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Summary

The p38 mitogen-activated protein kinase cascade is required for the

induction of a T helper type 17 (Th17) -mediated autoimmune response,

which underlies the development and progression of several autoimmune

diseases, such as experimental autoimmune encephalomyelitis, the animal

model of multiple sclerosis (MS). However, the contribution of p38 phos-

phorylation to human Th cell differentiation has not been clarified. Here

we demonstrate that the p38 signalling pathway is implicated in the gen-

eration of Th17 lymphocytes from human CD4+ CD27+ CD45RA+ naive

T cells, both in healthy donors and in patients affected by the relapsing–
remitting form of MS. Our data also indicate that p38 activation is essen-

tial for interleukin-17 release from central memory lymphocytes and com-

mitted Th17 cell clones. Furthermore, CD4+ T cells isolated from

individuals with relapsing–remitting MS display an altered responsiveness

of the p38 cascade, resulting in increased p38 phosphorylation upon stim-

ulation. These findings suggest that the p38 signalling pathway, by modu-

lating the Th17 differentiation and response, is involved in the

pathogenesis of MS, and open new perspectives for the use of p38 inhibi-

tors in the treatment of Th17-mediated autoimmune diseases.

Keywords: autoimmunity; experimental autoimmune encephalomyelitis/

multiple sclerosis; neuroimmunology; signal transduction; T cells.

Introduction

CD4+ T helper cells are key mediators of immunological

homeostasis and modulate immune responses by generat-

ing different effector T helper subsets and regulatory T

cells, depending on environmental cues such as specific

stimuli and high concentrations of polarizing cytokines.1

For instance, the generation of pro-inflammatory T helper

type 17 (Th17) lymphocytes from CD4 naive T cells

requires activation through CD3, exposure to interleukin-6

(IL-6), IL-1b and transforming growth factor-b (TGF-b),
and co-stimulation by CD28 and inducible T-cell co-stimu-

lator. The differentiation of Th17 cells is then controlled by

the activation of signal transducer and activator of tran-

scription 3 and retinoid-related orphan receptor-ct

(RORct) and their commitment depends on IL-23.2–5

Interestingly, recent evidence indicates that activation of

the p38 mitogen-activated protein kinase (MAPK) is a crit-

ical step for the generation and function of IL-17-releasing

T cells in mice and shows that IL-17 production is regu-

lated at the translational level by the p38 MAPK signalling

pathway.6,7 In addition, recent evidence indicates an

involvement of p38 signalling pathways in IL-17 release

from human T cells upon glucose exposure.8 Noteworthy

studies performed in humans showed apparent differences

between human and mouse Th17 lymphocytes,9 suggesting

that the signalling cascade that leads to Th17 differentiation

could be significantly different between species.

The p38 kinase is a member of the MAPK superfamily,

which plays an essential role in human lymphocyte
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development, proliferation and cytokine release.10–12 In lym-

phocytes, p38 activation is triggered by stress and by inflam-

matory signals, although an alternative pathway primed by

T-cell receptor engagement has also been described.13 Con-

firming its central role in shaping the immune response, the

p38 MAPK cascade has been shown to be required for the

development and progression of experimental autoimmune

encephalomyelitis (EAE), the animal model of multiple scle-

rosis (MS), through the induction of a Th17-mediated auto-

immune response.14,15 Although committed Th17 cells are

crucial for host defence against pathogens,16 these cells have

also been associated with numerous human autoimmune

diseases, including MS.17–20

Multiple sclerosis is an immune-mediated disorder, in

which autoantigen-specific T cells infiltrate the central

nervous system and carry out an immune reaction against

self-structures, leading to progressive demyelinization and

consequent nervous damage.21 Interleukin-17-releasing

T-cell subsets have been detected in the brain of EAE

mice,22 and several studies have confirmed the presence

of Th17 lymphocytes at high frequency in the blood and

the cerebrospinal fluid of patients affected by relapsing–
remitting (RR) MS.23–25

The findings illustrated above, among others, indicate a

possible link between the p38 signalling pathway and the

breakdown of the immunological balance in MS. Also, pro-

inflammatory cytokines such as tumour necrosis factor-a,
IL-6 and IL-1b, which are leading actors of inflammation

and play an important role in the pathogenesis of MS, have

been shown to induce the activation of p38.26–28 Neverthe-

less, p38-dependent modulation of Th17 differentiation in

humans still needs to be investigated, and little is known

about the activation of the p38 signalling pathway in MS.

With the current work we aimed to explore the role played

by the p38 cascade in human lymphocyte commitment and

to investigate the possible contribution of p38 activation to

the pathogenesis of RR-MS. Our results indicate that p38

MAPK is indeed implicated in Th17 generation from CD4

naive T cells in humans, both in healthy donors and in

patients with RR-MS, and that p38 phosphorylation is a

critical mediator of IL-17 release by already committed

Th17 lymphocytes. Importantly CD4 T cells from patients

display an increased responsiveness of the p38 signalling

pathway following stimulation. These observations suggest

that the p38 cascade modulates the generation and function

of human Th17 cells, possibly providing a critical contribu-

tion to the pathogenesis of MS.

Materials and methods

Patients

Patients with RR-MS were selected on the basis of their

gender and age and were all female, between 26 and

60 years old, and met the revised McDonald criteria. The

Expanded Disability Status Scale (EDSS) was used to

discriminate the disease status and the group included

individuals whose EDSS was in the range 1–3.
Patients with RR-MS had not undergone any treatment

for at least 3 months before the present study (see Sup-

plementary material, Table S1).

Blood sample collection and isolation

Heparinized peripheral blood was collected from healthy

volunteers and patients affected by RR-MS, with the

approval from the local Ethics Committee. Peripheral

blood mononuclear cells (PBMCs) were isolated by Ficoll-

Hypaque density gradient (Amersham Pharmacia Biotech,

Uppsala, Sweden). In some experiments, CD4+ T cells were

further sorted using a MoFlo cell sorter (Beckman Coulter,

Brea, CA) after staining with CD4, CD45RA, CD27, CCR6,

CD161 antibodies for 30 min at 4° in 1% PBS containing

1% fetal calf serum (Lonza, Basel, Switzerland).

Flow cytometric analysis of cell phenotype

Isolated T cells were stained with the following anti-human

monoclonal antibodies: CD45RA (BD Pharmingen, San

Diego, CA, USA); CD27, CD4, interferon-c (IFN-c), Foxp3,
IL-2 (eBioscience Inc., San Diego, CA, USA) IL-17 (BioLeg-

end, London, UK) Live/Dead (Aqua, 405 nm emission; In-

vitrogen, Eugene, OR) and p38 (rabbit polyclonal anti-p38;

Cell Signaling Technologies Inc., Danvers, MA, USA; Alexa

Fluor 488 goat anti-rabbit immunoglobulin; Invitrogen).

Samples were acquired on a CyAn (Coulter). Data were

analysed using FLOWJO software (TreeStar, Ashland, OR).

Cell culture and use of inhibitors

For experiments involving cell clones, cells were cultured in

RPMI-1640 supplemented with 5% heat-inactivated fetal

calf serum and 10% heat-inactivated human serum, 100 U/

ml penicillin, 100 mg/ml streptomycin, 50 lg/ml gentami-

cin and 2 mM L-glutamine (all from Invitrogen) at 37° in a

humidified 5% CO2 incubator. In the differentiation assays,

X-VIVO 15 serum-free medium (Lonza) was used. In some

experiments the p38 inhibitor BIRB796 was added to the

culture at a final concentration of 500 nM. The inhibitor

SB103580 was used at a concentration of 20 mM. A solu-

tion of 0�1% DMSO was used as control. Finally, the

MAPK signal-integrating kinases (MNK) inhibitor was

used at a concentration ranging from 1 to 10 lM. All inhib-
itors were added 30 min before the starting point of each

experiment, and were not added again.

Cell clones

Th17 cell clones were generated on the basis of surface

expression of CD4, CD161 and CCR6. PBMCs from two
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healthy donors were stained with anti-CD4, anti-CD161

and anti-CCR6 and CD4+ CCD161+ CCR6+ cells were

sorted at 1 cell/well into 96-well culture plates containing

100 000/well irradiated autologous feeders in complete

RPMI, 20 U/ml human recombinant IL-2 (Miltenyi Bio-

tec, Bergisch Gladbach, Germany) and phytohaemaggluti-

nin (PHA, Biochrom GmbH, Berlin, Germany).

T-helper differentiation assay

Naive CD4+ CD45RA+ CD27+ T cells were cultured in

96-well plates (Costar, Corning Inc., NY, USA) at a con-

centration of 5 9 104 cells per well in X-VIVO 15 serum-

free medium (Lonza) in the presence of Dynabeads CD3/

CD28 T Cell Expander (one bead per cell; Invitrogen)

and the following cytokines: IL-1b (10 ng/ml), IL-6

(20 ng/ml), TGF-b1 (1 ng/ml), IL-23 (100 ng/ml), or IL-

12 (10 ng/ml; R&D Systems, Abingdon, UK). After 5–
6 days, cells were collected and restimulated for 6 hr with

PMA and ionomycin (0�5 and 1 lg/ml, respectively, both

from Sigma, St Louis, MO) for intracellular staining. Cell

viability was determined using Aqua Live/Dead staining

(Invitrogen). In some experiments the supernatants were

collected and IL-17 concentration in culture was mea-

sured with the IL-17 ELISA kit (R&D Systems).

Staining of phosphorylated proteins by flow cytometry

The analysis of p38 (pT180/pY182) was performed

directly ex vivo. Following surface staining for CD4 and

CD8, PBMCs were fixed with warm Cytofix Buffer (BD

Biosciences) at 37° for 10 min. Cells were then permeabi-

lized with ice-cold Perm Buffer III (BD Biosciences) at 4°
for 30 min and incubated with the anti-p38 antibody

(pT180/pY182) (AlexaFluor 488; clone 36/p38; BD

Pharmingen) for 30 min at room temperature.

Preparation of cell extracts and Western blot analysis

CD4+ T cells (2 9 106) were activated with PMA

(0�5 lg/ml) and ionomycin (0�5 lg/ml), in the presence

or absence of BIRB796. After 20 min, cells were harvested

and lysed in 20 ml of buffer (50 mM HEPES, pH 7�4,
15 mM MgCl2, 150 mM NaCl, 15 mM EGTA, 10% glyc-

erol, 1% Triton X-100, protease inhibitor mixture

(Sigma-Aldrich, St Louis, MO, USA), 20 mM b-glycero-

phosphate, 2 mM dithiothreitol, 1 mM Na3VO4). Cells

were tested by Western blot analysis to detect the levels

of rabbit anti-phospho-p38 (Thr180 and Tyr182; Cell

Signaling), anti-phospho-eIF4E (Ser209, BioSource Inter-

national, Camarillo, CA), and mouse anti b-tubulin
(Sigma-Aldrich). Proteins were separated on 12% SDS–
PAGE gel and transferred to polyvinylidene fluoride Im-

mobilon-P membranes (GE Healthcare UK Limited,

Buckinghamshire, UK) using a semidry blotting apparatus

(Bio-Rad, Hercules, CA). Membranes were saturated with

5% BSA (Sigma-Aldrich) in PBS containing 0�1% Tween-

20 for 1 hr and incubated overnight at 4° with the pri-

mary antibodies. Secondary anti-mouse IgGs conjugated

to horseradish peroxidase (Amersham Biosciences) were

incubated with the membranes and immunostained bands

were detected by chemiluminescence (Santa Cruz Biotech-

nology Inc., Dallas, TX, USA).

Real-time PCR

Total RNA was extracted with an RNeasy Micro kit (Qia-

gen, Germantown, MD, USA). A mixture containing ran-

dom hexamers, oligo(dT), (Promega, Madison, WI, USA)

and SuperScript II Reverse Transcriptase (Invitrogen) was

used for cDNA synthesis. Transcripts were quantified by

real-time PCR on a LightCycler 480 sequence detector

(Roche, Basel, Switzerland) with Applied Biosystems pre-

designed TaqMan Gene and TaqMan Expression Master

mix (Applied Biosystems, Foster City, CA). The following

probes were used (Applied Biosystems assay identification

numbers in parentheses): IL-17A (Hs00174383_m1),

RORc (Hs01076112_m1). The result from each sample

was analysed using the LIGHTCYCLER 480 software 1.5.0

SP4, Roche. and normalized to the amount of ribosomal

protein L34 (Hs00241560_m1).

Statistical analysis

Statistical analysis was performed using GRAPHPAD Prism

version 4.00 (GraphPad Software, San Diego, CA). Data

are presented as mean plus or minus standard error of

mean (SEM). Significance was determined by two tailed

unpaired Student’s t-test, and P ≤ 0�05 was considered

statistically significant.

Results

p38 MAPK modulates Th17 generation and IL-17
release in vitro

p38 MAPK is a critical mediator of IL-17 release in

mouse CD4+ T lymphocytes.6,7 To outline the contribu-

tion of the p38 signalling pathway on the induction of

human Th17 differentiation, we performed a T-cell differ-

entiation assay of naive CD4+ CD45RA+ CD27+ lympho-

cytes upon stimulation with anti-CD3 and anti-CD28 and

the appropriate cytokines (TGF-b, IL-6, IL-1b, IL-23), in
the presence or absence of the p38 inhibitor BIRB796.

BIRB796 was selected for its ability to inhibit with great

efficiency all four isoforms of p38 MAPK (p38a, p38b,
p38c, p38d) and for its low toxicity on lymphocytes in

culture. After 5 days of culture, cells were stimulated with

PMA and ionomycin, and the release of IL-17 was

assessed by flow cytometry. We were able to detect a
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sizeable frequency of IL-17-positive cells under polarizing

conditions, and this frequency appeared to be signifi-

cantly reduced in the presence of BIRB796 (Fig. 1a,b). To

rule out the risk that the decreased frequency of commit-

ted Th17 cells was the result of higher mortality caused

by p38 inhibition, we measured by flow cytometry the

viability of CD4 T cells at the end of the differentiation

assay. The frequency of living cells after polarization was

comparable in the presence and in the absence of

BIRB796, so excluding the possibility that the compound

was affecting cell survival (Fig. 1c). BIRB796 was effective

in blocking Th17 polarization even at a concentration
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Figure 1. p38 activation is essential for T helper type 17 (Th17) generation from human CD4+ naive T cells in vitro: (a) FACS-sorted

CD4+ CD45RA+ CD27+ naive T cells were stimulated with anti-CD3 and anti-CD28 in the presence (lower panel) or absence (upper panel) of

the p38 inhibitor BIRB796. A cocktail of cytokines composed of transforming growth factor-b (TGF-b), interleukin-1 b (IL-1b), IL-6 and IL-23

was added to the culture. After 5 days the cells were harvested and stimulated with PMA/ionomycin for 4 hr in the presence of brefeldin and

then stained for surface markers. The expression of IL-17 was assessed by flow cytometry. Plots from a representative experiment out of eight are

shown. (b) Graph represents the frequency of IL-17+ cells gated on live CD4+ cells. Error bar represents the SE from the mean of eight distinct

experiments. (c) Graph represents the frequency of live CD4+ cells, gated on total lymphocytes. Error bar represents the SE from the mean of

eight separate experiments. (d) FACS-sorted naive T cells were polarized into Th17, in the presence of different dilutions of BIRB796. The fre-

quency of IL-17-releasing cells is shown. (e) Purified CD4+ naive T cells were polarized toward the Th17 profile, in the presence or absence of

the p38 inhibitor SB203580. Representative plots from one experiment out of three are shown. **P < 0�01.
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lower than the commonly used one (500 nM), and the

frequency of IL-17-releasing cells appeared to be regulated

by the inhibitor in a dose-dependent manner (Fig. 1d).

To further confirm the involvement of the p38 pathway

in human Th17 commitment, we then tested the effect of

a different p38 inhibitor, SB203580, on CD4 naive T-cell

differentiation. Also SB203580 was able to reduce Th17

cell polarization after 5 days in culture, even though with

slightly less efficiency than BIRB796 (Fig. 1e). Finally, we

measured by ELISA the release of IL-17 by isolated naive

CD4 cells under polarizing conditions in the presence or

absence of BIRB after 5 days. While uncommitted CD4 T

cells did not release IL-17, Th17-polarized lymphocytes

secreted significant amounts of the pro-inflammatory

cytokine. Interleukin-17 release was significantly reduced

when BIRB796 was used in the differentiation assay, so

confirming the cytometric data (Fig. 2a).

Since p38 MAPK is known to inhibit cytokine release,

we asked whether p38 inhibition in our assay was block-

ing IL-17 release rather than modulating Th17 differentia-

tion from CD4 naive T cells. Hence, we tested the levels

of RORC, the transcription factor specific for the Th17

profile and whose expression is critical for the differentia-

tion of IL-17-releasing cells. CD4+ naive T lymphocytes

were therefore polarized into Th17 cells, in the presence

or absence of BIRB796, and the expression of RORC and

IL-17 was assessed by real-time PCR. After 5 days in cul-

ture, the mRNAs of both proteins were significantly

reduced in the presence of the p38 inhibitor (Fig. 2b), so

indicating that the p38 cascade is essential for Th17 gen-

eration from CD4+ cells in vitro.

p38 inhibition does not affect IFN-c and Foxp3
expression in culture, but significantly increase IL-21
release from Th17-polarized lymphocytes

Having shown that BIRB796 interferes with Th17 genera-

tion in vitro, we evaluated the possibility that p38 inhibi-

tion was redirecting the differentiation of CD4+ naive T

cells toward cytokine profiles other than the Th17 one.

We consequently measured the expression of Foxp3 and

the expression of IFN-c and IL-2 by naive

CD4+ CD27+ CD45RA+ cells isolated from five donors

after Th17 polarization in the presence of BIRB796. The

fraction of Foxp3+ and IFN-c+ lymphocytes was not sig-

nificantly modified by the presence of the inhibitor, sug-

gesting that p38 inhibition does not redirect lymphocyte

polarization toward the Th1 or the regulatory T profile

under these conditions. Of note, the compound caused a

slight inhibition of cytokine expression, even if not signif-

icant (Fig. 3a,b). However, this compound does not cause

a general inhibition of cytokine expression because we

noticed an increase of IL-2-positive CD4 T cells in the

presence of BIRB796, even if this increase was not statisti-

cally significant (Fig. 3c).

We then measured by flow cytometry the effect of

BIRB796 on IL-21 expression in Th17-polarized cells.

Interleukin-21 has been previously associated with

IL-17 release from CD4+ lymphocytes as it induces Th17

generation from CD4+ naive T cells in mice.29 Here we

show for the first time that p38 inhibition significantly

increases the fraction of IL-21-positive T cells in human

CD4+ cells under Th17 differentiating conditions, even

though this increase does not restore IL-17 levels in the

presence of BIRB796 (Fig. 3d).

Finally, we explored the effect of the p38 signalling

pathway on the differentiation of CD4 T cells toward the

Th1 and Treg profile. We therefore polarized

CD4+ CD27+ CD45RA+ T cells respectively with IL-12,

TGF-b, and IL-2: this cytokine cocktail is known to

induce IFN-c release or Foxp3 expression. After 5 days in

culture, cytokine release was measured by flow cytometry.

The presence of BIRB in the cultures did not modify Th1

polarization, as these lymphocytes acquired the capacity

to release IFN-c despite inhibition of p38 activity (Fig. 3e,

left panel). On the other hand, the frequency of Foxp3+

Treg cells was decreased in three donors in the presence

of BIRB, so confirming previous reports that describe p38

as a key regulator of Foxp3+ T-cell commitment;30

nevertheless, in our case the difference was not signifi-
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cant, as the observed decrease appeared to be donor-

dependent (Fig. 3e, right panel).

p38 activation is required for IL-17 release by already
committed Th17 lymphocytes

Our results show that the p38 signalling pathway is

involved in the polarization of human antigen-inexperi-

enced naive CD4 cells into Th17 lymphocytes. However,

in adults the lymphocyte compartment is largely com-

posed of memory cells. Central memory lymphocytes are

a heterogeneous group of T cells that maintain the capa-

bility to be polarized toward different possible cytokine

profiles. Given the prominent role of these cells in the

effector phase of the immune response, we set out to

investigate the involvement of p38 signalling in the regu-

lation of IL-17 release also by differentiated lymphocytes.

Hence, CD4+ CDRA-CD27+ central memory T cells,

sorted to purity from three different healthy donors, were

cultured under IL-17 differentiation conditions in the

presence or absence of BIRB796. Notably, p38 inhibition

significantly reduced IL-17 release from CD4 cells after

5 days in culture (Fig. 4a,b). BIRB796 reduced IL-17

release in a dose-dependent manner (Fig. 4c), as previ-

ously observed for naive T cells. To confirm these find-

ings, we generated CD4+ IL-17+ cell clones from the

peripheral blood of healthy donors, and we then tested

their capability to release IL-17 in the presence or absence

of BIRB796. CD4+ CCR6+ CD161+ T cells were sorted

from PBMCs of two healthy donors and then expanded

in culture in the presence of IL-2 and PHA. After

15 days, 11 cell clones were stimulated with aCD3 and

aCD28 and tested for their capability to release IL-17 in

the presence or absence of the p38 inhibitor. Secretion of

IL-17 was partially but significantly reduced following

p38 blocking, so confirming the contribution of p38 in

this process (Fig. 4d,e).

The MNK/eIF-4E pathway regulates human Th17 cell
commitment

Map-kinase signal-integrating kinases can be activated by

the p38 cascade and are involved in cytokine regulation.31

Recent evidence indicates that MNKs selectively contrib-

ute to IL-17 protein synthesis in Th17 cells in mice.7 We

therefore investigated whether the impact of p38 signal-

ling pathway on Th17 commitment in humans shares the

same mechanism as in mice. First, we tested whether p38

activation actually leads to eIF-4E phosphorylation in

human isolated CD4 naive T cells. Lymphocytes were

sorted based on CD4, CD45RA and CD27 expression and

then stimulated for 20 min with PMA and ionomycin.

Expression of phospho-p38 and phospho-eIF-4E was

tested by Western blot, which revealed that p38 phos-

phorylation results in the MNK/eIF-4E pathway activation

(Fig. 5a). We therefore performed a differentiation assay

in the presence of the MNK inhibitor and then measured

the frequency of IL-17-releasing cells after 5 days in cul-

ture. The fraction of Th17 differentiated cells was signifi-

cantly reduced in the presence of the inhibitor and this

reduction appeared to be dose-dependent (Fig. 5b lower

panel, c), without affecting cell viability (Fig. 5b, upper

panel).

We finally evaluated by ELISA the amount of IL-17

released after polarization with the Th17 cocktail and

again the MNK inhibitor drastically diminished the quan-

tity of IL-17 secreted in comparison with the control cul-

tures (Fig. 5d).

RR-MS patients show an altered responsiveness of the
p38 cascade upon stimulation

As the p38 signalling pathway is involved in Th17 com-

mitment in healthy donors, we explored the impact of

p38 activation on the polarization process of CD4+ naive

T cells isolated from five patients with RR-MS. When

tested in the differentiation assay in vitro, BIRB796 was

able to dramatically decrease the percentage of committed

Th17 lymphocytes after 5 days in culture (Fig. 6a). The

release of IL-17 evaluated by ELISA was also significantly

reduced in CD4+ T cells isolated by patients with RR-MS,

showing that the role played by p38 in the modulation of

Th17 commitment was consistent in patients and in

healthy donors (Fig. 6b).

The MAPK family is considered crucial in the patho-

genesis of another autoimmune disorder: rheumatoid

arthritis.32–34 The c-Jun N-terminal kinases (JNKs) and

extracellular-signal-regulated kinases (ERKs) pathways

have been already studied in patients affected by RR-MS,

but little is known of the p38 cascade.35 We therefore

investigated the expression of the p38 MAPK in CD4+

cells isolated from the peripheral blood of patients with

RR-MS and healthy donors, to evaluate if there is an

alteration of this pathway during disease. We selected 18

Figure 3. p38 inhibition does not affect interferon-c (IFN-c) and Foxp3 expression in culture and significantly increases interleukin-21 (IL-21)

release: FACS-sorted CD4+ naive T lymphocytes were polarized into T helper type 17 (Th17) cells with and without BIRB796. After 5 days cells

were harvested and stimulated with PMA/ionomycin for 4 hr. CD4 T lymphocytes were then stained to test the expression of IFN-c (a) and

Foxp3 (b). Also the expression of IL-2 (c) and IL-21 (d) after 5 days was evaluated by flow cytometry. Bar graphs on the right of each plot repre-

sent the frequency of IFN-c+, Foxp3+, IL-2+ and IL-21+ cells gated on live CD4+ lymphocytes. Results from eight distinct experiments (a–c) and

six distinct experiments (d) are shown. (e) FACS-sorted naive cells were polarized into Th1 and regulatory T cells, in the presence or absence of

BIRB796. Graphs from five independent experiments are shown.
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patients affected by RR-MS and 18 healthy donors. As

MS is a widely heterogeneous disorder, we chose a group

of individuals that were comparable for gender, age and

disease progression (see Supplementary material, Table

S1). We first measured by flow cytometry the level of

expression of the p38 kinase ex vivo, and found that there

was no difference in the basal level of p38 total protein

and phosphorylated protein between donors and patients

(Fig. 7a). However, when the levels of p38 phosphoryla-

tion were measured in isolated CD4-positive T cells upon

stimulation with PMA and ionomycin, we uncovered a

completely different situation: CD4+ lymphocytes from

RR-MS individuals in fact showed a significantly higher

propensity to phosphorylation than their counterparts

isolated from healthy donors (Fig. 7b,c). After stimulation

the fold increase of p38 MFI in CD4 cells was 33% higher

in patients than in healthy donors. To validate the results

obtained by flow cytometry, we performed the same

experiment in Western blot, isolating CD4+ T cells from

patients and donors and measuring p38 phosphorylation

levels upon stimulation. Lymphocytes isolated from

patients with RR-MS showed a higher level of p38 activa-

tion in comparison with cells isolated from healthy

donors, confirming the cytometric results (Fig. 7d).

Discussion

In the present work we studied the role played by p38

MAPK in lymphocyte commitment in humans and we

investigated the level of p38 activation in CD4+ cells iso-

lated from patients with MS. We show that p38 activation

is required for IL-17 generation from human CD4+ T

cells. p38 regulates inflammatory responses following its

phosphorylation downstream of T-cell receptor activation,

promoting the production of pro-inflammatory and

T-cell-polarizing cytokines like IL-1b, IL-12, IL-6 and

IL-23. In particular, a number of studies have revealed a

role for p38 in the production of IL-17 by Th17 cells
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both in vitro and in vivo.14,15,36 Th17 generation from

CD4+ naive T cells has been extensively studied and

described, because of the essential role played by IL-17-

releasing lymphocytes in physiological and pathological

immune responses. Interestingly, it has been previously

shown that IL-17 production in the mouse model is regu-

lated at the translational level through the activation of

the eukaryotic translational initiation factor 4E/MAPK-

interacting kinase pathway.7 Nevertheless, previous studies

showed that important differences do exist between

humans and mice in the stimuli and the cues that lead to

Th17 development, suggesting that the signalling cascade

downstream of these stimuli may be different between the

two species.9 Several cytokines, known to be regulated by

p38-MAPK, such as IL-1b and IL-6, are higher in MS

patients than in healthy individuals. Importantly, these

cytokines are required to elicit EAE.

Pharmacological inhibition of p38 MAPK in mice, by

means of several different small-molecule inhibitors have

been revealed to be efficacious in autoimmune diseases in

pre-clinical studies37,38 and able to ameliorate EAE, when

continually administered after induction of disease.6,15 In

this context it is noteworthy that p38 signalling is

required for onset and progression of EAE39 in accor-

dance with its aptitude to promote a Th17-mediated

response and it is therefore crucial to investigate the

impact of p38 activation in Th17 differentiation in

humans. The IL-23–Th17 axis has been shown to be
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essential in the inflammatory response in various autoim-

mune diseases and the discovery of new mechanisms that

regulate Th17 generation and functionality is therefore

crucial in the attempt to control the autoimmune

response in humans. The capacity of p38 to modulate

human Th17 differentiation consequently appears to be

particularly attractive. T-cell expression of a dominant

negative p-38 MAPK transgene in mice inhibited EAE

and IL-17 production.7 As p38 inhibitors have shown

great promise in pre-clinical models of rheumatoid

arthritis and Crohn’s disease, diseases that share some

molecular mechanisms with MS, we believe that the use

of p38 inhibitors in MS is worth investigating and may

have a strong clinical impact in this setting. Importantly,

here we show that p38 inhibitors interfere with the gener-

ation of IL-17-producing cells from naive CD4 cells iso-

lated from healthy donors as well as from patients

affected by RR-MS. Noteably, p38 activation is required

for the transcription of RORct mRNA, suggesting that,

contrary to the mouse model, in humans the p38 cascade

is actually implicated in the differentiation process of

CD4+ naive T cells into Th17 and not only in the modu-

lation of IL-17 secretion. In addition to this it is remark-

able that the p38 signalling pathway is also crucial for

IL-17 release from already committed central memory

lymphocytes. As patients with MS show an increased fre-

quency of central memory Th17 cells in the peripheral

blood,17,18 the present findings appear to be even more

prominent. Indeed, our results suggest that p38 inhibition
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may regulate both Th17 cell generation from naive cells

and IL-17 release from differentiated lymphocytes, so pos-

sibly resulting in an ultimately stronger effect in vivo.

Interestingly, when we tested the impact of p38 inhibi-

tion on Th17 polarization, we found for the first time

that IL-21 release from naive CD4+ cells exposed to the

cocktail was significantly increased in the presence of

BIRB796. Interleukin-21 has been shown to counteract T

regulatory cell suppression and to induce Th17 generation

in mice, and it is considered crucial in many inflamma-

tory diseases.29,40 We strongly believe that this aspect

needs to be taken into consideration and further investi-

gated, for example in the aim to enhance the effect of the

p38 inhibitors currently under study for the treatment of

certain autoimmune pathologies.

Many clinical trials with p38 inhibitors have been

recently performed in inflammatory pathologies.41–44

However, little is known on the activation of the p38 cas-

cade in individuals with RR-MS, and the efficacy of p38

inhibitors in the cure of MS has not been tested yet. Here

we show for the first time that responsiveness of the p38

signalling pathway upon activation appears to be signifi-

cantly increased in cells from patients, in comparison to

healthy donors. p38 activation has been previously stud-

ied in cells from EAE lesions, where it was upregulated in

astrocytes and glial cells.34 To our knowledge, this is the

first time that the p38 cascade is investigated in CD4+ T

cells from patients with MS. The reasons for the resonse

being so much higher are not easy to discern. It is possi-

ble to speculate that an environment rich in pro-inflam-

matory cytokines may determine the altered threshold of

activation seen in lymphocytes from patients. In addition

to this, it has been shown that highly differentiated lym-

phocytes are defined by an elevated expression of phos-

phorylated p3845 and an increased frequency of such

effector T cells in patients with MS has been previously

observed by us (unpublished observation) and others.46

Hence, the combination of high levels of cytokines with

increased numbers of differentiated effector cells may

account for the elevated responsiveness of the p38 signal-

ling pathway seen in CD4+ from patients with MS. Of

course this aspect deserves to be further investigated.

The capacity of the p38 cascade to modulate the bio-

synthesis of multiple pro-inflammatory cytokines has

been largely investigated.47,48 In the light of this, the

observed higher activation of the p38 cascade in cells

from patients with RR-MS may be, at least to some

extent, responsible for the inflammatory process that

underlies the disease. If this were to be confirmed, the

use of p38 inhibitors in the treatment of MS would

appear even more reasonable. One more aspect that is

worth considering is that the efficacy of p38 inhibitors on

inflammatory syndromes in humans appears to be low

and complicated by adverse effects like neurotoxicity or

hepatotoxicity.49,50 However, here we confirm previous

data from the mouse model, showing that the MNK/eIF-

4E pathway downstream of p38 is involved in human

Th17 cell commitment. This finding could help to

develop more targeted compounds in the same attempt

to reduce Th17 cell development and functionality

in vivo, so reducing broad adverse effects. Interestingly

MNK proteins have been shown to regulate the inflam-

matory process and they therefore appear to be promising

targets for anti-inflammatory therapies.31

In summary, our results indicate that the p38 cascade

modulates Th17 cell functionality in both healthy donors

and in patients affected by RR-MS, and highlight the

higher propensity of lymphocytes isolated from patients

to activate the p38 signalling pathway upon stimulation,

in comparison to lymphocytes from healthy donors.

These data suggest that p38 MAPK may provide a critical

contribution to the pathogenesis of multiple sclerosis and

open new perspectives for the use of MAPK inhibitors as

treatment for autoimmune diseases.
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Kuchroo VK. IL-21 initiates an alternative pathway to induce proinflammatory TH17

cells. Nature 2007; 448:484–7.

41 Cohen S, Fleischmann R. Kinase inhibitors: a new approach to rheumatoid arthritis

treatment. Curr Opin Rheumatol 2010; 22:330–5.

42 Kumar S, Boehm J, Lee JC. p38 MAP kinases: key signalling molecules as therapeutic

targets for inflammatory diseases. Nat Rev Drug Discov 2003; 2:717–26.

43 Bonilla-Hernan MG, Miranda-Carus ME, Martin-Mola E. New drugs beyond biologics

in rheumatoid arthritis: the kinase inhibitors. Rheumatology (Oxford) 2011; 50:1542–

50.

44 Goldstein DM, Kuglstatter A, Lou Y, Soth MJ. Selective p38a inhibitors clinically evalu-

ated for the treatment of chronic inflammatory disorders. J Med Chem 2010; 53:2345–

53.

45 Di Mitri D, Azevedo RI, Henson SM et al. Reversible senescence in human

CD4+CD45RA+CD27� memory T cells. J Immunol 2011; 187:2093–100.

ª 2015 John Wiley & Sons Ltd, Immunology, 146, 251–263262

D. Di Mitri et al.



46 Thewissen M, Linsen L, Somers V, Geusens P, Raus J, Stinissen P. Premature immu-

nosenescence in rheumatoid arthritis and multiple sclerosis patients. Ann N Y Acad Sci

2005; 1051:255–62.

47 Yang Y, Kim SC, Yu T, Yi YS, Rhee MH, Sung GH, Yoo BC, Cho JY. Functional roles

of p38 mitogen-activated protein kinase in macrophage-mediated inflammatory

responses. Mediators Inflamm 2014; 2014:352371.

48 Fulop T, Le Page A, Fortin C, Witkowski JM, Dupuis G, Larbi A. Cellular signalling in

the aging immune system. Curr Opin Immunol 2014; 29:105–11.

49 Dambach DM. Potential adverse effects associated with inhibition of P38a/b map kinas-

es. Curr Top Med Chem 2005; 5:929–39.

50 Hammaker D, Firestein GS. Go upstream, young man: lessons learned from the P38

saga. Ann Rheum Dis 2010; 69:i77–82.

Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Table S1. Listed patients with relapsing–remitting mul-

tiple sclerosis were all female, were all in the remission

phase at the time of the sampling and did not undergo

any treatment since at least 3 months before the present

study.

Th17-response depends on p38 activation in human

ª 2015 John Wiley & Sons Ltd, Immunology, 146, 251–263 263


