
Innate immunity modulates autoimmunity: type 1 interferon-b
treatment in multiple sclerosis promotes growth and function of
regulatory invariant natural killer T cells through dendritic cell
maturation

Introduction

Type 1 interferon-b (T1IFN-b) therapy represented a

major breakthrough for the treatment of multiple sclerosis

(MS), a T-cell-mediated autoimmune disease of the cen-

tral nervous system that affects 2�5 million people world-

wide. Indeed, the administration of T1IFN-b to patients

with the relapsing–remitting form of MS (RR-MS) chan-

ged the natural history of the disease by dramatically redu-

cing the incidence of relapses.1–3 Although T1IFN-b is the

first-choice drug for treatment of RR-MS, its mechanism

of action remains unclear. In particular, it is puzzling how

an innate cytokine, whose primary function is to enhance

antiviral T-cell immunity, can counter-regulate T-cell

autoimmunity in MS. It was originally proposed that

T1IFN-b therapy could reduce the number of viral infec-

tions that trigger autoimmune relapses in MS. Thus far,

there is neither direct evidence to prove that T1IFN-

b-treated MS patients react more efficiently to common

infections nor has a direct link between viral infections

and MS relapses been confirmed. Recently, new modula-

tory functions for T1IFNs were demonstrated, revealing

that those innate cytokines affect almost every cell type

and immune function and exert multiple actions on innate

and adaptive immunity.4,5 The pleiotropic properties of

T1IFNs are accounted by the fact that T1IFN receptors are

broadly expressed on most cells and that signalling

through them modulates the expression of a large variety

of genes.6 Specifically, T1IFNs are capable of shaping the

responses of natural killer (NK) and CD8+ T cells,7,8 aug-

ment the secretion of key cytokines and growth factors for

T cells such as interleukin-15 (IL-15)9,10 and regulate
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Summary

Type 1 interferon-b (T1IFN-b) is an innate cytokine and the first-choice

therapy for multiple sclerosis (MS). It is still unclear how T1IFN-b, whose

main function is to promote innate immunity during infections, plays a

beneficial role in autoimmune disease. Here we show that T1IFN-b pro-

moted the expansion and function of invariant natural killer (iNKT) cells,

an innate T-cell subset with strong immune regulatory properties that is

able to prevent autoimmune disease in pre-clinical models of MS and type

1 diabetes. Specifically, we observed that T1IFN-b treatment significantly

increased the percentages of Va24+ NKT cells in peripheral blood mono-

nuclear cells of MS patients. Furthermore, iNKT cells of T1IFN-b-treated

individuals showed a dramatically improved secretion of cytokines (inter-

leukins 4 and 5 and interferon-c) in response to antigenic stimulation

compared to iNKT cells isolated from the same patients before T1IFN-b
treatment. The effect of T1IFN-b on iNKT cells was mediated through the

modulation of myeloid dendritic cells (DCs). In fact, DCs modulated

in vivo or in vitro by T1IFN-b were more efficient antigen-presenting cells

for iNKT cells. Such a modulatory effect of T1IFN-b was associated with

up-regulation on DCs of key costimulatory molecules for iNKT (i.e.

CD80, CD40 and CD1d). Our data identified the iNKT cell/DC pathway

as a new target for the immune regulatory effect of T1IFNs in auto-

immune diseases and provide a possible mechanism to explain the clinical

efficacy of T1IFN-b in MS.

Keywords: autoimmunity; CD1d-restricted natural killer T cells; cyto-

kines/interferons; dendritic cells; human studies
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dendritic cell (DC) maturation and function.11–13 The

recently revealed modulatory role of T1IFNs suggested the

hypothesis that T1IFN-b could prevent autoimmunity in

MS by promoting regulatory mechanisms. Specifically, it

could enhance the function of innate T cells with immune

regulatory ability, such as invariant NK T (iNKT) cells,

that are capable of preventing autoimmune diseases in

preclinical models of MS and type 1 diabetes.14–19

The iNKT cells represent an unusual regulatory T-cell

subset with NK cell markers and an invariant T-cell

receptor a chain (human Va24 and murine Va14) that

recognizes self-glycolipid antigens presented by the

restriction major histocompatibility complex (MHC) class

I-like molecule CD1d.20 The idea that iNKT cells are key

immune regulators for the prevention of T-cell auto-

immunity originated from the observation that patients

affected by different T-cell-mediated autoimmune dis-

eases, including MS,21 type 1 diabetes22 and rheumatoid

arthritis,23 carry a functional defect of the iNKT cell sub-

set. Although more recent findings have weakened the

hypothesis that an iNKT cell defect is linked to the onset

of autoimmunity in humans, at least in type 1 diabetes,24

studies in pre-clinical models of autoimmune diseases

provided direct evidence that iNKT cells are critical to

counter-regulate T-cell autoimmunity. For example, iNKT

cell expansion in transgenic mice that carried an invariant

NK T-cell receptor,14 through systemic administration of

their model antigen a-galactosylceramide (aGalCer)15–19

or by up-regulation of the CD1d expression at the site of

autoimmunity,25 averted autoimmune disease in pre-

clinical models of MS and type 1 diabetes. On the other

hand, lack of iNKT cells in CD1d-deficient NOD (non-

obese diabetic) mice worsened autoimmune diabetes.26

Since iNKT cells are fundamental to prevent autoimmune

disease, a positive effect of T1IFN-b on iNKT cell growth

and function could underlie the therapeutic efficacy of

this cytokine in MS. There are previous findings suggest-

ing that T1IFNs could regulate iNKT cell activity. For

example, the observation that T1IFN-a/b-associated tran-

scription factor, IRF-1, is necessary for iNKT cell develop-

ment and function.27 In addition, there is a recent report

showing that T1IFN-b is responsible for the up-regulation

of CD1d on DCs infected by Listeria monocytogenes and

the improvement of the antigen-presenting ability of DCs

on iNKT cells.28 With the intent to establish whether

T1IFN-b exerts a key modulatory effect on iNKT cells

and specifically promotes their activation and regulatory

function, we measured percentages and cytokine secretion

of iNKT cells in individuals receiving T1IFN-b as treat-

ment for MS. The percentages of iNKT cells in peripheral

blood mononuclear cells (PBMC) of those individuals

before and after treatment with T1IFN-b were compared.

We found that T1IFN-b significantly increased the iNKT

cell number and improved NKT cell cytokine release in

response to antigenic stimulation with a-GalCer. The

action of T1IFN-b on the iNKT cell subset differed from

that on other innate lymphocytes such as NK cells. In

fact, T1IFN-b did not directly induce NKT cell clonal

expansion and cytokine secretion. Conversely, T1IFN-b
modulated myeloid DCs both in vivo in MS patients and

in vitro and significantly increased their antigen-present-

ing capacity upon iNKT cells. Such an improvement of

the antigen-presenting function was associated with a

selective maturation of T1IFN-b-modulated DCs. The

addition of T1IFN-b during in vitro differentiation of

myeloid DCs up-regulated the expression of costimulatory

molecules that are crucial for iNKT cell activation such

as the restriction molecule CD1d and the costimulatory

molecules CD80 and CD40.

Our results suggest that T1IFN-b boosted innate immu-

nity conditioning myeloid DCs, which in turn promoted

the expansion and function of regulatory iNKT cells.

Materials and methods

Monoclonal antibodies and phenotypic analysis

Invariant NKT cells were simultaneously stained with

anti-Va24 monoclonal antibody (mAb; clone C15) from

Immunotech (Warrenale, PA) and anti-CD3 mAb (clone

UCHT1) from BD Biosciences (San Jose, CA). In some

experiments NKT cells were simultaneously stained with

anti-Va24 mAb and human CD1d tetramers (kindly pro-

vided by Dr M. Kronenberg, La Jolla Institute for Allergy

and Immunology, La Jolla, CA) previously loaded with

aGalCer (KRN7000, 100 ng/ml, kindly provided by Kirin

Brewery, Gunma, Japan). Analysis of the DC phenotype

was performed with anti-CD11c, anti-CD80 (clones BU15

and MEM-233 from Caltag, Burlingame, CA), anti-CD40

(clone LOB7/6 from ValterOcchiena, Torino, Italy) and

anti-CD1d (clone CD1d42 from BD Biosciences) mAbs.

In all experiments dead cells were excluded from the ana-

lysis by staining with propidium iodide (Sigma, St. Louis,

MO). Flow cytometric experiments were performed using

fluorescence-acitvated cell sorter (FACS) Vantage and

FACSCalibur instruments and data were analysed by

CELLQUEST software (Becton Dickinson, Mountain View,

CA).

DC derivation and culture

DCs were derived from peripheral blood monocytes.

Briefly, PBMC isolated from blood using a Ficoll gradient

were kept for 2 hr at 37� and 5% CO2 in RPMI-1640

with 10% fetal calf serum and non-adherent cells were

washed away with warm RPMI-1640. Adherent cells were

cultured for 5 days in the presence of recombinant

human granulocyte–macrophage colony-stimulating factor

(rhGM-CSF; 400 U/ml) and rhIL-4 (200 U/ml) from

Strathmann Biotec (Hamburg, Germany). In indicated
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experiments recombinant human IFN-b (PBL Biomedical

Laboratories, Piscataway, NJ) was added to the DC or

iNKT cell cultures at 1000 U/ml.

iNKT cell cultures and proliferation assay

Invariant NKT cells were expanded from PBMC of MS

patients by culturing total PBMC in the presence of iNKT

cell antigen, aGalCer (100 ng/ml), rhIL-7 (500 U/ml,

R & D Systems, Minneapolis, MN) and rhIL-15 (20 ng/

ml, R & D Systems) in culture medium (RPMI-1640 sup-

plemented with 10% fetal calf serum, 100 U/ml penicillin/

streptomycin, 2 mM glutamine, 1 mM sodium pyruvate,

1% non-essential amino acids and 50 lM 2-b-mercapto-

ethanol). After 4 weeks, iNKT cells were purified by mag-

netic beads selection (Miltenyi Biotec, Bergisch Gladbach,

Germany) with anti-Va24 mAbs and bead-conjugated sec-

ondary antibody against murine immunoglobulin G. Puri-

fied iNKT cells were stimulated with DCs previously

pulsed with antigen (aGalCer, 100 ng/ml) for 18 hr and

irradiated (3500 rads). Supernatants were collected for

cytokine measurement and proliferation assay was per-

formed by adding 1 lCi [3H]thymidine per well in the

last 16 hr of the 3-day culture period and measuring

thymidine incorporation by liquid scintillation counting.

Cytokine assays

The concentrations of the cytokines IFN-c, IL-10, IL-5,

IL-4 and IL-2 were measured simultaneously from the

same sample through the use of a multiplexed flow cyto-

metric assay. A commercial Human Th1/Th2 Cytokine

Kit, BD Cytometric Bead Array, a FACSCalibur flow

cytometry and BD CBA SOFTWARE (BD Immunocytometry

Systems, San Jose, CA and BD Biosciences Pharmingen,

San Diego, CA) were used for the analysis according to

the manufacturer’s instructions. The concentration of

cytokines was interpolated from standard curves obtained

with recombinant human cytokines in the range of

0–10 000 pg/ml.

Statistical analysis

Data were expressed as mean + SEM. Statistical analysis of

iNKT cell number in untreated individuals or T1IFN-b-

treated MS patients was performed with a non-parametric

Mann–Whitney test. Statistical analyses of in vitro experi-

ments were performed with Student’s unpaired t-tests.

P-values < 0�05 were considered statistically significant.

Subjects

The group of RR-MS patients included in our study was

heterogeneous for age, disease duration and severity, but

all the patients responded to T1IFN-b treatment and

showed no clinical or radiological relapses of MS after

2 years of therapy (Table 1). The patients were enrolled

between 10 October 2002 and 4 September 2003 and were

followed clinically up to the end-point of the study, which

was 30 September 2005 (2 years of clinical follow-up). All

patients gave their written consent according to our Insti-

tution’s review board guidelines (Azienda Ospedaliera

S. Maria della Misericordia); the informed consent was

prepared according to the rules of the local Ethical

Committee and signed by all participating subjects. PBMC

were collected from RR-MS patients before and at two

time-points (3 and 8 months) after the initiation of

the treatment with T1IFN-b and were tested by flow

cytometry in a single experiment for a comparative analysis

of Va24+ CD3+ iNKT cell percentages.

Results

Treatment with T1IFN-b enriched the Va24+ iNKT
cell subset

Despite the limited number of iNKT cells in PBMC, we

measured a significant increase in the percentages of

invariant Va24+ CD3+ NKT cells in the PBMC of T1IFN-

b-treated patients compared to PBMC samples collected

from the same patients before treatment or healthy

controls (Fig. 1a).

The T1IFN-b effect on iNKT cell expansion was pro-

gressive and the percentage of iNKT cells was higher at

8 months than 3 months post-treatment (Fig. 1c). Per-

centages of innate lymphocytes like iNKT cells in periph-

eral blood could vary in time according to environmental

conditions. To exclude the possibility that the observed

increase of iNKT cells in T1IFN-b-treated MS patients

was the result of accidental environmental factors, we

assessed variations of iNKT cell percentages in PBMC col-

lected from untreated individuals at different time-points.

Table 1. Information on MS patients (n ¼ 10) included in the

study and comparison of numbers of MS relapses in the 2 years

before and after starting treatment with T1IFN-b

Patient

Age

(year) Gender

Disease

duration

(year)

MS relapses/year

Pre-

IFN-b
Post-

IFN-b

MSNKT006 26 F 5 1 none

MSNKT009 33 F 3 0 none

MSNKT010 40 F 1�5 2 none

MSNKT015 33 F 15 1 1*

MSNKT016 30 F 1 2 none

MSNKT017 46 M 2 1 none

MSNKT018 26 F 5 1 none

MSNKT019 48 F 34 0 none
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In those individuals we did not detect significant changes

of iNKT cell percentages over time (Fig. 1c), confirm-

ing that the iNKT cell expansion in MS patients was

integrally related to T1IFN-b therapy. The phenotype

of iNKT cells was confirmed by staining PBMC with

aGalCer-loaded CD1d tetramers, showing that the major-

ity of invariant Va24+ NKT cells were aGalCer/CD1d+

(> 90%) both in MS patients and healthy controls

(Fig. 1b). The percentage of Va24+ CD3+ cells that were

aGalCer/CD1d– were included in our analysis because

they could represent invariant NKT cells with CD1d

restriction but antigen specificity for a glycolipid antigen

different from aGalCer.29

T1IFN-b treatment promoted function of regulatory
iNKT cells

The regulatory function of iNKT cells is related to their

rapid and diverse secretion of cytokines like IFN-c, IL-4,

IL-5 and IL-10 upon T-cell receptor stimulation. To

demonstrate that the treatment with T1IFN-b favoured

iNKT cell function, we tested secretion of cytokines by

iNKT cells isolated from the PBMC of MS patients before

and after treatment with T1IFN-b. For those experiments,

Va24+ CD3+ iNKT cells were purified from the PBMC of

MS patients collected before and 3 months after starting

treatment with T1IFN-b and were stimulated in vitro with

their model antigen, a-GalCer. We observed that iNKT

cells isolated from the PBMC of T1IFN-b-treated MS

patients secreted significantly larger amount of IL-5, IL-4

and IFN-c upon antigenic stimulation compared to their

counterparts purified from PBMC collected before treat-

ment (Fig. 2). Secretion of IL-10 was also slightly

increased from iNKT cells of treated patients (Fig. 2) but

no significant release of other cytokines such as IL-2 from

iNKT cells was detected in either of the groups of pati-

ents (data not shown). Our findings suggested that

treatment with T1IFN-b conditioned iNKT cells in vivo

and rendered them more effective in cytokine release

upon antigenic stimulation.

T1IFN-b did not have a direct effect on iNKT cell
growth and function

To assess the mechanism by which T1IFN-b modulates

iNKT cell activation, we tried to assess whether the cyto-

kine acts directly on the iNKT cell subset. The direct

effect of T1IFN-b on lymphocytes is conflicting; on one

hand they promote blastogenesis and the STAT cascade

for cytokine production in NK cells, while on the other,

they inhibit proliferation and antigenic stimulation of

T cells.7 To test the direct effect of T1IFN-b on iNKT

cells, we added recombinant human T1IFN-b to iNKT

cells during antigenic stimulation with aGalCer and

measured their proliferation and cytokine secretion. In

those experiments, the addition of T1IFN-b completely

blocked both proliferation (Fig. 3a) and cytokine secre-

tion (Fig. 3b) of iNKT cells. We concluded that iNKT

cells behave more like T lymphocytes than NK cells in

response to T1IFN-b and that the beneficial effect of the

cytokine on iNKT cell expansion and function observed

in vivo in MS patients was probably the result of an

indirect action.

T1IFN-b modulated DCs and improved their
antigen-presenting capacity upon iNKT cells

T1IFN-b could promote iNKT cell activation through

modulation of myeloid dendritic cells (DCs), a subset of
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Figure 1. Percentage of Va24+ CD3+ NKT cells increased in PBMC

of MS patients after treatment with T1IFN-b. (a) Cumulative data of

percentages of iNKT in healthy individuals and MS patients before

and after treatment with T1IFN-b are presented. Total peripheral

blood mononuclear cells (PBMC) were stained with PE-conjugated

anti-CD3 and FITC-conjugated anti-Va24 monoclonal antibodies

and analysed by flow cytometry. Percentages of CD3+ Va24+ iNKT

cells significantly increased in T1IFN-b-treated patients (n ¼ 8)

compared to PBMC samples from untreated individuals (untreated

MS n ¼ 8 and healthy controls, n ¼ 8) (non-parametric Mann–

Whitney test, P ¼ 0�04). (b) Percentages of Va24+ CD3+ iNKT cells

increased progressively in the PBMC of MS patients after treatment

with T1IFN-b. PBMC samples of each patient (open squares) and

controls (closed squares) collected at different time-points were

stained and analysed in a single experiment as in (b). (c) The major-

ity of invariant Va24+ T cells were aGalCer/CD1d+. Total PBMC of

MS patients (n ¼ 3) and controls (n ¼ 3) were double-stained with

PE-conjugated aGalCer-loaded CD1d tetramers and FITC-conjugated

anti-Va24 mAb. The small percentage (5–15%) of Va24+ T cells that

were aGalCer/CD1d– could represent CD1d-restricted iNKT cells

that did not recognize aGalCer as their glycolipid antigen.
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antigen-presenting cells that is essential for iNKT cell

maturation and function.30 Hence, we tested whether

T1IFN-b acted on DCs by increasing their stimulatory

capacity upon iNKT cells. First, we evaluated the ability

of T1IFN-b-modulated DCs derived from treated MS

patients to trigger iNKT cell activation. In those

experiments, DCs were derived from PBMC of T1IFN-

b-treated or untreated MS patients, pulsed with the iNKT

cell antigen aGalCer and added to purified autologous

Va24+ iNKT cells. We observed that DCs differentiated

from PBMC of T1IFN-b-treated patients were more

effective for iNKT cell activation than were the DCs of

untreated MS patients (Fig. 4a; P � 0�05), as if the pre-

conditioning of monocytes with T1IFN-b favoured their

differentiation towards an iNKT cell-stimulating pheno-

type. Such a modulatory effect of T1IFN-b on DCs was

confirmed in vitro. In fact, human DCs, derived from

untreated individuals and differentiated in vitro in the

presence of recombinant human T1IFN-b, were signifi-

cantly more efficient antigen-presenting cells for iNKT

cells compared to their non-T1IFN-b-modulated counter-

parts (Fig. 4b; P � 0�01). In addition, we found that con-

ditioning of immature DCs with T1IFN-b, in the absence

of any other maturation stimuli, induced their partial

maturation with significant up-regulation of the iNKT cell

restriction molecule, CD1d, and costimulatory molecules

CD80 and CD40 (Fig. 5a) but not CD86 (data not

shown). Up-regulation of the expression levels of restric-

tion and costimulatory molecules that are fundamental

for iNKT cell activation could explain the increased anti-

gen-presenting function of T1IFN-b-modulated DCs on

iNKT cells. However, although T1IFN-b-conditioned DCs

up-regulated the expression of maturation markers, they

were not fully mature, down-regulated the expression of

CD11c (Fig. 5a) and failed to secrete cytokines (Fig. 5b).

Our data showed that innate cytokines such as T1IFN-b
could function as natural adjuvant for DCs, induced their

partial maturation and improved their capacity to stimu-

late iNKT cells.

Discussion

Type 1 interferons are innate cytokines essential to fight

infections. They contribute to the clearance of pathogens

either by directly inhibiting viral replication in infected

cells or by boosting up the innate immunity through the

modulation of different cell types including NK cells and

myeloid DCs.4–13 The effect of T1IFNs on myeloid DCs is

so remarkable that those innate cytokines can be con-

sidered as endogenous adjuvants for the activation of
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DCs.11 In fact, T1IFNs, in the absence of pathogen-related

signals, are sufficient to promote DC maturation and

increase the expression of the restriction molecules MHC

class I and II and costimulatory molecules CD40, CD80,

CD86 and CD83.31–36 Since T1IFNs are secreted by

plasmacytoid DCs in response to infection, those cytok-

ines generally enhance the function of mature myeloid

DCs, previously activated by pathogen-related signals

through Toll-like receptors. The ultimate effect of the

modulation of maturing myeloid DCs by T1IFNs is an

increase of their antigen-presenting function on effector T

cells as well as of the secretion of inflammatory cytokines

like IL-12 aimed to amplify antiviral immunity.

In treated MS patients, because T1IFN-b was not secre-

ted in response to infection but was administered exogen-

ously, it interacted with resting immature DCs. The

physiological role of T1IFN modulation on myeloid DCs

under ‘steady-state’ conditions (i.e. in the absence of

pathogens) is unclear. A recent report in T1IFN-b-treated

MS patients suggested that modulation of T1IFNs on
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mature and did not secrete cytokines (IL-12 and IL-10). Cytokine

release by immature DCs derived from PBMC without (iDC) or with

rhT1IFN-b (T1IFN-b iDC) was assessed by CBA on supernatants of

5-day DC cultures. As positive controls, we used fully mature DCs

(mDC) obtained by adding LPS (1 lg/ml) to the last 24 hr of

culture.
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Figure 4. T1IFN-b acted on DC by increasing their stimulatory

capacity upon iNKT cells. (a) Pre-conditioning of monocytes with

T1IFN-b in treated MS patients favoured differentiation of DCs with

an enhanced antigen-presenting capacity upon iNKT cells compared

to DCs from untreated MS patients or healthy controls (P � 0�05).

PBMC were collected from MS patients before (MS) and 3 months

after treatment with T1IFN-b (T1IFN-b/MS) and kept for 2 hr at

37�, in 5% CO2 in RPMI-1640 with 10% fetal calf serum. Adherent

cells were cultured for 5 days with rhGM-CSF (400 U/ml) and

rhIL-4 (200 U/ml) to differentiate DCs. DCs were either unpulsed or

were pulsed with the iNKT cell antigen (± aGalCer, 100 ng/ml), irra-

diated and cultured at 2 · 105 cells/well in a 96-well plate together

with 2 · 104 purified Va24+ iNKT cells previously expanded from

autologous PBMC. Supernatants were collected after 7 days and

iNKT cell stimulation was evaluated as the mean of cytokine release

(IL-5 and IFN-c) measured by CBA assay. Data are presented

as mean ± SEM of duplicate determinations (SEM < 5% are not

shown). One representative experiment out of two is shown.

(b) DCs differentiated in vitro in the presence of T1IFN-b were more

effective antigen-presenting cells for iNKT cells compared to non-

T1IFN-b-modulated DCs (P � 0�01). DCs were differentiated from

PBMC of untreated individuals (healthy donors) with rhGM-CSF and

rhIL-4 with/without rhT1IFN-b, pulsed with aGalCer (100 ng/ml),

irradiated and added to autologous purified Va24+ iNKT cells.

Unpulsed DCs were used as negative control (– aGalCer). Superna-

tants were collected after 7 days and iNKT cell stimulation was

evaluated as mean of cytokine release (IL-5 and IFN-c). Data are

presented as mean ± SEM of duplicate determinations. One repre-

sentative experiment out of three is shown.
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immature DCs up-regulates the expression of costimula-

tory molecules37 that are crucial for the homeostasis and

activation of regulatory T cells, including invariant NKT

cells.38,39 Our data confirmed that T1IFN-b induced

selective DC maturation with the up-regulation of costim-

ulatory molecules CD80 and CD40 and also found an

increased expression of the iNKT cell restriction molecule,

CD1d. In addition, we demonstrated that T1IFN-b-

modulation of myeloid DCs dramatically improved their

antigen-presenting function upon regulatory iNKT cells

and favoured their activation and expansion both in vitro

and in vivo in T1IFN-b-treated MS patients.

Invariant NKT cells are innate lymphocytes that play a

dual role in the modulation of T-cell immunity. On one

hand, they can inhibit T-cell immunity and induce toler-

ance for the prevention of autoimmune diseases like clas-

sical regulatory T cells. For example, iNKT cells induce

systemic tolerance when antigens are administered

through the eye.40 Moreover, expansion or activation of

the iNKT cell subset protected mice against different

experimental models of autoimmune diseases such as the

experimental autoimmune encephalomyelitis, the model

of MS, and type 1 diabetes.14–19 On the other hand, it is

clear that iNKT cells belong to innate immune networks

and play a key role in front-line defence against para-

sites,41,42 bacteria,43,44 viruses45,46 and antitumour

responses47,48 by inducing an inflammatory cytokine envi-

ronment. Hence, iNKT cells balance their adjuvant/regu-

latory function between the necessity to build an effective

inflammatory immune response against pathogens and

prevention of autoimmunity. Differentiation of iNKT cells

toward a regulatory or effector phenotype could depend

upon the phenotype DCs that stimulate iNKT cells. By

secreting the inflammatory cytokine IL-12, mature DCs

could favour the differentiation of effector/inflammatory

iNKT cells that secrete exclusively inflammatory cytokines

(IFN-c and IL-12). Conversely, semimature DCs that

up-regulate CD1d and costimulatory molecules without

secreting IL-12 differentiate iNKT cells toward a cytokine

profile that is characterized by the release of a diverse

array of cytokines (IL-4, IL-5 and IL-10 together with

IFN-c) and is clearly linked to iNKT cell-mediated pro-

tection from autoimmune diseases.16–19 Type 1 IFN-b
could improve the activation and function of both effec-

tor and regulatory iNKT cells. During infection, T1IFN-b
(secreted by plasmacytoid DCs) modulated mature

IL-12-secreting DCs and enhanced their ability to activate

effector iNKT cells (IFN-c-secreting), as recently repor-

ted.28 In contrast, exogenous administration of T1IFN-b
to MS patients under ‘steady-state’ conditions, in the

absence of pathogens, induced immature DCs toward a

semimature phenotype that up-regulated the expression

of CD1d and costimulatory molecules without secreting

IL-12 and triggered iNKT cells with a regulatory cytokine

phenotype (IL-4-, IL-5-, IFN-c- and IL-10-secreting).

The physiological antigens for iNKT cell activation

are the self-glycolipids that are found in peripheral tis-

sues. Interestingly, CD1b-restricted T cells specific for a

monosialoganglioside (GM1) were found in MS patients,

suggesting that T-cell responses against self-glycolipid

arise in the course of autoimmune diseases like MS.49

In treated MS patients, T1IFN-b could modulate

immature DCs that reside in peripheral tissue where

they bind and present self-glycolipid antigens to iNKT

cells. The final outcome could be the expansion and

activation of the iNKT cell population that we observed

in T1IFN-b-treated MS patients. Also, iNKT cells from

T1IFN-b-treated MS patients showed a significantly

higher response to antigenic stimulation in terms of

cytokine secretion. Those data imply that T1IFN-b
treatment preactivated iNKT cells so that they could

respond more rapidly and efficiently to self-glycolipid

antigen stimulation and hamper effector T-cell responses

at the time and site of autoimmunity (i.e. the white

matter in the brains of MS patients).

Our data showed that T1IFN-b promoted cell growth

and function of regulatory iNKT cells and provided a

mechanism to explain the therapeutic efficacy of T1IFN-b
for the prevention of autoimmune diseases like MS. A

primary goal in the field of autoimmunity is to find a

therapeutic regimen that inhibits self-reactive T cells while

improving the function of regulatory T cells. Our data

showed that T1IFN-b clearly inhibited T-cell proliferation

and promoted regulatory iNKT cell function. We believe

that our findings suggest new modulatory effect of

T1IFNs and provide the rationale to propose treatment

with innate cytokines as a therapeutic approach for other

T-cell-mediated autoimmune diseases like type 1 diabetes

and rheumatoid arthritis.
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