet ELISA (DY 8139-05, R&D
Systems); Human sgp-130 DuoSet ELISA (228, R&D
Systems).

2.4 Isolation of Peripheral Blood Mononuclear Cell
(PBMC)

Density gradient centrifugation was used to isolate
PBMC from RRMS patients and healthy donors (HC) [10,
11]. The viability and total number of PBMC were assessed
with the Muse Count and Viability Kit (MCH100102,
Merck-Millipore, Billerica, MA, USA) followed by a Muse
Cell Analyzer (0500-3115B, Merck-Millipore), following
the instructions of the manufacturer. The viability of iso-
lated PBMCs was >97%.

2.5 Flow Cytometry Analysis for Treg IL-6R (CD126),
gpl30 (CD130), pSTAT3 and pSTATS

Treg cells were characterized by flow cytometry ac-
cording to a previously described protocol [10]. There
were two separate flow cytometry panels for immunophe-
notyping with surface expression of CD126 and CD130
and pSTAT3/pSTATS phosphorylation. Fixable Viability
Dye (FVD) eFluor 455UV (65-0868-18, eBioscience, San
Diego, CA, USA) was used to exclude dead cells.

The following fluorochrome-conjugated monoclonal
antibodies were used following the manufacturers’ in-
structions: CD3-eFluor506 (clone UCHTI; eBioscience),
CD4-BUV496 (clone SK3; BD Biosciences), CD8-APC-
eFluor780 (clone RPA-T8; eBioscience), CD122-PerCP-
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eFluor710 (clone TU27; eBioscience), CD25-BV650
(clone M-A251; BD Biosciences), CD14-AF700 (clone:
61D3; eBioscience), CD16-AF700 (clone: eBioCBI16;
eBioscience), CD19-AF700 (clone: Hib19; eBioscience),
CD126 (IL-6R)-PE (clone MS5; BD Biosciences) and
CD130 (gp130)-BV421 (clone AM64; BD Biosciences).
Intracellular analysis of FoxP3-APC (clone: PCHI101;
eBioscience) was carried out after fixation and perme-
abilization, with a FoxP3/Transcription Factor Staining
Buffer Set (00-5523-00, eBioscience) following the man-
ufacturer’s recommended procedures.

Singlets

To analyze phosphorylation of STAT3 (pSTAT3) and
STATS (pSTATS), PBMC were stimulated with 100 ng/ml
recombinant human IL-6 (200-06, PeproTech EC, Cran-
bury, NJ, USA) or IL-2 (200-02, PeproTech EC) respec-
tively or left unstimulated for 15 min at 37 °C in a wa-
ter bath. Simultaneously, for T cell immunophenotyp-
ing, cells were stained with antibodies against CD3, CD4,
CDS8 and FVD. After washing, cells were processed using
the Transcription Factor Phospho Buffer Set (563239, BD
Pharmingen; BD Biosciences). First, cells were fixed and
permeabilized, followed by treatment with buffer contain-
ing methanol, to enable staining of phosphorylated protein
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Fig. 1. The gating strategy used in flow cytometry of the lymphocyte population to identify CD§TCD122%, CD8*TCD25" FoxP3™
and CD47CD25" FoxP3™" Tregs with CD126 and CD130 expression. Initially, a time gate was used to exclude electronic noise and
artifacts (not shown here). Next, lymphocytes, determined by size and granularity, were gated in a forward scatter area (FSC-A) versus
side scatter area (SSC-A) plot (A). Then, doublet cells were excluded using FSC-A/FSC-height (FSC-H), FSC-A/FSC-width (FSC-W)
and SSC-A/SSC-height (SSC-H) parameters (B). Subsequently, cells that expressed monocyte (CD14), NK cell (CD16) and B cell lineage
(CD19) markers were excluded (“dump channel”, dump negative gate) (C), followed by expression of CD3 (D). Tregs were identified as
CD8'TCDI122" (E), CD8TCD251 FoxP3™ (F,G), and CD4+TCD25" FoxP3™ (H,]) cells. Expression of CD126 and CD130 were analyzed
on the gated Treg populations (J-L). The unfilled histograms show the fluorescence minus one (FMO) control. Representative plots are

presented. Treg, T regulatory.
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Fig. 2. Serum concentrations of free IL-6 (A), IL-6R« (B), sgp-130 (C), IL-6/IL-6R« complexes (D), and TGF-51 (E) in healthy
controls (HC, n = 18) and relapsing-remitting multiple sclerosis patients (RRMS, n = 16). Data are expressed as means &= SD. *p <

0.05, ***p < 0.001. sgp-130, soluble glycoprotein-130.

epitopes. Following two washes, cells were stained with
antibodies against both surface markers: CD25, CD122
and intracellular targets: FoxP3 and phosphorylated pro-
teins: STAT3-PE (clone 4/P-STAT3; BD Biosciences) and
STATS-Alexa Fluor 488 (clone 47/Stat5 (pY694); BD Bio-
sciences). After incubation, cells were washed twice.

All data were obtained on a 5-laser, 19-color
CytoFLEX LX (Beckman Coulter, Brea, CA, USA) which
was calibrated daily using CytoFLEX Daily QC Fluoro-
spheres (Beckman Coulter). Compensation settings were
obtained with single-stained cells or the VersaComp Anti-
body Capture Bead Kit (B22804, Beckman Coulter). Posi-
tive staining and the gating strategy were decided by com-
parison with an unstained control, a fluorescence minus one
(FMO) control or an unstimulated control. Gating of the
lymphocytes was determined with morphological param-
eters in a forward vs. side scatter (FSC-A/SSC-A) plot.

Cell aggregates were detected with a sequential gating strat-
egy with forward scatter (FSC) and side scatter (SSC) pa-
rameters and discarded from the analysis. Data were anal-
ysed with Kaluza Analysis Software version 2.1 (Beck-
man Coulter). The results are presented as the percentage
of positively labelled cells, and the mean fluorescence in-
tensity (MFI) was calculated by CytoFLEX LX. Results
are expressed as the percentage of pSTAT3 or STATSA
(pSTATSA). The gating strategy is presented in Fig. 1.

2.6 Statistical Analysis

The purpose of the study was to compare the concen-
trations of IL-6 and related molecules in the blood of pa-
tients with MS and healthy controls. All patients were fe-
male to avoid confounding between differences due to dis-
ease and potential differences due to gender.
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Fig. 4. Pearson correlation coefficients and regression line of frequency of CD8TCD1227CD126" T cells with peripheral blood

IL-6 in RRMS patients (A, n =7) and sgp-130 in HC (B, n = 14).

The method used to compare means between healthy
controls and patients with MS depended on whether the
variables in the two groups were normally distributed. If
not, the Wilcoxon Rank-Sum Test was used. Ifyes, Fisher’s
F-test was used to check whether the variances in both
groups were equal. If the analysis indicated that the vari-
ances between the groups were not significantly different,
Student’s two-sample ¢-test was used. If the variances were
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not equal, the significance of the differences in the mean
values was tested using Welch’s #-test. Pearson product-
moment correlations were used. Statistical analysis was
performed in R (version version 4.3.1, R Foundation for
Statistical Computing, Vienna, Austria. For all tests, p <
0.05 was the threshold for statistical significance.
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Fig. 5. Percentage (%) and expression (MFI) of phosphorylated STAT5 (pSTATS, A,B) and STAT3 (pSTAT3, C,D) cells within
CD8TCD122", CD8TCD25TFoxP3* and CD4"CD25" FoxP3™ Treg populations in HC (n = 6) and RRMS patients (n = 8). *p

<0.05, **p < 0.01.

3. Results

3.1 RRMS Influenced the Serum Level of TGF-31 and
sgp-130

The mean concentration of free IL-6 in HC was 4.4
pg/mL; range 1-12.1 pg/mL. In RRMS patients, mean IL-
6 levels were 191 pg/mL; range 1.6-683 pg/mL. Although
large, the differences were not statistically significant.

TGF-p1 had significantly decreased (p = 0.001) val-
ues in RRMS patients (mean 2147.1 pg/mL; range 1175.2—
3494.2 pg/mL) when compared to HC; mean 3401 pg/mL;
range 1792.8-5489.9 pg/mL.

The mean IL-6R« concentration was 29.8 ng/mL
(range 6.9—41.7 ng/mL) in HC, and these levels were not
different from the concentrations in the serum of RRMS pa-
tients (25.1 ng/mL; range 7.1-49.7 ng/mL).

The quantity of IL-6/IL-6R« complexes in serum was
not significantly different between RRMS patients and HC.

The mean concentration of sgp-130 was 310 ng/mL
in the serum of HC (range 143.5-400 ng/mL). The mean
concentration in RRMS was noticeably higher (p = 0.02):
mean 432.8 ng/mL (range 267.6-741.7 ng/mL; Fig. 2).

In HC, the concentration of free serum IL-6 showed a
positive correlation with the concentration of IL-6/IL-6R«
complex (r = 0.91, p = 0.01). Serum sgp-130 concentra-
tion showed a significant inverse correlation with TGF-31
concentration (r =—0.51, p = 0.04). However, there was no
significant correlation between these factors in RRMS pa-

tients (Table 1). In contrast, in RRMS patients, the concen-
tration of sgp-130 showed a significant positive correlation
with the concentration of free IL-6R« (r = 0.64, p = 0.01).

3.2 RRMS Enhanced Membrane IL-6R (CD126) and

gpl30 (CD130) in CD8TCDI1227" Tregs but not in
CD25-Positive Tregs

The expression of both CD126 and CD130 re-
ceptors was detected on CD4+ T cells including
CD4+TCD257FoxP3™ T cells and CD8T T cells in-
cluding CD8tCD122" and CD8TCD25"FoxP3*™ T
cells. Similar patterns of CD126 and CD130 expres-
sion were observed among the CD4+TCD25tFoxP3+
and CD8TCD25TFoxP3™ T cell subsets in HC and
RRMS patients. However, different patterns of CD126
and CDI130 expression on CD8TCDI122T T cells were
observed (Fig. 3). The frequency of CDI126-positive
CD8TCDI122* T cells was significantly higher in RRMS
patients compared to HC (p = 0.04). There were no
significant differences in the percentage of CD130-positive
CD8TCDI122* T cells; In contrast, the expression (MFI—
mean fluorescence intensity) of gpl130 was significantly
higher in RRMS patients (p = 0.02).

The percentage of CD8VCD1227CDI126™ T cells
showed a significant positive correlation with serum sgp-
130 levels (r = 0.77, p = 0.03) in healthy controls. How-
ever, there was no significant correlation in RRMS patients
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where the positive correlation was between CD126 fre-
quency and serum IL-6 levels (r=0.68, p = 0.003) (Fig. 4).

3.3 RRMS Enhanced pSTAT3 in CD4TCD25% and
CD81CD25F Tregs but not in CD8TCDI122% Tregs

In line with the increased expression of CDI126
and CD130 in CD8TCD22T T cells, we did not ob-
serve an increase in STAT3 phosphorylation. Among
T cells, differential expression of STAT3 phosphoryla-
tion in response to IL-6 was observed in cells express-
ing CD25. RRMS patients had a significant increase in
the percentage of pSTAT3 in CD4TCD25"FoxP3™ (p =
0.01) and CD8TCD25%FoxP3™ Tregs (p = 0.04) (Fig. 5).
CD8TCDI122" T cells of RRMS patients did not show in-
creased sensitivity to stimulation with IL-6 compared to
cells from healthy donors. Nevertheless, there was no sig-
nificant correlation between the frequency of STAT3 phos-
phorylated T cell subtypes and the detected soluble markers
in serum.

In healthy donors, there was an inverse correla-
tion between the levels of CD126 and pSTATS mea-
sured by the percentage (%) and expression (MFI) in
CD8TCD25%FoxP3™ T cells (Fig. 6). However, there
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was no significant correlation between CD126, CD130 and
pSTATs in RRMS patients. In these patients, the expression
of pSTAT3 on CD8TCD122* T cells showed a significant
inverse correlation with serum IL-6Ra (r=-0.86, p =0.03)
and the expression of pSTAT3 on CD4+TCD25"FoxP3* T
cells showed a significant positive correlation with serum
TGF-f1 levels (r = 0.87, p = 0.03) and an inverse correla-
tion with serum IL-6R« (r =-0.82, p = 0.05) (Fig. 7).

3.4 Age Affects the Treg Populations Only in HC

There were no statistically significant differences in
age between the studied groups. There were age differences
in the expression of some detected parameters in healthy
donors only (Supplementary Fig. 1). In HC the frequency
of pSTATS expression increased with age in all Treg pop-
ulations: CD8+TCD122% (p = 0.01) CD8+TCD25"FoxP3*
(p = 0.02) and CD4+CD25%FoxP3* (p = 0.01). How-
ever, the MFI of pSTATS5 decreased only in Tregs
CD47TCD25"FoxP3™ (p = 0.04). These differences were
not observed in the age-related RRMS group. Analysis
within patients did not show an association between the
EDSS and other parameters at the time of diagnosis.
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Table 1. Correlation matrix of serum IL-6Ra, sgp-130, IL-6/IL-6R« complexes, TGF-31and free IL-6 in RRMS patients and

healthy controls.

Factor IL-6Ra sgp-130 IL-6/IL-6Ra TGF-B1
IL-6Ra 1.00 0.64%* 0.47 0.33

1.00 —0.30 0.07 0.33
sgp-130 0.64* 1.00 -0.12 0.49

-0.30 1.00 0.10 -0.51*

IL-6/IL-6Ra 0.47 -0.12 1.00 -0.41

0.07 0.10 1.00 0.05
TGF-B1 0.33 0.49 -041 1.00

0.33 -0.51* 0.05 1.00
IL-6 -0.26 0.27 -0.28 0.46

0.03 0.24 0.91* —0.07

Pearson’s product-moment correlation was calculated, *p < 0.05. For RRMS, the correlations are presented above the leading diagonal. For HC,

they are presented below the diagonal. RRMS, relapsing-remitting multiple sclerosis.

4. Discussion

This study has described associations among IL-6
pathways in serum and regulatory CD4 ™ and CD8™ T cells
in the blood of newly diagnosed female patients with RRMS
and the influence of age. These associations confirm, ex-
tend and clarify the existing literature. There was no sta-
tistically significant difference between the RRMS and the
healthy control group in the serum concentration of IL-
6. However, there were significant differences between
patients and controls in both TGF-51 and sgp-130. In
RRMS, an increased serum concentration of IL-6 has been
observed, particularly in those patients with a longer history
of disease [12]. Moreover, monocytes from MS patients
have been shown to release more IL-6 [13].

The cells responsible for serum IL-6 and TGF-/31 have
not been identified. Peripheral leukocytes that increased in
number after relapse could be the source of these cytokines
but these serum cytokines could come from the central ner-
vous system. IL-6 and TGF-S1are produced by brain cells,
including astrocytes, microglia, and neurons under patho-
logical conditions [14] and individually variable cellular
composition may affect the IL-6 level. Depression affects
serum IL-6 concentration and depression is common in MS
patients especially around diagnosis. The concentration of
IL-6 in the plasma is elevated during acute depression in
MS patients [15].

Activated TGF-£1 is required for both Treg and Th17
lineage maturation and it acts in combination with IL-6
[16]. However, in our study, TGF-31 concentration was
lower in the blood of RRMS patients. IL-6 and TGF-31 lev-
els were not correlated with each other. Interestingly, sgp-
130 was significantly elevated in the serum of RRMS pa-
tients despite the lack of statistically significant changes in
free IL-6 levels, free IL-6R« and IL-6/IL-6Ra complexes.
However, the concentration of sgp-130 did show a signif-
icant positive correlation with free IL-6Ra in RRMS pa-
tients. The endogenous serum levels of IL-6R« and sgp-

130 can either increase IL-6 trans-signaling via formation
of IL-6/IL-6Ra: complexes or decrease trans-signaling via
IL-6/IL-6Ra /sgp-130 complexes.

Our results suggest that most free IL-6 cannot bind
IL-6R«, suggesting that higher amounts of endogenous
sgp-130 in the blood do not effectively inhibit IL-6 trans-
signaling and that free IL-6 can allow simultaneous classic
and trans-signaling in RRMS. Alternatively, sgp-130 could
form short-lived complexes that quickly associate and dis-
sociate and increase the half-life of IL-6 and enable both
classic and trans-signaling. However, the mechanism reg-
ulating the sgp-130 level has not been determined. The ex-
pression of sgp-130 is influenced by various factors such
as chemical substances as well as other proteins or hor-
mones [17]. For paracrine and autocrine trans-signaling,
even modest quantities of IL-6/IL-6Ra complexes could
stimulate gp-130 on nearby cells.

It is not known if the concentration of IL-6/IL-6R«
complexes is greater at foci of inflammation. Proteolytic
cleavage produces large amounts of IL-6R« in the CNS
and shedding may greatly increase the concentration of sgp-
130. In remission sIL-6R/IL-6 complexes can promote out-
growth of neurites and increase neuron survival; they may
also promote remyelination and regeneration of nerves [18].
However, elevated values of IL-6R« were observed only in
patients during the acute phase of disease and not in patients
in remission [15].

A possible explanation is that endogenous sgp-130
might inhibit the recognition of IL-6/IL-6Ra complexes in
serum. Endogenous sgp-130 can bind IL-6/IL-6Ra com-
plexes, but the low concentration of endogenous serum sgp-
130 may only capture a small proportion of IL-6/IL-6Ra in
IL-6/IL-6Ra/sgp-130 complexes. Consequently, it may not
nullify the majority of the endogenous trans-signaling com-
plexes. Experimentally, 400 ng/mL of endogenous sgp-130
is able to reduce IL-6/IL-6Ra complex detection by about
26% [19]. Both IL-6R« and sgp-130 are increased in the
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Fig. 7. Pearson correlation coefficient and regression line of
pSTAT3 (MFI) in CD4TCD25"FoxP3" Tregs (A,C) and in
CD8TCD122" Tregs (B) with serum level of TGF-31 (A) and
IL-6R« (B,C) level in RRMS patients (n = 8).

serum of MS patients but sgp-130 was decreased in the CSF
of MS patients [20,21]. Another study supported elevated
sIL-6R but not sgp-130 in RRMS patients [22].

Detection of cytokine receptors is often a more robust
guide to immunological mechanisms, because cytokines
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have a short half-life in blood [23]. Here, we analysed
the classic IL-6 pathway receptors and STAT activation in
CD4*" and CD8™T Treg subsets. IL-6 signaling through
gp130 triggers JAK1, and dimerization and phosphoryla-
tion of STATS3, followed by translocation to the nucleus and
transcription of target genes. The mitogen activated protein
kinase (MAPK) pathway is activated by IL-6, leading to ad-
ditional gene transcription [24].

We found striking differences in CD126 and CD130
expression between healthy donors and RRMS in periph-
eral blood CD8TCD122% Tregs. A higher frequency of
the CD126 membrane receptor and increased CD130 ex-
pression were observed in the CD8TCD122% T cell sub-
set of RRMS patients, confirming a previous report [25].
This result indicates the increased involvement of the
classical IL-6 activation pathway in CD8TCD122% Tregs
within RRMS. In RRMS patients, CD8+TCD122+TCDI126™
Tregs showed a significant positive association with lev-
els of free IL-6 in serum. RRMS patients have a 3-fold
lower percentage of CD8TCD122% T cells than healthy
donors and the distribution of CD8TCD25"FoxP3 and
CD47CD25"FoxP3™ Tregs was unchanged [10]. There-
fore, in RRMS fewer cells are available for classical IL-6
signaling. This is particularly important, as classical IL-
6 signaling has homeostatic and anti-inflammatory effects
[26]. The increased expression of CD126 and CD130 could
be a mechanism that supports anti-inflammatory effects of
the reduced population of CD8TCD1227" T cells.

Surprisingly, despite increased levels of IL-6R and gp-
130 in CD8TCD122*F T cells, these cells did not exhibit
sensitivity to IL-6 and IL-2, as indicated by the unchanged
frequency of phosphorylated STAT3 and STATS, and in-
hibited STAT3 and STATS MFI, respectively. Further the
concentration of pSTAT3 was negatively correlated with the
serum concentration of IL-6Ra. A Possible explanation is
that phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(Akt) signaling can influence JAK/STAT signaling by in-
fluencing the expression in mouse primary T cells of sup-
pressor of cytokine signaling (SOCS) [27].

The PI3K/Akt signaling pathway, is involved in multi-
ple signaling pathways which control the development, dif-
ferentiation, maturation, migration and activation of CD8*
T cells. Defective signaling by STATS5 in response to cy-
tokines such as IL-2 and IL-15 is associated with consti-
tutively active Akt in CD8 T cells [28]. Another explana-
tion is that activation of STAT3 leads to the expression of
SOCS3; this molecule negatively regulates the IL-6 signal-
ing pathway. However, there was no difference in SOCS1
and SOCS3 expression in blood between RRMS patients
and healthy controls [29].

Recently published data support the concept that clas-
sical IL-6 signaling through STAT3 is anti-inflammatory
while trans-signaling by IL-6 is pro-inflammatory. IL-6
trans-signaling could inhibit the differentiation of regula-
tory T-cells [4]. Our results show that classical IL-6 signal-
ing in CD8TCDI122% T cells is disrupted in RRMS. This
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disruption could contribute to the dysregulation of Treg
function and enhance the inflammatory process provoked
by CD25-positive CD4 and CD8 Tregs.

No differences in the levels of CDI126 and
CDI130 were observed in CD25-positive Tregs
(CD4TCD25% FoxP3*  and  CD8TCD25"FoxP3™)

between healthy donors and patients with RRMS but these
cells exhibited sensitivity to IL-6 stimulation, resulting
in an increase in the intracellular percentage of pSTATS3.
This implicates trans-signaling of IL-6 in these cells. In-
terestingly, the percentage of pSTAT3-positive cells in the
CD4+TCD25%FoxP3* population was positively correlated
with the level of TGF-51 and negatively correlated with
IL-6R« in the serum of RRMS patients.

CD4™ T cells strongly express IL-6R. This expres-
sion is lost in activated T cells during inflammation, prob-
ably due to proteolytic cleavage of the extracellular mem-
brane protein domain [30]. On the other hand, CD8" T
cells do not produce A disintegrin and metalloprotease 17
(ADAM17) and consequently do not express sIL-6R [25].
CD126 expression on CD8" T cells is inhibited by STATS
[31]. These results suggest that induction of the IL-6 path-
way may depend on CD25 expression by Tregs.

Age-related changes in pSTATS expression across all
Treg populations: CD8TCD122F, CD8+CD25"FoxP3™
and CD4+CD25%FoxP31 in healthy controls were absent
in RRMS patients, suggesting that RRMS may interfere
with normal immune aging patterns, possibly by promoting
a sustained inflammatory state that overrides senescence of
T cells. STATS5 phosphorylation maintains the expression
of CD25 and supports Treg stability during aging [32].

MS patients show early immunosenescence and have
fewer naive T cells, and fewer functional regulatory T cells
[33]. Although, the adaptive immune system shows re-
duced efficacy earlier in men [34], here we demonstrated
disrupted frequency of pSTATS expression in Treg popula-
tions in RRMS females.

The main limitation of our study was the small size
of the study population. Statistical power is influenced by
the number of individuals tested as well as the size of the ef-
fect and statistical test. Although all patients were female to
avoid confounding between differences due to disease and
potential differences due to gender, inclusion of only one
gender in studies is the second limitation of the study. The
results strongly indicate that further studies are needed to
explain the role of key signaling pathways in the develop-
ment of Tregs populations and RRMS pathogenesis.

5. Conclusions

The level of IL-6 pathway markers in serum reflects
both classic and trans-signaling in RRMS patients. The
CD8TCDI122" Treg subset in RRMS patients exhibited
an increased level of markers associated with classical IL-
6R signaling without STAT3 phosphorylation. The ob-
served alterations in the expression of receptors and in
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signaling activity may contribute to the dysregulation of
CD8'TCDI122" Treg function. For CD4TCD25"FoxP3™
and CD8TCD25"FoxP3™ Tregs, no changes in classical
IL-6R surface markers were observed in RRMS, but these
cells exhibited sensitivity to IL-6 stimulation, resulting in
an increase in the percentage of pSTAT?3 in cells, suggesting
IL-6 trans-signaling in these cells. Our findings underscore
the complex interplay between IL-6 signaling and age-
related immune regulation. Age-related changes in pSTATS
expression across all Treg populations in healthy controls
were absent in RRMS patients. The study enhances our un-
derstanding of the peripheral immune system changes as-
sociated with CNS pathology and disease progression. It
also opens a new avenue to identify biomarkers of disease
progression and potentially offers a new approach to ma-
nipulate the immune system to protect the CNS.
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