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Abstract

Interferon-β is the major treatment for multiple sclerosis (MS). However, this treatment is not

always effective. Here we see congruence in outcome between responses to IFN-β in experimental

autoimmune encephalomyelitis (EAE) and relapsing-remitting MS (RRMS). IFN-β is effective in

reducing EAE induced by TH1 cells, but exacerbated disease induced by TH17. Effective

treatment in TH1 EAE correlated with increased IL-10 in the spleen. In TH17 disease, the amount

of IL-10 was unaltered by treatment, though unexpectedly IFN-β still reduced IL-17 without

benefit. Both inhibition of IL-17 and induction of IL-10 depended on IFN-γ. In the absence of

IFN-γ signaling, IFN-β therapy was ineffective in EAE. In RRMS, IFN-β non-responders had

higher IL-17F in serum compared to responders. Non-responders had worse disease with more

steroid usage and more relapses than responders. Hence, IFN-β is pro-inflammatory in TH17

induced EAE. Moreover, high IL-17F in the serum of RRMS patients is associated with non-

responsiveness to therapy with IFN-β.

IFN-β is widely prescribed for the treatment of relapsing-remitting MS (RRMS). However,

only about two thirds of relapsing RRMS patients respond to treatment1. Furthermore, IFN-

β can exacerbate symptoms in some individuals2. Therefore, we analyzed how cytokine

networks, particularly the TH1 and TH17 pathways influence IFN-β therapy in RRMS and in

EAE.
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There are many reported effects of IFN-β3–8. IFN-β reduces TH1 pathologies by blocking

the pro-inflammatory properties of IFN-γ and IL-126–7. IFN-β also inhibits differentiation of

TH17 cells5,8,9. Besides inhibition of inflammation, IFN-β leads to increased regulatory

cytokine production for IL-10, IL-27 and IL-44,8,10. Despite inhibition of TH1 and TH17 and

enhancement of regulatory cytokines, a full understanding of why IFN-β therapy works in

some with RRMS and not in others, is still unknown.

Results

IFN-β blocks mouse TH17 differentiation through STAT1

First, we analyzed the effect of IFN-β on TH17 differentiation of mouse CD4 T-cells

stimulated with IL-6, TGF-β and antigen-presenting cells (APCs)11. IFN-β reduced TH17

differentiation (Fig. 1a). This decrease in TH17 differentiation is not due to inhibition of T-

cell proliferation (data not shown).

In mice, IL-23 is important in driving effector/memory TH17 cell function11–14. However,

naïve cells respond weakly to IL-23 and require IL-6 and TGF-β to produce IL-1711,12. We

found that IFN-β decreased IL-17 production in naïve CD4 T-cells stimulated with IL-6 and

TGF-β in the presence of APC’s (Fig. 1b). Similarly, IFN-β attenuated IL-17 in effector/

memory cells stimulated with either IL-6 and TGF-β or IL-23 alone (Fig. 1b). This

demonstrates that IFN-β decreases early and late stage TH17 differentiation.

The major pathway activated by IFN-β is a complex containing STAT1, STAT2 and IRF9,

ISGF315. We found that IFN-β failed to suppress TH17 differentiation of STAT1−/;− CD4 T-

cells implying that suppression of TH17 is mediated by ISGF3 signaling (Fig. 1c).

IFN-β requires IFN-γ to inhibit mouse TH17 differentiation

Several studies demonstrated cross-talk between IFN-β and IFN-γ signaling pathways16–18,

however IFN-γ-dependent IFN-β-signaling has not been elucidated in CD4 T-cells. IFN-β or

IFN-γ alone induced STAT1 activation in CD4 T-cells. This STAT1 activity was increased

and prolonged when both IFN-β and IFN-γ were used together compared to either cytokine

alone (Supplementary Fig. 1a). Additionally, the intensity and duration of STAT1 activation

was reduced in IFNγR−/;− CD4 T-cells stimulated with IFN-β as compared with WT T-cells

(Supplementary Fig. 1b).

Next we tested whether IFN-β requires IFN-γ signaling to inhibit TH17 differentiation. We

examined the effect of IFN-β on CD4 T-cells when stimulated with IL-6, TGF-β and APC’s

and in the presence or absence of neutralizing IFN-γ antibody. Without IFN-γ neutralization,

IFN-β decreased the frequency of IL-17 expressing T-cells by 60% (Fig. 1d). However,

when IFN-γ was neutralized, the ability of IFN-β to inhibit IL-17 was reduced to 24%.

Neutralizing IFN-γ in the absence of IFN-β increased the frequency of IL-17+ CD4 cells.

This is likely due to the inhibition of TH17 by IFN-γ. Two other cytokines have been

implicated in the inhibition of TH17 differentiation, IL-10 and IL-2710,19. Neutralization of

IL-10 or IL-27 did not affect the ability of IFN-β to inhibit IL-17 expression (Fig. 1d).

IFN-β and IFN-γ may suppress IL-17 production in CD4 T-cells by acting either on T-cells

or on APCs. We found that IFN-β inhibited IL-17 in WT CD4 cells co-cultured with WT

APCs or IFNγR−/;− APC (Fig. 1e). In contrast IL-17 was not inhibited in IFNγR−/;− CD4 T-

cells when co-cultured with either WT or IFNγR−/;− APCs (Fig 1e). Additionally, we found

IFN-β alone did not inhibit IL-17 production in purified naïve CD4 cells (Supplementary

Fig. 2a). TH17 inhibition likely requires the synergistic effects of IFN-β and IFN-γ. Indeed,

we found that IFN-β or IFN-γ alone could not attenuate IL-17 production, but, IFN-β and

IFN-γ together reduced IL-17 significantly (Fig. 1f).

Axtell et al. Page 2

Nat Med. Author manuscript; available in PMC 2011 February 22.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Effects of IFN-β on differentiation mouse TH1 and Tregs

IFN-β induces TH1 differentiation20,21. In non-polarizing conditions, IFN-β induces IFN-γ
expression in CD4 cells in the presence (Fig. 2a) or absence of APCs (Supplementary Fig.

2b). However, IFN-β had no significant effect on IFN-γ production when T-cells were

cultured in TH1 or TH17 conditions. We next examined the cooperative effects between

IFN-β and IFN-γ in TH1 differentiation. In non-polarizing conditions, IFN-β induced IFN-γ
production equally in WT and IFN-γR−/;− CD4 cells cultured with WT APCs (Fig. 2b), but,

IFN-γ production was reduced when CD4 cells were cultured with IFNγR−/;− APCs (Fig.

2b). During TH1 polarization, IFN-γ production was not affected by IFN-β or IFN-γ
signaling (Fig. 2c).

The development of TH17 cells is closely linked to regulatory T-cells11,12,22. Therefore, we

explored the possibility that while IFN-β inhibits TH17 differentiation, via Foxp3+ Treg

development. However, we found that IFN-β does not induce the development Foxp3+ Treg

cells in TH17 differentiation and had no effect on Treg development in cultures with TGF-β
in the absence of IL-6 (Supplementary Fig. 3).

IFN-β increases IL-10 in mouse CD4 T-cells

MS patients who respond to IFN-β have increased IL-10 after treatment23,24. Therefore, we

investigated whether IFN-β regulates IL-10 during mouse T-helper cell differentiation. We

found that IFN-β increased IL-10 in non-polarizing, TH1 and TH17 culture conditions (Fig.

2d). However, upon incubation with IFN-β both the TH1 and non-polarizing culture

conditions showed significantly higher amounts of IL-10 as compared to the TH17 condition

(Fig. 2d).

We next explored whether IFN-γ works synergistically with IFN-γ to up-regulate IL-10.

When IFN-γ was neutralized in non-polarizing (Fig. 2e), TH1 (Supplementary Fig. 4a), and

TH17 (Supplementary Fig. 4b) cultures, up-regulation of IL-10 by IFN-β was impaired.

Furthermore, IL-10 production was impaired when IFN-γ signaling was disrupted in either

CD4 T-cells or APCs, demonstrating that IL-10 induction by IFN-β requires IFN-γ signaling

in CD4 T-cells and APCs (Fig. 2f). Up-regulation of IL-10 may promote an autocrine loop,

further increasing the expression of IL-10. We found that neutralizing IL-10 had no effect on

expression of IL-10 (Fig. 2e and Supplementary Fig. 4).

IFN-β indirectly induces IL-10 in mouse CD4 T-cells

Since IFN-β and IFN-γ directly inhibit IL-17 production in CD4 cells, we hypothesized that

there is a similar effect on IL-10. We found that IFN-β alone had no effect on IL-10

production from purified CD4 cells with no APCs in all conditions (Supplementary Fig. 2c),

this includes non-polarizing and TH1 conditions that produce large amounts of IFN-γ
(Supplementary Fig. 2b). Also, the addition of IFN-γ with IFN-β to purified CD4 cells did

not significantly increase IL-10 (Fig. 2g).

IL-27, which is produced by APC’s, induces IL-10 in CD4 T-cells10,25. Furthermore, IFN-β
induces IL-27. Therefore, we analyzed the effect IFN-β has on IL-27 production. We found

that in both non-polarizing and TH1 conditions, IL-27 was significantly up-regulated by

IFN-β compared to TH17 conditions (Supplementary Fig. 5a). Furthermore, we found that

neutralizing IFN-γ inhibited IL-27 production (Supplementary Fig. 5b,c).

Effects o IFN-β on antigen-driven mouse TH differentiation

Next we assessed the effects of IFN-β during TH1 and TH17 differentiation during MOG-

peptide re-stimulation. We re-stimulated T-cells isolated from the draining lymph nodes of

myelin oligodendrocyte glycoprotein (MOG)-immunized mice with MOG peptide and either
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IL-12 or IL-23, to polarize cells to TH1 and TH17 respectively, and measured the

concentration of cytokines and chemokines in culture supernatants by Luminex and ELISA

(Supplementary Fig. 6). IFN-β significantly reduced IL-17 production in TH17 cultures,

greatly induced IL-10 production in TH1 cells but not in TH17, and had no significant effect

on IFN-γ production (Supplementary Fig. 6a–c).

In addition, IFN-β did not up-regulate IL-4 and TGF-β, two cytokines that have been

implicated in regulating autoimmunity (Supplementary Fig. 6d,i). Also of note, under TH1

conditions, IFN-β induced TNF, IL-6, IL-1α and IL-1β (Supplementary Fig. 6e–h). Under

TH17-culture conditions IFN-β inhibited expression of the chemokines G-CSF and MCP-1

(Supplementary Fig. 6n,o).

IFN-β is effective in TH1 EAE but exacerbates TH17 EAE

Our in vitro experiments demonstrate that IFN-β has anti-inflammatory effects in TH1 and

TH17 differentiation. This led us to examine whether IFN-β would be effective in treating

EAE induced by TH1 or TH17 cells. We found considerable difference in the effect IFN-β
treatment on EAE induced by adoptive transfer of TH1 and TH17 cells. In C57BL/6 mice,

IFN-β treatment significantly attenuated the progression of EAE symptoms in TH1-induced

EAE (Fig. 3a), but in contrast, symptoms of TH17-induced EAE were exacerbated by IFN-β
treatment (Fig. 3b). This was not a strain-dependent phenomenon as a similar effect was

observed in the SJL/PLP model (Supplementary Fig. 7a,b) In accordance with the clinical

course of EAE, histological analysis demonstrated that IFN-β treatment blocked

inflammation in the spinal cords of mice with TH1-EAE but not in TH17-EAE (Fig. 3c).

Next we assessed the amount of IFN-γ, IL-17, and IL-10 produced in the CNS 45 days after

adoptive transfer of T-cells. The frequency of CD4 T-cells producing IL-17 and IFN-γ in the

spinal cord was decreased after IFN-β treatment of TH1-EAE, but in TH17-EAE both TH1

and TH17 cells were elevated with IFN-β (Fig. 3d,e). IL-10, on the other hand, was

decreased in the spinal cords of both the TH1 and TH17 disease after IFN-β treatment (Fig.

3f).

We then assessed the effects IFN-β treatment on splenic T-cells isolated 45 days after

adoptive transfer of T-cells. In both TH1 and TH17 disease, IFN-γ production remains

unchanged with IFN-β treatment (Fig. 3g). However, IFN-β had differential effects on IL-17

and IL-10 in these disease models. In TH1 EAE, levels of IL-17 produced by spleens were

low and treatment with IFN-β did not affect the production of this cytokine (Fig. 3h).

However, in TH17-EAE, splenic T cells produced higher amounts of IL-17 compared to

TH1-EAE, and surprisingly, IL-17 was significantly reduced in the TH17 mice treated with

IFN-β (Fig. 3h). In contrast, IL-10 production in spleens from TH1 diseases was

significantly elevated by IFN-β, but in TH17-EAE, IL-10 remained very low after treatment

(Fig. 3i).

IFN-β treatment requires IFN-γ to suppress EAE

Since IFN-β is highly effective in TH1-EAE and we find that IFN-β requires IFN-γ to
suppress IL-17 and induce IL-10 in cultures; we speculated that IFN-β treatment requires

IFN-γ to effectively treat active EAE. To explore this hypothesis, we tested the efficacy of

IFN-β treatment of MOG35–55-induced EAE in C57BL/6 mice and IFNγR−/;− mice. Daily

injections of Rebif, IFN-β 1a, a popular form of IFN-β treatment, beginning seven days after

EAE induction, significantly delayed the onset and reduced the severity of EAE symptoms

in the C57BL/6 mice (Fig. 4a). This protective effect of IFN-β treatment was transient, since

the mice developed severe symptoms after the withdrawal of treatment, 18 days after

induction of the disease. In contrast to the C57BL/6 mice, IFN-β treatment had no effect on
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the development of disease in IFNγR−/;− mice (Fig. 4b). Similar to Rebif treatment,

recombinant mouse IFN-β attenuated EAE in C57BL/6 mice (Supplementary Fig. 7c) but

not in IFNγR−/;− mice (Supplementary Fig. 7d).

Mice were treated daily with Rebif from day 0 to day 6 post-induction of EAE to model

disease prevention. IFN-β treatment was modestly protective in C57BL/6 mice (Fig. 4c),

while IFNγR−/;− mice had a trend towards more severe symptoms when treated with IFN-β
(Fig. 4d). This is similar to the effect of IFN-β following adoptive transfer of TH17 cells

(Fig. 3b). Next we tested whether IFN-β treatment can reverse the progression of EAE after

the onset of symptoms. We treated C57BL/6 and IFNγR−/;− mice with recombinant murine

IFN-β (rmIFN-β) when they attained a clinical score of 2 or 3. We found that rmIFN-β
treatment attenuated the progression of symptoms in C57BL/6 mice scores compared to PBS

treated mice (Supplementary Fig. 7e). In accordance with the other regimens, IFN-β did not

attenuate the disease in the IFNγR−/;− mice (Supplementary Fig. 7f).

Our in vitro data demonstrated that cooperative signaling of IFN-β and IFN-γ indirectly

induces IL-10 in CD4 T-cells via APCs. To test whether this occurs in disease, we induced

EAE in IFNγR−/;− recipient mice by transferring WT encephalitogenic TH1 cells and treated

with rmIFN-β or PBS every second day from day 0 to 10. We found that the recipient mice

treated with IFN-β exhibited severe acute clinical symptoms which were significantly

increased compared to the PBS treated mice (Fig. 4e).

In the CNS, C57BL/6 mice treated with IFN-β had reduced frequencies of TH1 and TH17

cytokine positive CD4 T cells, as well as reduced frequencies of the population of CD4 cells

co-expressing IL-17 and IFN-γ in spinal cords (Supplementary Fig. 8a) and brainstem and

cerebellum (Supplementary Fig. 8b) 12 days post induction of disease. In contrast, IFN-β
treatment increased the frequencies of these T-helper populations in the CNS of IFNγR−/;−

mice (Supplementary Fig. 8a,b).

Effect of IFN-β on human TH differentiation

To confirm the observed effects of IFN-β on human TH differentiation, we stimulated naïve

CD4 T-cells from 4 donors for 5 and 11 days in non-polarizing, TH1-polarizing and TH17-

polarizing conditions in the presence or absence of IFN-β. IFN-β had no effect on IFN-γ
production in the all polarizing conditions after 5 or 11 days of culture (Fig. 5a,d). IL-17

production was also not modulated by IFN-β after 5 days of culture (Fig. 5b). However, by

day 11, IFN-β inhibited IL-17 production during TH17 differentiation of 3 donors (578 ng/

ml to 85 ng/ml, 696 ng/ml to 304 ng/ml, 284 ng/ml to 90ng/ml), while in one donor IFN-β
increased IL-17 production (385 pg/ml to 998 pg/ml) (Fig. 5e). During TH1 polarization,

IFN-β significantly increased IL-10 production by day 5 (Fig. 5c) in all donors and the

induction of IL-10 was greater in TH1 compared to the non-polarizing and TH17 polarizing

conditions on both day 5 and day 11 (Fig. 5c,f).

Cytokine profile in RRMS patients before IFN-β treatment

We analyzed the pre-treatment serum levels of 28 cytokines and chemokines in RRMS

patients. Twelve patients were classified as responders and fourteen as non-responders to

IFN-β treatment. Non-responders have exacerbated disease course in terms of both their

relapse rate and steroid usage. Steroids are used in the clinic when there is acute neurologic

deterioration. The median relapse rate in the two years following initiation of IFN-β
treatment in the non-responders was two, while it was zero in the responder population.

Likewise, the median number of steroid interventions was two in the non-responders and

zero in the responders (Supplementary Table 1).
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Cluster analysis of the cytokine profiles grouped 6 non-responders together (Fig. 6a). This

group of non-responders had significantly elevated serum concentrations of both IL-17F and

IFN-β compared to the responders (Fig. 6b,c). Furthermore, there was a significant

correlation with IL-17F and IFN-β levels in the serum of responders, non-responders and

healthy individuals (Supplementary Fig. 9a. This was not found when comparing IL-17F or

IFN-β to MIP1β (Supplementary Fig.9b,c) or other analytes (data not shown).

Discussion

IFN-β is one of the most widely used treatments for MS. However, a major limitation with

IFN-β is that a 30 to 50% of MS patients do not respond to IFN-β therapy. Therefore, it is

desirable to identify responders and non-responders prior to the initiation of treatment. In a

series of experiments in mice, we identified that mice with TH1-EAE benefit from IFN-β
treatment with reduction in levels of disability, while mice with TH17-EAE do not respond

and disease worsens.

In TH1-EAE, induction of anti-inflammatory cytokine, IL-10, was increased with beneficial

IFN-β treatment. Since IFN-β treatment inhibited TH1-EAE, we speculated that effective

IFN-β treatment depended on high IFN-γ levels during EAE. In fact, IFN-β was effective in

treating active EAE C57BL/6 mice, but worsened EAE in IFNγR−/;− mice. Furthermore,

when EAE was induced via passive transfer of C57BL/6 TH1 cells into IFNγR−/;− recipients,

IFN-γ influences a broad range of cells in its complex interactions with IFN-β. Cell culture

experiments, concordant with in vivo studies in EAE, revealed that the induction of IL-10 by

IFN-β in T-cells required APCs and also required cooperative IFN-γ signaling, indicating

that the APC’s were the target of this activity of IFN-β. Popular speculation on the

mechanism of IFN-β treatment is that it attenuates disease by inhibiting the differentiation of

TH17 cells5,8,26. We find that IFN-β inhibits IL-17 production in vitro and in EAE, yet IFN-

β is ineffective in treating TH17-induced EAE and increases symptoms in these mice.

In RRMS a subset of non-responders had high serum levels of the TH17 cytokine, IL-17F

before IFN-β therapy was initiated. IL-17F is produced by TH17 cells in EAE27 suggesting

that this group of MS patients is skewed towards a TH17 version of disease. Furthermore,

these patients also had high levels of endogenous IFN-β compared to responders. This

correlation between high IL-17F and IFN-β concentration in the serum suggests a tight

biological association between these two cytokines. Two hypotheses, which may not be

mutually exclusive, could explain this phenomenon.

One hypothesis is that these non-responders have aggressive TH17 disease. To counteract

inflammation, their immune systems up-regulates IFN-β. Since endogenous IFN-β levels are

already high, IFN-β treatment is ineffective. A second hypothesis is that IFN-β is pro-

inflammatory during TH17 disease. Not only would IFN-β treatment be ineffective, it could

worsen symptoms. This is supported by observations in EAE, where symptoms worsened

with IFN-β treatment in TH17-EAE, a finding concordant with the data in RRMS, where

patients with high IL-17F and IFN-β have exacerbated disease. Observations in

neuromyelitis optica (NMO), another demyelinating disease, provide evidence for this

hypothesis. NMO lesions are granulocytic28,29 and TH17 responses attract granulocytes to

sites of inflammation30–32. Furthermore, NMO patients have high levels of IL-17 in the

CSF33. Finally, IFN-β treatment of NMO induces relapses2,34,35. Therefore, the disease

processes of NMO and the IL-17Fhi non-responders could be very similar.

The data presented in this study demonstrates a phenomenon often seen with cytokines.

IFN-β has polar effects in different contexts, leading to benefit in TH1 conditions, but harm

in TH17 conditions. This duality of functions for cytokines is often referred to as a Janus-
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like, quality after the two headed God from Roman mythology, with opposite activities

attributed to the very same molecule37. This very feature of IFN-β provides an opportunity

to explore some logical biomarkers that might have predictive value in assessing the

response to a popular therapy for MS.

Materials and Methods

EAE induction and treatment

Active EAE was induced in C57BL/6 and IFNγR−/;− (described supplementary methods)

who were treated daily with 1ug/ml of IFN β-1A (Rebif®, Serono) or PBS from 0 to 6, or 7

to 17 days after the induction of EAE. In some experiments, mice were also treated daily

with 5000 units of rmIFN- β (PBL) from day 10 to 17. We monitored mice daily for clinical

signs.

For adoptive transfer of EAE in C57BL/6 or SJL mice, on day 10, we re-stimulated splenic

and axillary lymph node cells with MOGp35–55 or PLPp139–151 and 10ng ml−1 of IL-12

(TH1) or IL-23 (TH17) for 3d and transferred 30x106 cells into healthy recipients. The

frequency of donor CD4 T-cells producing IL-17 and IFN-γ was assessed by fluorescence-

activated cell sorting (FACS) prior to transfer (data not shown). Mice received 1000U/dose

of rmIFN-β or PBS every second day from day 0–10 post transfer and clinical signs were

monitored. Spinal cords were fixed and sectioned for histology (LFB and H&E).

Infiltrating cells were isolated from spinal cords or brainstem/cerebellum from 3–4 perfused

animals. CNS homogenates were incubated with collagenase and DNAse for 1h at 37ºC and

cells were purified by a Percoll gradient.

Mouse TH differentiation

We depleted spleen cells of CD8 T-cells by magnetic sorting (Miltenyi) and stimulated the

cells for 3d with 1 μg ml−1 of anti-CD3 (Ebioscience) in non-polarizing, TH1 (10ng ml−1

IL-12), TH17 (1ng ml−1 rhTGF-β and 20 ng ml−1 rmIL-6), or Treg (TGF-β 1ng ml−1)

conditions in the presence or absence of rmIFN-β (100U ml−1). Where indicated, 10μg ml−1

of antibodies to IFN-γ (Ebioscience), IL-10 (Ebioscience) or IL-27p28 (R&D) were added to

cultures.

We obtained naïve and activated/memory CD4 T-cells by magnetic selection (Miltenyi) and

stimulated the cells with anti-CD3 and APCs (T-cell depleted splenocytes) at a 1:5 ratio in

non-polarizing, TH1 or TH17 conditions or IL-23 (10ng/ml) alone. Purified CD4+ T-cells

cultured without APCs were stimulated by plate-bound anti-CD3 (5μg ml−1) and anti-CD28

(0.5μg ml−1).

For antigen specific differentiation, we re-stimulated LN cells from MOGp35–55

immunized mice with MOGp35–55 for 3d in IL-12 or IL-23 (10ng ml−1) with or without

IFN-β.

Analysis of mouse cytokines

For FACS, cells were stimulated with of PMA and ionomycin (Sigma-Aldrich) and

monensin for 4 h, stained for CD4 (BDBiosciences), fixed and permeabilized with Cytofix/

Cytoperm (BDBiosciences), then stained for IFN-γ, IL-17, IL-10 or FoxP3 (BD

Biosciences) before analysis by FACS. ELISAs for IL-17 (R&D Systems), IL-10 (BD

Biosciences), IFN-γ (BDBiosciences), and IL-27p28 (R&D) were performed on culture

supernatants. Cytokines from antigen specific differentiation were analyzed by multiplex-

bead-analysis (Panomics).
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T-Cell Proliferation

5x105 splenic cells, depleted of CD8 T-cells, were cultured in triplicate with 1μg/ml anti-

CD3 in the presence of the indicated concentration of rmIFN-β. After 48 hrs, cultures were

pulsed with [3H]thymidine for an additional 18 hrs, and counts per minute (c.p.m.) of

incorporated [3H]-thymidine were read using a beta counter.

In vitro STAT1 activation

We stimulated splenocytes from C57BL/6 and IFNγR−/;− for 15m with 100 U ml−1 of

rmIFN-β. Cells were fixed with 1.6% paraformaldehyde and permeablized with 100%

methanol before staining for CD4 (Ebioscience) and pSTAT1 (BDBiosciences).

Human TH differentiation

We cultured naïve T cells from healthy donors for 5 d at a density of 5 × 105 cells per well

in Yssel's media containing 1% human AB serum (Gemini Bio-Products) along with beads

coated with antibodies to CD2, CD3 and CD28 (1 bead per 10 cells; Miltenyi) in non-

polarizing conditions (no cytokines), TH1-polarizing conditions (hIL-12 (5 ng ml−1; R&D))

or TH17-polarizing conditions (hIL-23 (50 ng ml−1; DNAX)) in the presence or absence of

hIFN-β (100 U/ml). Cells were split and cultured for 6 additional days with the various

cytokines and IL-2 (100 U/ml; R&D). For day 5 cultures, cytokines were directly assayed

from cell supernatants. For Day 11 cultures, 1 × 106 cells ml−1 were stimulated with T cell–

activation beads with IL-2 and after 48 h cytokines were assayed.

MS Patients Clinical Classification and Serum Collection

Twenty-six RRMS patients receiving IFN-β treatment for at least 12 months were identified

as responders or non-responders to IFN-β therapy. The patients were classified based on

Expanded Disability Status Scale (EDSS) progression, the number of relapses and steroid

interventions in the two years before initiation of treatment compared to the two years after

starting treatment (Supplementary Table 1). Two neurologists, blinded to the laboratory

data, classified the selected patients as responder or non-responder. Serum samples were

obtained the day before starting IFN-β therapy. The study received approval from the

Medical Ethics Board of the VU University Medical Center, Amsterdam, Netherlands.

ELISA and multiplex analysis of human cytokines

Cytokines from human cultures supernatants were assayed by ELISA (Ebioscience).

Cytokine analysis of sera from MS patients and healthy controls was performed by

multiplex-bead-analysis. Multiplex results were analyzed using Gene Cluster software and

samples were ordered using hierarchical clustering and results were presented as a heat map

using TreeView36.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We would like to thank Dr. John Mountz (UAB) for the kind gift of Rebif and Yael Rosenberg-Hasson (Human

Immune Monitoring Center, Stanford) for running the multiplex cytokine assay.

This study was funded by NIH R01NS 55997 to L.S., NMSS RG3891-A1 and NIH RO1AI1076562-01 to C.R. and

NMSS FG 1817-A-1 to R.C.A.

Axtell et al. Page 8

Nat Med. Author manuscript; available in PMC 2011 February 22.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



References

1. Arnason BG. Immunologic therapy of multiple sclerosis. Annu Rev Med 1999;50:291–302.

[PubMed: 10073279]

2. Wang AG, Lin YC, Wang SJ, Tsai CP, Yen MY. Early relapse in multiple sclerosis-associated optic

neuritis following the use of interferon beta-1a in Chinese patients. Jpn J Ophthalmol 2006;50:537–

42. [PubMed: 17180529]

3. Benveniste EN, Qin H. Type I interferons as anti-inflammatory mediators. Sci STKE

2007;2007:pe70. [PubMed: 18073382]

4. Prinz M, et al. Distinct and Nonredundant In Vivo Functions of IFNAR on Myeloid Cells Limit

Autoimmunity in the Central Nervous System. Immunity. 2008

5. Guo B, Chang EY, Cheng G. The type I IFN induction pathway constrains Th17-mediated

autoimmune inflammation in mice. J Clin Invest. 2008

6. Nagai T, Devergne O, van Seventer GA, van Seventer JM. Interferon-beta mediates opposing

effects on interferon-gamma-dependent Interleukin-12 p70 secretion by human monocyte-derived

dendritic cells. Scand J Immunol 2007;65:107–17. [PubMed: 17257215]

7. McRae BL, Semnani RT, Hayes MP, van Seventer GA. Type I IFNs inhibit human dendritic cell

IL-12 production and Th1 cell development. J Immunol 1998;160:4298–304. [PubMed: 9574532]

8. Martin-Saavedra FM, Gonzalez-Garcia C, Bravo B, Ballester S. Beta interferon restricts the

inflammatory potential of CD4+ cells through the boost of the Th2 phenotype, the inhibition of

Th17 response and the prevalence of naturally occurring T regulatory cells. Mol Immunol

2008;45:4008–19. [PubMed: 18639934]

9. Langrish CL, et al. IL-23 drives a pathogenic T cell population that induces autoimmune

inflammation. J Exp Med 2005;201:233–40. [PubMed: 15657292]

10. Fitzgerald DC, et al. Suppression of autoimmune inflammation of the central nervous system by

interleukin 10 secreted by interleukin 27-stimulated T cells. Nat Immunol 2007;8:1372–9.

[PubMed: 17994023]

11. Veldhoen M, Hocking RJ, Atkins CJ, 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;24:179–89. [PubMed: 16473830]

12. Mangan PR, et al. Transforming growth factor-beta induces development of the T(H)17 lineage.

Nature 2006;441:231–4. [PubMed: 16648837]

13. Zhou L, et al. IL-6 programs T(H)-17 cell differentiation by promoting sequential engagement of

the IL-21 and IL-23 pathways. Nat Immunol 2007;8:967–74. [PubMed: 17581537]

14. McGeachy MJ, et al. The interleukin 23 receptor is essential for the terminal differentiation of

interleukin 17-producing effector T helper cells in vivo. Nat Immunol. 2009

15. Platanias LC. Mechanisms of type-I- and type-II-interferon-mediated signalling. Nat Rev Immunol

2005;5:375–86. [PubMed: 15864272]

16. Nguyen KB, et al. Interferon alpha/beta-mediated inhibition and promotion of interferon gamma:

STAT1 resolves a paradox. Nat Immunol 2000;1:70–6. [PubMed: 10881178]

17. Tanabe Y, et al. Cutting edge: role of STAT1, STAT3, and STAT5 in IFN-alpha beta responses in

T lymphocytes. J Immunol 2005;174:609–13. [PubMed: 15634877]

18. Wong LH, Hatzinisiriou I, Devenish RJ, Ralph SJ. IFN-gamma priming up-regulates IFN-

stimulated gene factor 3 (ISGF3) components, augmenting responsiveness of IFN-resistant

melanoma cells to type I IFNs. J Immunol 1998;160:5475–84. [PubMed: 9605150]

19. McGeachy MJ, et al. 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;8:1390–7. [PubMed: 17994024]

20. Berenson LS, Gavrieli M, Farrar JD, Murphy TL, Murphy KM. Distinct characteristics of murine

STAT4 activation in response to IL-12 and IFN-alpha. J Immunol 2006;177:5195–203. [PubMed:

17015705]

21. Parronchi P, et al. IL-4 and IFN (alpha and gamma) exert opposite regulatory effects on the

development of cytolytic potential by Th1 or Th2 human T cell clones. J Immunol

1992;149:2977–83. [PubMed: 1401925]

Axtell et al. Page 9

Nat Med. Author manuscript; available in PMC 2011 February 22.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



22. Bettelli E, et al. Reciprocal developmental pathways for the generation of pathogenic effector

TH17 and regulatory T cells. Nature 2006;441:235–8. [PubMed: 16648838]

23. Graber JJ, et al. Cytokine changes during interferon-beta therapy in multiple sclerosis: correlations

with interferon dose and MRI response. J Neuroimmunol 2007;185:168–74. [PubMed: 17328965]

24. Bartosik-Psujek H, Stelmasiak Z. The interleukin-10 levels as a potential indicator of positive

response to interferon beta treatment of multiple sclerosis patients. Clin Neurol Neurosurg

2006;108:644–7. [PubMed: 16343740]

25. Awasthi A, et al. A dominant function for interleukin 27 in generating interleukin 10-producing

anti-inflammatory T cells. Nat Immunol 2007;8:1380–9. [PubMed: 17994022]

26. Harrington LE, et al. Interleukin 17-producing CD4(+) effector T cells develop via a lineage

distinct from the T helper type 1 and 2 lineages. Nat Immunol. 2005

27. Haak S, et al. IL-17A and IL-17F do not contribute vitally to autoimmune neuro-inflammation in

mice. J Clin Invest 2009;119:61–9. [PubMed: 19075395]

28. Lucchinetti CF, et al. A role for humoral mechanisms in the pathogenesis of Devic's neuromyelitis

optica. Brain 2002;125:1450–61. [PubMed: 12076996]

29. Hengstman GJ, Wesseling P, Frenken CW, Jongen PJ. Neuromyelitis optica with clinical and

histopathological involvement of the brain. Mult Scler 2007;13:679–82. [PubMed: 17548452]

30. Zhang Z, et al. Interleukin-17 causes neutrophil mediated inflammation in ovalbumin-induced

uveitis in DO11.10 mice. Cytokine 2009;46:79–91. [PubMed: 19254849]

31. Liang SC, et al. An IL-17F/A heterodimer protein is produced by mouse Th17 cells and induces

airway neutrophil recruitment. J Immunol 2007;179:7791–9. [PubMed: 18025225]

32. Smith E, et al. IL-23 is required for neutrophil homeostasis in normal and neutrophilic mice. J

Immunol 2007;179:8274–9. [PubMed: 18056371]

33. Ishizu T, et al. Intrathecal activation of the IL-17/IL-8 axis in opticospinal multiple sclerosis. Brain

2005;128:988–1002. [PubMed: 15743872]

34. Warabi Y, Matsumoto Y, Hayashi H. Interferon beta-1b exacerbates multiple sclerosis with severe

optic nerve and spinal cord demyelination. J Neurol Sci 2007;252:57–61. [PubMed: 17125797]

35. Shimizu Y, et al. Development of extensive brain lesions following interferon beta therapy in

relapsing neuromyelitis optica and longitudinally extensive myelitis. J Neurol 2008;255:305–7.

[PubMed: 18004636]

36. Eisen MB, Spellman PT, Brown PO, Botstein D. Cluster analysis and display of genome-wide

expression patterns. Proc Natl Acad Sci U S A 1998;95:14863–8. [PubMed: 9843981]

37. Youssef S, Steinman L. At Once Harmful and Beneficial: The dual properties of NF-kB. Nature

Immunology 2006;7:901–2. [PubMed: 16924250]

Axtell et al. Page 10

Nat Med. Author manuscript; available in PMC 2011 February 22.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Fig. 1.

Effect of IFN-β on mouse TH17 differentiation. a) IFN-β attenuates TH17 differentiation.

Spleen cells, depleted of CD8 T-cells, were cultured with and without IFN-β in non-

polarizing, TH1 and TH17 conditions. CD4 T-cells were analyzed for IL-17 production by

flow cytometry. b) IFN-β stimulation of naïve CD4 T-cells (CD62+) cultured in TGF-β and

IL-6 with APCs, effector/memory CD4 T-cell (CD62−) cultured in TGF-β and IL-6 with

APCs and effector/memory CD4 T-cell (CD62−) cultured in IL-23 and APCs. All CD4 T-

cells were cultured with APCs at a ratio of 1:5. Cytokine secretion was analyzed by ELISA.

Results are the mean ± SD of triplicates. Results are representative 3 experiments. *P<0.05.

c) STAT1−/;− spleen cells, depleted of CD8 T-cells, were cultured with and without IFN-β in

TH17 conditions. IL-17 production from CD4 T-cells was analyzed by flow cytometry.

d) CD8-depleted spleen cells from C57BL/6 mice were cultured in TH17 conditions with or

without IFN-β in the presence and absence of neutralizing antibodies to IFN-γ, IL-10 or

IL-27p28.

e) Purified WT or IFNγR−/;−CD4 T-cells were polarized in TH17 conditions with WT or

IFNγR−/;− in the presence or absence of IFN-β and IL-17 production was assessed by

ELISA. *P<0.01.

f) Purified CD4 T-cells were stimulated with plate-bound anti-CD3 and anti-CD28 in TH17

conditions in the presence or absence of IFN-β, IFN-γ or both; IL-17 production was

assessed by ELISA. *P<0.01. Results are the mean ± SD of triplicates. Results represent 1

of 3 similar experiments.
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Fig. 2.

(a–c) Effect of IFN-β on mouse TH1 differentiation. a) Spleen cells, depleted of CD8 T-

cells, were cultured with and without IFN-β in non-polarizing, TH1 and TH17 conditions.

CD4 T-cells were analyzed for IFN-γ production by flow cytometry.

b) Purified WT or IFNγR−/;− CD4 T-cells were stimulated in non-polarizing conditions with

APCs from WT or IFNγR−/;− in the presence or absence of IFN-β. IFN-γ was assessed by

ELISA. * P<0.05.

c) Purified WT or IFNγR−/;− CD4 T-cells were stimulated in TH1 conditions with APCs

from WT or IFNγR−/;− in the presence or absence of IFN-β. IFN-γ was assessed by ELISA.

d) CD8 depleted spleen cells were stimulated with or without IFN-β in non-polarizing, TH1,

and TH17 conditions and IL-10 expression in CD4 T-cells was analyzed by flow cytometry.

e) CD8 depleted spleen cells were stimulated with or without IFN-β in non-polarizing

conditions in the presence or absence of antibodies to IFN-γ or IL-10. f) IFN-β requires IFN-

γ signaling in mouse CD4 T-cells and APCs to induce IL-10. Purified WT or IFNγR−/;−

CD4 T-cells were cultured in non-polarizing conditions with WT or IFNγR−/;− in the

presence or absence of IFN-β and IL-10 was assessed by ELISA. *P<0.01 and **P<0.005.

g) Purified CD4 T-cells were stimulated with plate-bound anti-CD3 and anti-CD28 in non-

polarizing conditions in the presence or absence of IFN-β.
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Fig. 3.

IFN-β treatment blocks TH1 induced EAE but exacerbates TH17 induced EAE. (a and b)

Clinical scores from mice with passive EAE induced by adoptive transfer of (a) TH1 and (b)

TH17 cells that were treated with rmIFN-β or PBS every second day from day 0 to 10 post

transfer (n=9 to 11 mice per group). *P<0.05. c) Histology of spinal cord sections from TH1

and TH17 induced EAE treated with IFN-β or PBS. Sections of spinal cord were obtained 45

days after transfer and stained with H&E and Luxol fast blue. Scale bars, 50 μm. (d–f)

Frequency of CD4+ lymphocytes expressing IFN-γ (d), IL-17 (e) and IL-10 (f) in the spinal

cords 45 day post transfer. The mean percentage ± standard deviation (N=3 experiments) of

cytokine positive cells is given. Each experiment is a pool from 2–3 mice per group. (g–i)

Concentration of IFN-γ (g), IL-17 (h) and IL-10 (i) from supernatants of MOGp35–55

stimulated spleens taken from mice 45 days post transfer. Data represent mean and standard

deviation of 3–4 mice per group. *P<0.05.
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Fig. 4.

IFN-β treatment requires IFN-γ signaling to suppress EAE symptoms.

(a and b) Clinical scores from active EAE in (a) C57BL/6 and (b) IFNγR−/;− mice that were

treated with Rebif® or PBS daily from day 7 to day 17 post EAE induction (n=7 to 9 mice

per group).

(c and d) Clinical scores from active EAE in (c) C57BL/6 and (d) IFNγR−/;− mice that were

treated with Rebif® or PBS daily from day 0 to day 6 post EAE induction (n=4 to 5 mice

per group).

e) Clinical scores from IFNγR−/;− mice with passive EAE induced by adoptive transfer of

WT TH1 and treated with IFN-β or PBS every second day from day 0 to 10 post transfer

(n=6). Treatment doses indicated with arrows. *P<0.05.
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Fig. 5.

Effect of IFN-β on Human TH differentiation. Naïve human CD4 T-cells were cultured in

non-polarizing, TH1-polarizing (IL-12) and TH17-polarizing (IL-23) conditions for 5 days

(a–c) or 11 days (d–f) and IFNγ, IL-17A and IL-10 were assessed by ELISA. Day 11

cultures were further reactivated in the presence of beads coated with antibodies to CD3,

CD28 and CD2 Abs for 48 hrs prior to analysis. *P<0.01, **P<0.02, and ***P<0.05.
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Fig. 6.

Pre-Treatment cytokine profiles in serum of IFN-β responder and non-responder MS

patients. a) Relative cytokine levels in responder and non-responder MS patients. Relative

cytokine levels in serum from responder and non-responder MS patients are depicted as the

difference in relation to healthy controls. Samples were analyzed by hierarchical clustering,

and displayed as a heat map where red represents increased levels, black represents similar

levels and green represents decreased levels of cytokine compared to healthy controls. b)

Concentration of IL-17F in subsets of pre-treatment MS patients and healthy control.

Cytokine concentrations were calculated from a standard linear regression of known

quantities of IL-17F. c) Concentration of IFN-β in subsets of pre-treatment MS patients and

healthy control. Cytokine concentrations were calculated from a standard linear regression

of known quantities of IFN-β. *P<0.001 and **P<0.002.
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