cells m\py

Article

Distinct Expression of Inflammatory Features in
T Helper 17 Cells from Multiple Sclerosis Patients

12,4, Manuela Bianco 1'*, Gabriella Ruocco !, Marco De Bardi !,

Alessia Capone
Luca Battistini (7, Serena Ruggieri 3, Claudio Gasperini 3, Diego Centonze *,
Claudio Sette >** and Elisabetta Volpe 1*+

1 Neuroimmunology Unit, IRCSS Fondazione Santa Lucia, 00143 Rome, Italy; a.capone@hsantalucia.it (A.C.);

manu.b83@gmail.com (M.B.); gabrie84@gmail.com (G.R.); m.debardi@hsantalucia.it (M.D.B.);
Lbattistini@hsantalucia.it (L.B.)
Department of Biology and Biotechnology Charles Darwin, Sapienza University, 00185 Rome, Italy
Department of Neuroscience “Lancisi”, San Camillo Hospital, 00152 Rome, Italy;
serena.ruggieri@gmail.com (S.R.); c.gasperini@libero.it (C.G.)
Unit of Neurology, IRCCS Neuromed, 86077 Pozzilli (IS), Italy; centonze@uniroma2.it
Institute of Human Anatomy and Cell Biology, Universita Cattolica del Sacro Cuore, 00168 Rome, Italy
*  Correspondence: claudio.sette@unicatt.it (C.S.); e.volpe@hsantalucia.it (E.V.);

Tel.: +39-0630154915 (C.S.); +39-06501703094 (E.V.)
t  These authors contributed equally to this work.
T These authors contributed equally to this work.

check for
Received: 14 May 2019; Accepted: 1 June 2019; Published: 4 June 2019 updates

Abstract: Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system
(CNS). T helper (Th) 17 lymphocytes play a role in the pathogenesis of MS. Indeed, Th17 cells are
abundant in the cerebrospinal fluid and peripheral blood of MS patients and promote pathogenesis in
the mouse model of MS. To gain insight into the function of Th17 cells in MS, we tested whether Th17
cells polarized from naive CD4 T cells of healthy donors and MS patients display different features.
To this end, we analysed several parameters that typify the Th17 profile during the differentiation
process of naive CD4 T cells obtained from relapsing-remitting (RR)-MS patients (n = 31) and healthy
donors (HD) (n = 28). Analysis of an array of cytokines produced by Th17 cells revealed that expression
of interleukin (IL)-21, tumour necrosis factor (TNF)-{3, IL-2 and IL-1R1 is significantly increased in
Th17 cells derived from MS patients compared to healthy donor-derived cells. Interestingly, IL-1R1
expression is also increased in Th17 cells circulating in the blood of MS patients compared to healthy
donors. Since IL-2, IL-21, TNF-3, and IL-1R1 play a crucial role in the activation of immune cells, our
data indicate that high expression of these molecules in Th17 cells from MS patients could be related
to their high inflammatory status.

Keywords: multiple sclerosis; T helper -17 cells; interleukin-1 receptor; interleukin-2; interleukin-21;
tumour necrosis factor-beta

1. Introduction

Multiple sclerosis (MS) is a disease affecting the central nervous system (CNS), and involves
inflammation and neurodegeneration [1,2]. The symptoms of MS are due to the migration
of inflammatory immune cells into the CNS and the destruction of myelin, which causes
neuroinflammation and neurodegeneration [3]. In MS patients, pathogenic lymphocytes express
molecules that facilitate their transit through the blood-brain barrier (BBB), which is normally
precluded [2]. Once lymphocytes have penetrated the CNS, they proliferate and release cytokines,
thus contributing to a complex inflammatory response that leads to myelin damage [4].
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In particular, T helper (Th) 17 cells, a subtype of lymphocytes differentiated from naive CD4*
T cells and producing interleukin (IL)-17, are considered potent inflammatory effectors in MS [5,6].
Importantly, the pathogenic potential of Th17 cells does not rely exclusively on the production of IL-17,
and it is believed that a combination of inflammatory factors is required [6]. For instance, Th17 cells
express high levels of the C-C chemokine receptor 6 (CCR6) on the cell surface [7] that binds the C-C
chemokine ligand 20 (CCL20) expressed by both Th17 cells and the vascular endothelium of the BBB,
thus enabling the entry of Th17 cells into the encephalic compartment through the choroid plexus [8].
Moreover, Th17 cells produce other inflammatory cytokines, such as tumour necrosis factor (TNF)-«,
IL-21, IL-22, which are likely to contribute to their pathogenicity [9,10].

Differentiation of Th17 cells requires IL-13, IL-6, IL-23, and transforming growth factor (TGF)-3 [11],
which promote the expression of the RAR-related orphan receptor (ROR)-yt transcription factor and
determine the activation of the Th17 cell lineage-specific differentiation program [12]. Among the Th17
polarizing cytokines, IL-1§3 is considered crucial for the inflammatory properties of human Th17 cells,
due to its inhibitory role in IL-10 production [11,13]. In mice, IL-1§3, together with IL-23, is implicated
in the enhancement of Th17 cell differentiation primed by TGF-f3 and IL-6 [14], and for acquisition of a
pathogenic phenotype by Th17 cells [9,15].

IL-1$3 binds a complex formed by its receptor (IL-1R1) and the IL-1R accessory protein (IL-1RAcP),
thus triggering a signal transduction cascade involving the adaptor protein MYD88 and induction
of specific inflammatory genes [16,17]. This pathway plays a key role in experimental autoimmune
encephalomyelitis (EAE), the mouse model of MS, as a knockout of the IL-1R1 or the MYD88 gene in
mice, which significantly ameliorates disease-associated phenotypes [18]. Importantly, their function in
EAE seem to be related to Th17 cells, as ablation of IL-1R1 signalling strongly suppressed Th17-mediated
EAE in cell transplantation experiments [15]. Moreover, it has been recently demonstrated that IL-1R1
expression is higher in CD4 T cells derived from MS patients in comparison to those from healthy
donors [19].

In this retrospective study, we analysed expression of IL-1R1 and other Th17 typical features in
Th17 cells derived from MS patients and healthy donors. In fact, a systematic study investigating the
differentiation process of human Th17 cells in MS patients has never been performed. We hypothesised
that Th17 cell differentiation is altered in MS patients, thus leading to the acquisition of pathogenic
features that contribute to persistent inflammation in MS.

2. Methods

2.1. MS Subjects

Patients diagnosed with relapsing—remitting (RR)-MS (n = 31) according to the revised McDonald
diagnostic criteria [20] were enrolled in the study. The demographic and clinical characteristics of
the RR-MS patients included in the study for blood sampling are described in Table 1. All patients
included in the blood study did not take immunomodulant or immunosuppressive compounds for at
least 2 months before recruitment.

Table 1. Demographic and clinical characteristics of MS subjects at the time of experiment.

Number 31
Gender (male/female) 5/26
Age (years) 43+9.7
EDSS 2+1.35

MRI (gadolinium +/-) 7/24




Cells 2019, 8, 533 30f12

As controls, we used blood from age and gender matched individuals (n = 28) without inflammatory
or degenerative diseases of the central or peripheral nervous system. These subjects were volunteers
that underwent blood testing.

Approval by the ethics committee of the IRCCS Neuromed, Pozzilli (IS), Italy and San Camillo
Hospital, Rome (Italy), and written informed consent in accordance with the Declaration of Helsinki
from all participants, were obtained before the study was initiated.

2.2. Purification of Naive CD4* T Lymphocytes from Adult blood

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll gradient centrifugation
(GE Healthcare, Little Chalfont, UK) from whole blood. For sorting of IL-1R1* cells, PBMC were stained
with anti-human CD4-FITC (Miltenyi, Bergisch Gladbach, Germany) (1:100) and anti-human IL-1R1-PE
(RnD, Minneapolis, MN, USA) (1:20) and sorted by a MoFlo high speed cell sorter (Beckman Coulter,
Atlanta, GA, USA). For sorting of naive CD4 T cells, the cells were stained with the anti-CD4-FITC
(Miltenyi) (1:100), and CD4* T Lymphocytes were purified by immunomagnetic selection, using
the anti-FITC isolation kit (Miltenyi). After the isolation, the cells were stained with anti-CD4 FITC
(Miltenyi) (1:100), anti-CD45RA BV421 (BD Biosciences, San Jose, CA, USA) (1:60), anti-CD45RO PE
(BD Biosciences) (1:30), anti-CD27 APC (Miltenyi) (1:60), and CD4* naive T cells were sorted by MoFlo
high speed cell sorter (Beckman Coulter) as CD4"gh, CD45RAN8h, CD45RO™ and CD27+. Sorted cells
had a purity of over 97%, measured by flow cytometry (data not shown).

2.3. Th Cell Differentiation Assay

Naive CD4* T cells were cultured in 96-well round-bottomed plates (Corning, New York City,
NY, USA) at a density of 5 x 10* per well in X-VIVO 15 serum-free medium (Lonza, Walkersville, MD,
USA) in the presence of Dynabeads CD3-CD28 T cell expander (one bead per cell; Life Technologies,
Carlsbad, CA, USA) and indicated cytokines: IL-1p (10 ng/mL), IL-6 (20 ng/mL), TGF- (1 ng/mL) and
IL-23 (100 ng/mL) (Miltenyi) for Th17 differentiation, as previously described [11,21]. After 5-6 days,
cells were harvested and stained for flow cytometry analysis, or extensively washed, counted, and
re-stimulated 1 x 10° cells/mL with Dynabeads CD3-CD28 T cell expander (one bead per cell) for 24 h
for cytokine quantification.

2.4. Flow Cytometry Analysis

Cells were stained with the following antibodies: anti-human ROR-yt-BV421 (BD Biosciences)
(1:20), anti-human CCR6-Alexa 647 (BD) (1:20), anti-human IL-1R1-PE (RnD) (1:20), anti-human
CD4-PECy7 (Beckman Coulter) (1:100), CD161-BV421 (Biolegend, San Diego, CA, USA) (1:40),
anti-human CD3 FITC (Miltenyi) (1:100). Samples were analysed using Cytoflex cytometer (Beckman
Coulter, Brea, CA, USA) and analysed using FlowJo-10 software version 10.3.0.

2.5. Cytokine Quantification

IL-17 in culture supernatant was quantified with an enzyme-linked immunosorbent assay (ELISA)
kit (RnD Systems, Minneapolis, MS, USA). Other cytokines (IL-2, IL-4, IL-5, IL-7, IL-8, IL-9, IL-10, IL-13,
IL-15, IL-21, IL-22, TNF-o, TNF-3, GM-CSE, IFN-y, PDGF-AA, PDGF-AB/BB, CCL20) were quantified
using a magnetic bead panel (Millipore, Burlington, MA, USA), following the manufacturer’s protocol,
and analysed by Luminex.
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2.6. Statistical Analysis

For pair-wise comparisons of different conditions from the same donors or different donors, we
used a parametric two-tailed paired or unpaired t test, respectively. One-way ANOVAs was performed
to analyse the main effects of two conditions on the dependent variables and their interactions. Data
were presented as mean + standard error (s.e.m). The p values (p) of 0.05 or less, were considered
statistically significant.

3. Results

3.1. IL-21 Production by Th17 Cells Is Increased in MS Patients Compared to Healthy Donors

Given the pathogenicrole played by Th17 cells in MS, we hypothesized that Th17 cells differentiated
from MS patients and healthy donors would display a differential cytokine profile. To test this
hypothesis, naive CD4* T cells from healthy donors and RR-MS patients were differentiated in Th17
cells under in vitro culture conditions. We analysed the cytokines produced by polarized Th cells after
6 days of culture. First, we measured the production of ten Th profile-associated cytokines for the Th1,
Th17 and Th2 subsets. Interferon (IFN)-y, the prototypical Thl cytokine, and IL-22, whose expression
pattern is closely related to that of IFN-y [10], are included in the Th1 category (Figure 1A). The Th17
class of cytokines includes IL-17, the prototypical Th17 cytokine, IL-21, produced by Th17 cells and
involved in the autocrine enhancement of their differentiation, and CCL20, the ligand of CCR6, which
enables the entry of Th17 cells into the CNS (Figure 1B). A third set of cytokines produced mainly
in Th2 conditions includes IL-4, IL-5, IL-13, IL-9, and IL-10 (Figure 1C). As expected, we observed
the upregulation of Th17 cytokines and IFN-y in Th17 compared to ThO conditions, in both healthy
donors and MS patients (Figure 1A,B). Typical Th2 cytokines (IL-4, IL-5, IL-13) were decreased in
Th17 compared to ThO conditions, while IL-9 and IL-10 were produced by Th17 cells, although not
upregulated compared to ThO (Figure 1C). While most of these cytokines were similarly modulated
in MS and healthy donors (Figure 1A-C), we found that the expression of IL-21 was significantly
higher in MS compared to healthy donors (Figure 1B), indicating a possible role for this cytokine in
Th17-related MS pathogenesis.
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Figure 1. IL-21 production by Th17 cells is increased in MS patients compared to healthy donors.
Naive CD4 T cells from healthy donors (HD) and multiple sclerosis (MS) patients were cultured with
antiCD3-antiCD28 alone (Th0) or antiCD3-antiCD28 + TGF-f3, IL-6, IL-23 and IL-1p (Th17). At 5 days
of differentiation the levels of typical cytokines of Thl (A), Th17 (B), and Th2 (C) cells were analysed by
multiplex assay (Luminex) in cell supernatants (* p < 0.05; ** p < 0.01; *** p < 0.001).

3.2. Production of Cytokines Involved in Inflammation and T Cell Activation Are Increased in Th17 Cells from
MS Patients

To investigate other features related to Th17 cells, we analysed the production of additional
inflammatory cytokines that are typically produced by activated lymphocytes, including TNF-«, IL-8,
and TNF-f, in Th17 cells differentiated from MS patients or healthy donors. We found that in MS
patients, the production of TNF-o and f3 is significantly higher in ThO and Th17 cells, respectively
(Figure 2A). The production of IL-8, although more highly induced in Th17 compared to ThO cells, was
not differentially modulated in MS patients compared to healthy donors.
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Figure 2. Production of cytokines involved in inflammation and T cell activation are increased in
Th17 cells from MS patients. Naive CD4 T cells from healthy donors (HD) and multiple sclerosis (MS)
patients were cultured with antiCD3-antiCD28 alone (Th0) or antiCD3-antiCD28 + TGE-f3, IL-6, IL-23
and IL-1B (Th17). At 5 days of differentiation the levels of inflammatory cytokines (A), cytokines
involved in T cell expansion (B), and growth factors (C) were analysed by multiplex assay (Luminex)
in cell supernatants (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

Next, we analysed the production of three cytokines belonging to the common gamma-chain
family, IL-2, IL-7, and IL-15, involved in regulating the expansion and activation of all T cell subsets.
We observed that IL-2 is upregulated in both ThO and Th17 cells from MS patients, whereas IL-7 is
upregulated only in ThO from MS patients and IL-15 is not modulated (Figure 2B). Given the role of
IL-2 and IL-7 in T cell proliferation, these findings support the hypothesis of systemic T cell activation
in MS patients.

To expand our analysis, we also tested expression of growth factors produced by T lymphocytes,
such as platelet-derived growth factor (PDGF)-AA and AB/BB, and granulocyte-macrophage
colony-stimulating factor (GMCSF). We observed that PDGE, either composed by subunit AA, AB or
BB, is upregulated in Th17 cells, while an opposite trend was found for GM-CSE. However, both growth
factors are not differentially modulated in MS compared to healthy donor Th17 cells (Figure 2C).

3.3. Th17 Cells Differentiated from MS Patients Express Higher IL-1R1 Than Those Differentiated from
Healthy Donors

To address whether the acquisition of typical features of Th17 cells were differentially modulated
in MS patients compared to healthy donors, we analysed the expression of the transcription factor
ROR-vt, a master regulator of both mouse [12] and human Th17 cell differentiation [11,22], CCR6 [23]
and IL-1R1 [15], which are not found in Thl and Th2 cells, and are considered hallmarks of Th17
cells. This analysis revealed that ROR-yt and CCR6 are upregulated in Th17 cells from all individuals
with no differences between cells obtained from MS patients and healthy donors (Figure 3A,B).
In contrast, Th17 cells polarized from MS patients expressed significantly higher levels of IL-1R1
than corresponding Th17 cells polarized from healthy donors (Figure 3C). However, no significant
differences were observed in cells obtained from MS patients in either the active or inactive phase of
the RR disease (Supplementary Materials, Figure S1), according to the presence (Gadolinium+) or
the absence (Gadolinium-) of contrast-enhancing lesions detected by magnetic resonance imaging.
This suggested that IL-1R1 expression on the Th17 cell surface was not influenced by the acute stage of
inflammation. To determine whether IL-1R1 expression was dependent of a specific Th17-promoting
cytokine, we removed them from the polarization medium. This analysis revealed that, similar to
other Th17 molecules!!, IL-1R1 expression in Th17 cells is mediated by the synergy between TGF-§3
and proinflammatory cytokines IL-1§3, IL-6, and IL-23, although none of them exhibit a predominant
role (Supplementary Materials, Figure S2).
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Figure 3. Th17 cells differentiated from MS patients express higher IL-1R1 than those differentiated
from healthy donors. Naive CD4 T cells from healthy donors (HD) and multiple sclerosis (MS) patients
were cultured with antiCD3-antiCD28 alone (Th0) or antiCD3-antiCD28 + TGF-f3, IL-6, IL-23 and IL-1f3
(Th17). At5 days of differentiation cells were stained with specific antibodies against RORyt (A), CCR6
(B), and IL-1R1 (C) and analysed by flow cytometry. Graphs represent the results of independent

experiments. (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.).
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3.4. IL-1R1™ Cells in the Blood Are Th17 Cells and Are Increased in MS Patients Compared to Healthy Donors

To investigate the physiological relevance of the increased IL-1R1 expression in Th17 cells
differentiated from MS patients in vitro, we sorted blood memory CD4" T cells for positivity or
negativity in IL-1R1 expression. We found that CD4* IL-1R17" cells produced more IL-17 than CD4*
cells not expressing IL-1R1 (Figure 4A). This result indicates that IL-1R1 expression is also associated
to IL-17-producing cells in vivo. In order to investigate whether Th17 cells are different in the blood of
MS patients and healthy individuals, we analysed the frequency of circulating IL-1R1* cells within
the CD4* CD161" CCR6™ cell population, which corresponds to the population of memory Th17
cells [24,25]. Importantly, expression of IL-1R1 in the in vivo-differentiated Th17 cells was higher in MS
patients compared to healthy donors (Figure 4B), indicating that mechanisms leading to overexpression
of IL-1R1 in MS also occur in vivo.
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Figure 4. IL-1R1* cells in the blood are Th17 cells and are increased in MS patients compared to healthy
donors. Blood memory cells sorted as CD4" IL-1R1" and CD4* IL-1R1" cells (gating strategy in the
left panel) were stimulated with antiCD3-antiCD28 for 24h. Supernatants were then analysed for
IL-17 production by ELISA (A). Peripheral blood mononuclear cells from healthy donors (HD) and
multiple sclerosis (MS) patients were stained with specific antibodies to analyse the frequency of CD3*
CD4* CCR6™ CD161" IL-1R1* cells by flow cytometry (B). Graphs represent the results of independent
experiments. (*p < 0.05; ** p < 0.01).

4. Discussion

In this study, systematic analysis of the typical features of Th17 cells revealed that cells derived
from MS patients display higher expression of IL-1R1 compared to Th17 cells derived from healthy
donors, and indicated that the corresponding higher expression of IL-1R1 previously observed in
MS [19] patients is specifically associated to Th17 cells. Furthermore, we identified other inflammatory
molecules that were differentially expressed that may contribute to the pathogenicity of Th17 cells
in MS.
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In fact, the analysis of a broad array of cytokines produced by Th17 cells in MS patients and
healthy donors revealed that IL-21 is significantly upregulated in MS patients compared to healthy
donors. This result is consistent with the high frequency of IL-21-producing T cells reported in both
active and chronic parenchymal lesions of MS brain [26], and increased levels of IL-21 induced by
anti-CD28 in CD4 from MS patients [27].

IL-21, similarly to IL-6 and IL-23, activates a signalling pathway involving STAT3, which directly
binds the IL-17 and IL-21 promoters [28], thus contributing to the sustainment of Th17 lineage
commitment [29]. However, IL-21 is also the most potent inducer of plasma-cell differentiation
in vitro [30], and provides help to B cells [31]. Recently it has been reported that the B-T cell interaction
plays a crucial pathogenic role in MS [32], which could be mediated by IL-21. Considering that MS
involves infiltration of both T and B cells in parenchymal demyelinating lesions, and in lymphoid
aggregates in the meninges [33,34], increased IL-21 levels produced by Th17 cells could play a critical
role in MS.

Our study also revealed that TNF-3, known as lymphotoxin-alpha (LTA), is upregulated in Th17
cells from MS patients, confirming previous observations showing that PBMC from RR-MS patients
had increased expression of LTA [35]. Similar to LTA, which is involved in the regulation of cell
survival and proliferation [36], other cytokines important for these functions in T cells, such as IL-2 and
IL-7, are upregulated in MS, suggesting that they may synergize to promote T cell expansion during
MS. In particular, IL-2 is significantly upregulated in cells derived from MS patients in both Th0 and
Th17 conditions. These results are in agreement with the observed increase in IL-2 levels in the serum
of patients with active MS [37], suggesting that the effector Th17 cells contribute to IL-2 production
in MS. In fact, T regulatory cells, known to suppress effector immune functions, from subjects with
RR-MS had impaired proliferation and reduced IL-2 secretion [38].

Another interesting finding of our study is that Th17 cells produce IL-8 and PDGE. Although
they were not modulated in MS versus healthy donors, IL-8 and PDGF were not previously known
to be produced by Th17 cells and are not typically considered Th cytokines. IL-8 plays an important
role in inflammation due to its high neutrophil-attracting capacity [39], and could synergize with
IL-17 in exerting this function. PDGF, which can be composed of two A subunits (PDGF-AA), two
B subunits (PDGF-BB), or one of each (PDGF-AB) [40,41], plays a significant role in blood vessel
formation. However, whether the production of PDGF contributes or not to the pathogenic functions
of Th17 cells in MS will require direct investigation.

Overall, the molecules upregulated in Th17 cells from MS patients could be related to their high
sensitivity to IL-1f3, one of the most important Th17-regulating cytokine. In fact, in the same set
of experiments, IL-1R1 is significantly upregulated in MS patients, as previously demonstrated at
transcriptional level in naive and memory CD4 T cells, and in vitro differentiated Th17 cells [19].

We further analysed the expression of IL-1R1 on memory Th17 cells, which we found were
significantly increased in MS patients. Previous comparative analysis on memory cells from MS and
healthy donors was performed in Th1/Th17 cells, and revealed a reduced transcriptional expression
of inflammatory factors, such as IFNG, CCL3, CLL4, and GZMB [42]. However, a broader analysis
at protein level of Th17 and Th1/17 subsets isolated from MS patients may help to identify more
disease-related features.

Our results indicated that IL-1R1 is upregulated at protein level in Th17 cells obtained from both
in vitro and in vivo differentiated CD4 T cells of MS patients, and that IL-1R1 signalling is a critical step
in the regulation of human Th17 cells in MS. In fact, it is already known that the IL-13/axis is important
for differentiation of naive CD4 T cells into Th17 cells [11,14]. Recently it has been demonstrated that
IL-1B is also crucial for induction of IL-17A by memory CD4 T cells in the absence of T cell receptor
(TCR) engagement, introducing a TCR-independent innate-like pathogenic role of Th17 cells mediated
by IL-13/IL1R1 signalling [43].

The relevance of IL-1R1 in MS is supported by previous results reporting that IL-1R1-deficient
mouse T cells developed a delayed and less severe EAE, and a lower percentage of IL-17 producing
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cells in the inflamed CNS compared to wild type mice!®. In conclusion, our study identifies IL-21,
IL-2, TNF-f3, and IL-1R1, as molecules likely involved in the mechanisms conferring pathogenicity to
human Th17 cells and opens another perspective on the use of these molecules as therapeutic targets
or biomarkers of MS disease.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/6/533/s1,
Figure S1: The ac4vity of MS disease does not modulate IL-1R1 expression on differen4ated Th17 cells, Figure S2:
The sinergy between Th17 polarizing cytokines contributes to IL-1R1 expression on Th17 cells.

Author Contributions: A.C. and M.B. designed the research, performed the research, and analysed data; G.R.,
performed the research, and analysed data; L.B. contributed to the research design; M.D.B. performed sorting
experiments; S.R., C.G., D.C., provided samples and clinical data of MS patients; E.V. and C.S. designed the
research, analysed data, and wrote the paper.

Funding: This research was funded by “Progetto Giovani Ricercatori”, Italian Ministry of Health, Italy
(cod. GR-2016-02361163), FISM-Fondazione Italiana Sclerosi Multipla (cod. 2016/R/31) to E.V and FISM-Fondazione
Italiana Sclerosi Multipla (cod. 2017/R/24) to CS.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Lopez-Diego, R.S.; Weiner, H.L. Novel therapeutic strategies for multiple sclerosis—A multifaceted adversary.
Nat. Rev. Drug Discov. 2008, 7, 909-925. [CrossRef] [PubMed]

2. Hauser, S.L; Oksenberg, ].R. The Neurobiology of Multiple Sclerosis: Genes, Inflammation, and
Neurodegeneration. Neuron 2006, 52, 61-76. [CrossRef] [PubMed]

3. Herrera, B.M.; Ebers, G.C. Progress in deciphering the genetics of multiple sclerosis. Curr. Opin. Neurol.
2003, 16, 253-258. [CrossRef] [PubMed]

4. Hemmer, B.; Archelos, ].J.; Hartung, H.-P. New concepts in the immunopathogenesis of multiple sclerosis.
Nat. Rev. Neurosci. 2002, 3, 291-301. [CrossRef] [PubMed]

5. Brucklacher-Waldert, V.; Stuerner, K.; Kolster, M.; Wolthausen, J.; Tolosa, E. Phenotypical and functional
characterization of T helper 17 cells in multiple sclerosis. Brain 2009, 132, 3329-3341. [CrossRef] [PubMed]

6.  Volpe, E.; Battistini, L.; Borsellino, G. Advances in T Helper 17 Cell Biology: Pathogenic Role and Potential
Therapy in Multiple Sclerosis. Mediat. Inflamm. 2015, 2015, 1-11. [CrossRef] [PubMed]

7. Acosta-Rodriguez, E.V,; Napolitani, G.; Lanzavecchia, A.; Sallusto, F. Interleukins 1beta and 6 but not
transforming growth factor-beta are essential for the differentiation of interleukin 17-producing human T
helper cells. Nat. Immunol. 2007, 8, 942-949. [CrossRef] [PubMed]

8. Reboldi, A.; Coisne, C.; Baumjohann, D.; Benvenuto, F.; Bottinelli, D.; Lira, S.; Uccelli, A.; Lanzavecchia, A.;
Engelhardt, B.; Sallusto, F. C-C chemokine receptor 6-regulated entry of TH-17 cells into the CNS through the
choroid plexus is required for the initiation of EAE. Nat. Immunol. 2009, 10, 514-523. [CrossRef] [PubMed]

9.  McGeachy, MJ.; Bak-Jensen, K.S.; Chen, Y.; Tato, C.M.; Blumenschein, W.; McClanahan, T.; Cua, D.]. TGF-beta
and IL-6 drive the production of IL-17 and IL-10 by T cells and restrain T(H)-17 cell-mediated pathology.
Nat. Immunol. 2007, 8, 1390-1397. [CrossRef] [PubMed]

10.  Volpe, E.; Touzot, M.; Servant, N.; Marloie-Provost, M.-A.; Hupé, P.; Barillot, E.; Soumelis, V. Multiparametric
analysis of cytokine-driven human Th17 differentiation reveals a differential regulation of IL-17 and IL-22
production. Blood 2009, 114, 3610-3614. [CrossRef]

11.  Volpe, E.; Servant, N.; Zollinger, R.; Bogiatzi, S.I.; Hupe, P,; Barillot, E.; Soumelis, V. A critical function for
transforming growth factor-beta, interleukin 23 and proinflammatory cytokines in driving and modulating
human T(H)-17 responses. Nat. Immunol. 2008, 9, 650-657. [CrossRef] [PubMed]

12.  Ivanov, LI; McKenzie, B.S.; Zhou, L.; Tadokoro, C.E.; Lepelley, A.; Lafaille, J.J.; Cua, D.J.; Littman, D.R.
The orphan nuclear receptor RORgammat directs the differentiation program of proinflammatory IL-17+ T
helper cells. Cell 2006, 126, 1121-1133. [CrossRef]

13. Zielinski, C.E.; Mele, E; Aschenbrenner, D.; Jarrossay, D.; Ronchi, F.; Gattorno, M.; Monticelli, S.;
Lanzavecchia, A.; Sallusto, F. Pathogen-induced human TH17 cells produce IFN-gamma or IL-10 and
are regulated by IL-1beta. Nature 2012, 484, 514-518. [CrossRef] [PubMed]


http://www.mdpi.com/2073-4409/8/6/533/s1
http://dx.doi.org/10.1038/nrd2358
http://www.ncbi.nlm.nih.gov/pubmed/18974749
http://dx.doi.org/10.1016/j.neuron.2006.09.011
http://www.ncbi.nlm.nih.gov/pubmed/17015227
http://dx.doi.org/10.1097/01.wco.0000073924.19076.bb
http://www.ncbi.nlm.nih.gov/pubmed/12858059
http://dx.doi.org/10.1038/nrn784
http://www.ncbi.nlm.nih.gov/pubmed/11967559
http://dx.doi.org/10.1093/brain/awp289
http://www.ncbi.nlm.nih.gov/pubmed/19933767
http://dx.doi.org/10.1155/2015/475158
http://www.ncbi.nlm.nih.gov/pubmed/26770017
http://dx.doi.org/10.1038/ni1496
http://www.ncbi.nlm.nih.gov/pubmed/17676045
http://dx.doi.org/10.1038/ni.1716
http://www.ncbi.nlm.nih.gov/pubmed/19305396
http://dx.doi.org/10.1038/ni1539
http://www.ncbi.nlm.nih.gov/pubmed/17994024
http://dx.doi.org/10.1182/blood-2009-05-223768
http://dx.doi.org/10.1038/ni.1613
http://www.ncbi.nlm.nih.gov/pubmed/18454150
http://dx.doi.org/10.1016/j.cell.2006.07.035
http://dx.doi.org/10.1038/nature10957
http://www.ncbi.nlm.nih.gov/pubmed/22466287

Cells 2019, 8, 533 11 0f12

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

Veldhoen, M.; Hocking, R.J.; Atkins, C.J.; Locksley, RM.; Stockinger, B. TGFbeta in the context of an
inflammatory cytokine milieu supports de novo differentiation of IL-17-producing T cells. Immunity 2006, 24,
179-189. [CrossRef] [PubMed]

Chung, Y.; Chang, S.H.; Martinez, G.J.; Yang, X.O.; Nurieva, R.; Kang, H.S.; Ma, L.; Watowich, S.S.; Jetten, A.M.;
Tian, Q.; et al. Critical regulation of early Th17 cell differentiation by interleukin-1 signaling. Immunity 2009,
30, 576-587. [CrossRef]

Ruggiero, V. Involvement of IL-1R/TLR Signalling in Experimental Autoimmune Encephalomyelitis and
Multiple Sclerosis. Mol. Med. 2012, 12, 218-236. [CrossRef]

Loiarro, M.; Ruggiero, V.; Sette, C. Targeting TLR/IL-1R Signalling in Human Diseases. Mediat. Inflamm.
2010, 2010, 1-12. [CrossRef]

Sutton, C.; Brereton, C.; Keogh, B.; Mills, K.H.; Lavelle, E.C. A crucial role for interleukin (IL)-1 in the
induction of IL-17-producing T cells that mediate autoimmune encephalomyelitis. J. Exp. Med. 2006, 203,
1685-1691. [CrossRef]

Sha, Y.; Markovic-Plese, S. Activated IL-1RI Signaling Pathway Induces Th17 Cell Differentiation via Interferon
Regulatory Factor 4 Signaling in Patients with Relapsing-Remitting Multiple Sclerosis. Front. Immunol. 2016,
7,942, [CrossRef]

Polman, C.H.; Reingold, S.C.; Banwell, B.; Clanet, M.; Cohen, J.A.; Filippi, M.; Fujihara, K.; Havrdova, EK.;
Hutchinson, M.; Kappos, L.; et al. Diagnostic criteria for multiple sclerosis: 2010 Revisions to the McDonald
criteria. Ann. Neurol. 2011, 69, 292-302. [CrossRef]

Ruocco, G.; Rossi, S.; Motta, C.; Macchiarulo, G.; Barbieri, F.; De Bardi, M.; Borsellino, G.; Finardi, A.;
Grasso, M.G.; Ruggieri, S.; etal. Thelper 9 cells induced by plasmacytoid dendritic cells regulate interleukin-17
in multiple sclerosis. Clin. Sci. 2015, 129, 291-303. [CrossRef] [PubMed]

Manel, N.; Unutmaz, D.; Littman, D.R. The differentiation of human T(H)-17 cells requires transforming
growth factor-beta and induction of the nuclear receptor RORgammat. Nat. Immunol. 2008, 9, 641-649.
[CrossRef] [PubMed]

Yamazaki, T.; Yang, X.O.; Chung, Y.; Fukunaga, A.; Nurieva, R.; Pappu, B.; Martin-Orozco, N.; Kang, H.S;
Ma, L.; Panopoulos, A.D.; et al. CCR6 Regulates the Migration of Inflammatory and Regulatory T Cells.
J. Immunol. 2008, 181, 8391-8401. [CrossRef] [PubMed]

Cosmi, L.; De Palma, R.; Santarlasci, V.; Maggi, L.; Capone, M.; Frosali, E; Rodolico, G.; Querci, V.; Abbate, G.;
Angeli, R.; et al. Human interleukin 17-producing cells originate from a CD161+CD4+ T cell precursor. J.
Exp. Med. 2008, 205, 1903-1916. [CrossRef]

Annunziato, F; Cosmi, L.; Santarlasci, V.; Maggi, L.; Liotta, F.; Mazzinghi, B.; Parente, E.; Fili, L.; Ferri, S.;
Frosali, F.; et al. Phenotypic and functional features of human Th17 cells. J. Exp. Med. 2007, 204, 1849-1861.
[CrossRef]

Tzartos, J.S.; Craner, M.J.; Friese, M.A.; Jakobsen, K.B.; Newcombe, J.; Esiri, M.M.; Fugger, L. IL-21 and IL-21
Receptor Expression in Lymphocytes and Neurons in Multiple Sclerosis Brain. Am. ]. Pathol. 2011, 178,
794-802. [CrossRef]

Camperio, C.; Muscolini, M.; Volpe, E.; Di Mitri, D.; Mechelli, R.; Buscarinu, M.C.; Ruggieri, S.; Piccolella, E.;
Salvetti, M.; Gasperini, C.; et al. CD28 ligation in the absence of TCR stimulation up-regulates IL-17A and
pro-inflammatory cytokines in relapsing-remitting multiple sclerosis T lymphocytes. Immunol. Lett. 2014,
158, 134-142. [CrossRef]

Wei, L.; Laurence, A.; Elias, K.M.; O’Shea, ].J. IL-21 is produced by Th17 cells and drives IL-17 production in
a STAT-3-dependent manner. J. Boil. Chem. 2007, 282, 34605-34610. [CrossRef]

Nurieva, R.; Yang, X.O.; Martinez, G.; Zhang, Y.; Panopoulos, A.D.; Ma, L.; Schluns, K,; Tian, Q.; Watowich, S.S.;
Jetten, A.M.; et al. 112 Essential Autocrine Regulation by IL-21 in the Generation of Inflammatory T Cells.
Cytokine 2007, 39, 31. [CrossRef]

Spolski, R.; Leonard, W.]. Interleukin-21: a double-edged sword with therapeutic potential. Nat. Rev.
Drug Discov. 2014, 13, 379-395. [CrossRef]

Crotty, S. Follicular helper CD4 T cells (TFH). Annu. Rev. Immunol. 2011, 29, 621-663. [CrossRef]

Jelcic, I; Al Nimer, F; Wang, J.; Lentsch, V.; Planas, R.; Jelcic, I.; Madjowski, A.; Ruhrmann, S.; Faigle, W.;
Frauenknecht, K.; et al. Memory B Cells Activate Brain-Homing, Autoreactive CD4(+) T Cells in Multiple
Sclerosis. Cell 2018, 175, 85-100. [CrossRef]


http://dx.doi.org/10.1016/j.immuni.2006.01.001
http://www.ncbi.nlm.nih.gov/pubmed/16473830
http://dx.doi.org/10.1016/j.immuni.2009.02.007
http://dx.doi.org/10.2174/156652412799218895
http://dx.doi.org/10.1155/2010/674363
http://dx.doi.org/10.1084/jem.20060285
http://dx.doi.org/10.3389/fimmu.2016.00543
http://dx.doi.org/10.1002/ana.22366
http://dx.doi.org/10.1042/CS20140608
http://www.ncbi.nlm.nih.gov/pubmed/25700150
http://dx.doi.org/10.1038/ni.1610
http://www.ncbi.nlm.nih.gov/pubmed/18454151
http://dx.doi.org/10.4049/jimmunol.181.12.8391
http://www.ncbi.nlm.nih.gov/pubmed/19050256
http://dx.doi.org/10.1084/jem.20080397
http://dx.doi.org/10.1084/jem.20070663
http://dx.doi.org/10.1016/j.ajpath.2010.10.043
http://dx.doi.org/10.1016/j.imlet.2013.12.020
http://dx.doi.org/10.1074/jbc.M705100200
http://dx.doi.org/10.1016/j.cyto.2007.07.117
http://dx.doi.org/10.1038/nrd4296
http://dx.doi.org/10.1146/annurev-immunol-031210-101400
http://dx.doi.org/10.1016/j.cell.2018.08.011

Cells 2019, 8, 533 12 0of 12

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Magliozzi, R.; Howell, O.; Vora, A.; Serafini, B.; Nicholas, R.; Puopolo, M.; Reynolds, R.; Aloisi, F. Meningeal
B-cell follicles in secondary progressive multiple sclerosis associate with early onset of disease and severe
cortical pathology. Brain 2007, 130, 1089-1104. [CrossRef]

Lovato, L.; Willis, S.N.; Rodig, S.J.; Caron, T.; Almendinger, S.E.; Howell, O.W.; Reynolds, R.; O’Connor, K.C.;
Hafler, D.A. Related B cell clones populate the meninges and parenchyma of patients with multiple sclerosis.
Brain 2011, 134, 534-541. [CrossRef]

Romme Christensen, J.; Bornsen, L.; Hesse, D.; Krakauer, M.; Sorensen, P.S.; Sondergaard, H.B.; Sellebjerg, F.
Cellular sources of dysregulated cytokines in relapsing-remitting multiple sclerosis. ]. Neuroinflammation
2012, 9, 215. [CrossRef]

Bauer, J.; Namineni, S.; Reisinger, F.; Zoller, J.; Yuan, D.; Heikenwalder, M. Lymphotoxin, NF-kB, and cancer:
the dark side of cytokines. Dig. Dis. 2012, 30, 453—468. [CrossRef]

Gallo, P; Piccinno, M.G.; Pagni, S.; Argentiero, V.; Giometto, B.; Bozza, E; Tavolato, B. Inmune activation
in multiple sclerosis: study of IL-2, sIL-2R, and gamma-IFN levels in serum and cerebrospinal fluid.
J. Neurol. Sci. 1989, 92, 9-15. [CrossRef]

Carbone, F.; De Rosa, V.; Carrieri, P.B.; Montella, S.; Bruzzese, D.; Porcellini, A.; Procaccini, C.; La Cava, A.;
Matarese, G. Regulatory T cell proliferative potential is impaired in human autoimmune disease. Nat. Med.
2014, 20, 69-74. [CrossRef]

Kobayashi, Y. The role of chemokines in neutrophil biology. Front. Biosci. 2008, 13, 2400-2407. [CrossRef]
Hannink, M.; Donoghue, D.J. Structure and function of platelet-derived growth factor (PDGF) and related
proteins. Biochim. Biophys. Acta (BBA)-Rev. Cancer 1989, 989, 1-10. [CrossRef]

Distler, ] HW.; Hirth, A.; Kurowska-Stolarska, M.; E Gay, R.; Gay, S.; Distler, O. Angiogenic and angiostatic
factors in the molecular control of angiogenesis. Q. J. Nucl. Med. 2003, 47, 149-161. [PubMed]

Hu, D.; Notarbartolo, S.; Croonenborghs, T.; Patel, B.; Cialic, R.; Yang, T.-H.; Aschenbrenner, D.;
Andersson, K.M.; Gattorno, M.; Pham, M.; et al. Transcriptional signature of human pro-inflammatory TH17
cells identifies reduced IL10 gene expression in multiple sclerosis. Nat. Commun. 2017, 8, 1600. [CrossRef]
[PubMed]

Lee, H.G.; Lee, J.U.; Kim, D.H.; Lim, S.; Kang, I.; Choi, ].M. Pathogenic function of bystander-activated
memory-like CD4(+) T cells in autoimmune encephalomyelitis. Nat. Commun. 2019, 10, 709. [CrossRef]
[PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1093/brain/awm038
http://dx.doi.org/10.1093/brain/awq350
http://dx.doi.org/10.1186/1742-2094-9-215
http://dx.doi.org/10.1159/000341690
http://dx.doi.org/10.1016/0022-510X(89)90171-8
http://dx.doi.org/10.1038/nm.3411
http://dx.doi.org/10.2741/2853
http://dx.doi.org/10.1016/0304-419X(89)90031-0
http://www.ncbi.nlm.nih.gov/pubmed/12897707
http://dx.doi.org/10.1038/s41467-017-01571-8
http://www.ncbi.nlm.nih.gov/pubmed/29150604
http://dx.doi.org/10.1038/s41467-019-08482-w
http://www.ncbi.nlm.nih.gov/pubmed/30755603
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	MS Subjects 
	Purification of Naive CD4+ T Lymphocytes from Adult blood 
	Th Cell Differentiation Assay 
	Flow Cytometry Analysis 
	Cytokine Quantification 
	Statistical Analysis 

	Results 
	IL-21 Production by Th17 Cells Is Increased in MS Patients Compared to Healthy Donors 
	Production of Cytokines Involved in Inflammation and T Cell Activation Are Increased in Th17 Cells from MS Patients 
	Th17 Cells Differentiated from MS Patients Express Higher IL-1R1 Than Those Differentiated from Healthy Donors 
	IL-1R1+ Cells in the Blood Are Th17 Cells and Are Increased in MS Patients Compared to Healthy Donors 

	Discussion 
	References

