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Abstract

Background: Experimental autoimmune uveoretinitis (EAU) serves as a model for human intraocular inflammation. IFN-b
has been used in the treatment of certain autoimmune diseases. Earlier studies showed that it ameliorated EAU; however,
the mechanisms involved in this inhibition are still largely unknown.

Methodology/Principal Findings: B10RIII mice were immunized with interphotoreceptor retinoid-binding protein (IRBP)
peptide 161–180 in Complete Freund’s adjuvant. Splenocytes from different time points after immunization were used to
evaluate the expression of IFN-b. An increased expression of IFN-b was observed during EAU and its highest expression was
observed on day 16, 3 days after the peak of intraocular inflammation. Splenocytes and draining lymph node cells from mice
immunized with IRBP161-180 on day 13 and control mice were activated with anti-CD3/anti-CD28 antibodies or IRBP161-180 to
evaluate the production of IFN-c and IL-17. The results showed that IFN-c and IL-17 were significantly higher in immunized
mice as compared to the control mice when exposed to anti-CD3/anti-CD28 antibodies. However, the production of IFN-c
and IL-17 was detected only in immunized mice, but not in the control mice when stimulated with IRBP161-180. Multiple
subcutaneous injections of IFN-b significantly inhibited EAU activity in association with a down-regulated expression of
IFN-c, IL-17 and an enhanced IL-10 production. In an in vitro system using cells from mice, IFN-b suppressed IFN-c
production by CD4+CD62L2 T cells, IL-17 production by CD4+CD62L+/- T cells and proliferation of CD4+CD62L+/- T cells. IFN-b
inhibited the secretion of IL-6, but promoted the secretion of IL-10 by monocytes. IFN-b-treated monocytes inhibited IL-17
secretion by CD4+CD62L+/- T cells, but did not influence IFN-c expression and T cell proliferation.

Conclusions/Significance: IFN-b may exert its inhibitory effect on EAU by inhibiting Th1, Th17 cells and modulating relevant
cytokines. IFN-b may provide a potential treatment for diseases mediated by Th1 and Th17 cells.
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Introduction

Interferon (IFN)-b, belongs to the type I interferons, and is

secreted by fibroblasts, monocytes-macrophages and dendritic

cells (DC) during the innate immune response against viral

pathogens [1]. It has been shown to be effective in the treatment of

relapsing-remitting multiple sclerosis [2–3] and various studies

have revealed that it could inhibit inflammation through

regulating T helper (Th) 1 and Th2 cytokines [4–6]. Additional

evidence indicates that IFN-b promotes the production of

interleukin (IL)-10 and inhibits pro-inflammatory cytokines [7–9].

Naive CD4+ T cells differentiate into distinct subsets after

activation by professional antigen-presenting cells (APC). Tradi-

tionally, CD4+ effector T cells have been classified into two

subsets: Th1 and Th2 lineages [10]. Th1 cells are induced by

IL-12 and produce large amounts of IFN-c, whereas Th2 cells

predominantly secrete IL-4, IL-5 and IL-13. Th1 cells orchestrate

cellular immunity and Th2 cells regulate humoral immunity and

allergic responses. Recently, Th17 cells have been added to these

lineages and have now been well characterized both in humans

and animals. Th17 cells have been shown to be involved in the

pathogenesis of various clinical autoimmune diseases as well as

their experimental counterparts in animals [11–14]. It has been

shown that the differentiation of naı̈ve T cells into Th17 cells is

dependent on transforming growth factor (TGF)-b and IL-6,

whereas the maintenance and expansion of Th17 cells is sustained

by IL-23 [12,15–17].

Experimental autoimmune uveoretinitis (EAU) is an organ

specific autoimmune disease. It has been induced in a variety of

animals such as rat and mouse by immunization with a number
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of antigens including interphotoreceptor retinoid-binding protein

(IRBP), the soluble retinal antigen [18] or peptides derived from

these autoantigens. Clinical and histopathological studies have

shown a high similarity between this model and human uveitis.

Therefore, this model has been widely used as a counterpart for

human intraocular inflammation [19]. Early studies have shown

that EAU was mainly mediated by Th1 cells. Th2 cells may

provide a protection against this model. Recent studies have

shown that a new Th subset that produces IL-17 (Th17) is also

involved in the development of EAU [20–21]. As mentioned

above, the inhibitory role of IFN-b has been reported in MS

patients and in animal models of autoimmune encephalomyelitis

[2,22–24]. IFN-a, which also belongs to the type I interferons,

has been used in Europe to treat various forms of uveitis [25–27]

and EAU [28–29]. Earlier studies from Japan have shown that

oral IFN-b could ameliorate EAU in rats and evidence was

obtained that this was mediated via NK or NKT cells [30].

Whether IFN-b may exert its effect by interfering with Th1 and/

or Th17 lineages was not addressed yet and was therefore the

subject of the study presented here. Our in vivo experiments

revealed that IFN-b could significantly ameliorate the severity of

EAU in association with an inhibition of Th1, Th17 cells and an

enhanced expression of IL-10. In vitro experiments showed that it

inhibited the production of pro-inflammatory cytokines including

IFN-c, IL-17 and IL-6, but promoted the production of IL-10. It

also suppressed the proliferation of naı̈ve T cells and effector/

memory T cells. Additionally, IFN-b-treated monocytes were

able to inhibit the production of IL-17 by naı̈ve T cells and

effector/memory T cells.

Results

Induction of EAU and the dynamic expression of IFN-b in
this model

EAU was successfully induced in B10RIII mice and was

characterized clinically by aqueous flare, cells, and exudates in the

anterior chamber. Histological examination showed a severe

inflammation in the anterior segment as well as in the posterior

segment as evidenced by a massive influx of mononuclear and

polymorphonuclear cells into the retina and choroid, granuloma

formation, vasculitis, photoreceptor loss and vitritis (Figure 1A, B).

This inflammation became evident on day 8 or 9 and reached its

peak on day 13, followed by a rapid regression (Figure 1C). No

intraocular inflammation was observed in the control mice.

Splenocytes and lymph node cells from normal mice and

those at different time points following immunization with

IRBP161-180 were stimulated with LPS and the supernatants

were assessed for IFN-b expression. Lymph node cells did not

express IFN-b, whereas IFN-b expression in splenocytes was

significantly higher on day 13 and reached its peak on day 16,

followed by a gradual decrease and returning to normal levels

on day 35 (Figure 1D).

Figure 1. Induction of EAU and analysis of the expression of IFN-b in this model. EAU was induced in B10RIII mice by immunization with
50 mg IRBP161-180 in CFA. (A) Inflammatory infiltration in the anterior segment of the eye (after mydriasis). (B) Damaged retinal structure in a B10RIII
mouse after immunization with IRBP161-180. Eyes were obtained 13 days after immunization and stained with haematoxylin/eosin. (C) Mean histology
score during the development of EAU. (D) Splenocytes from normal mice (day 0) and those obtained at different time points after the induction of
EAU were stimulated by LPS for 24 hours. Supernatants were measured for the production of IFN-b by ELISA. Data are representative of three
independent experiments. **p,0.01, *p,0.05, NS = not significant.
doi:10.1371/journal.pone.0019870.g001

Role of IFN-b in EAU
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IFN-c and IL-17 production by splenocytes and draining lymph

node (DLN) cells were detected by enzyme-linked immunosorbent

assay (ELISA) on day 13 after immunization. The results showed

that IFN-c and IL-17 in the supernatants of splenocytes and DLN

cells stimulated with anti-CD3 and anti-CD28 antibodies from the

immunized mice were significantly higher than those from the

control mice. The production of IFN-c and IL-17 was detected in

the immunized mice, but not in the control mice when stimulated

with IRBP161-180. However, their production was significantly

lower in the experiment with IRBP161-180 stimulation than that

with anti-CD3 and anti-CD28 antibodies stimulation (Figure 2).

In vivo influence of IFN-b on EAU activity, production of
cytokines and T cell proliferation

IFN-b was administered to mice before and after immunization

with IRBP161-180 to examine its influence on EAU activity and

various other parameters. Clinical examination showed that IFN-b
significantly inhibited EAU activity on day 13 (Fig. 3A). However,

it did not influence the incidence or duration of EAU.

Histopathological examination on day 13 or 16 following

immunization revealed that the EAU score in IFN-b-treated mice

was significantly lower than that found in control mice (Figure 3B,

C).

As the highest expression of IFN-b was observed in the

splenocytes on day 16, the splenocytes and DLN cells obtained

from this time point were used to evaluate the influence of IFN-b
on the production of several cytokines and T cell proliferation.

The results showed that the production of IFN-c and IL-17 by

splenocytes or DLN cells was significantly decreased in IFN-b-

treated mice as compared with the control mice. However, the

levels of IL-10 in the supernatants of splenocytes and DLN cells

were significantly higher in IFN-b-treated mice as compared with

controls (Figure 3D–I). IFN-b did not influence the T cell

proliferation in the spleen or in the DLN (data not shown).

In vitro effect of IFN-b on cytokine production by Th1,
Th17 and monocytes and T cell proliferation

An experiment was designed to examine whether IFN-b could

directly inhibit the polarization of Th1 and Th17 cells.

CD4+CD62L+ (naı̈ve) T cells from normal mice stimulated with

IL-12 were cultured with or without IFN-b to evaluate its

influence on the production of IFN-c. The results showed that it

did not affect the production of IFN-c (Figure 4A). CD4+CD62L+

T cells stimulated with TGF-b1, IL-6 and IL-23 were cultured

with or without IFN-b to evaluate its effect on the production of

IFN-c and IL-17. The result showed that it significantly inhibited

the production of IL-17 (Figure 4B), whereas it promoted the IFN-

c secretion by these T cells (Figure 4C). An additional experiment

using anti-IFN-c antibody was used to examine whether the

inhibition of IFN-b on IL-17 was mediated by the up-regulated

Figure 2. The expression of IFN-c and IL-17 in EAU mice and control mice. Splenocytes (A and B) and DLN cells (C and D), obtained from
EAU mice or control mice on day 13, were activated with IRBP161-180 (20 mg/ml) or anti-CD3 and anti-CD28 (1 mg/ml) for 72 hours. IFN-c and IL-17
were analyzed by ELISA. Data are representative of three independent experiments. **p,0.01, ND = not detected.
doi:10.1371/journal.pone.0019870.g002
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IFN-c. The result showed that neutralization by anti-IFN-c
antibody resulted in a significantly increased IL-17 expression

under Th17 polarization conditions (Figure 4D), suggesting that it

could partially reverse the inhibition of IFN-b on IL-17

production.

CD4+CD62L2 T cells (effector/memory) from normal mice

were cultured with anti-CD3 and anti-CD28 antibodies in the

presence or absence of IFN-b to examine its influence on the

production of cytokines by these cells. The results showed that

IFN-b significantly inhibited the production of both IFN-c and

IL-17 (Figure 5).

The aforementioned experiment revealed a direct inhibition of

IFN-b on the production of IFN-c and IL-17. As the receptor of

IFN-b is also expressed by monocytes [31], a further study was

performed to test whether IFN-b could also exert its effects on

IFN-c and IL-17 production through monocytes. The results

showed that IFN-b-treated monocytes significantly inhibited the

production of IL-17 by both CD4+CD62L+ T cells and

CD4+CD62L2 T cells (Figure 6A, B). Furthermore, the inhibition

of IFN-b-treated monocytes on CD4+CD62L2 T cells was

dependent on IFN-b in a dose dependent manner. However,

IFN-b-treated monocytes did not have any effect on IFN-c
secretion (Figure 6C, D).

Monocytes from the mice immunized with IRBP161-180 on

day 13 were cultured with or without IFN-b to evaluate its

influence on the production of IL-6 and TGF-b, which are

critical for the polarization of Th17 cells, and IL-23, which

sustains the maintenance and expansion of Th17 cells. The

results showed that it significantly inhibited the IL-6 production

by these cells (Figure 7A). However, it did not have a detectable

effect on the secretion of TGF-b and IL-23 by these cells

(Figure 7B, C).

As IL-10 has anti-inflammatory properties and is involved in the

regression of EAU [32], a further study was performed to detect

whether IFN-b could exert its inhibitory role through up-regulating

this cytokine. Our results showed that it significantly induced the

monocytes from the normal mice and those immunized with

IRBP161-180 on day 13 and 16 to abundantly produce IL-10. There

was no difference concerning the ability of IFN-b to promote IL-10

production among the tested three groups (Figure 7D).

Figure 3. The influence of IFN-b treatment on EAU activity, production of IFN- c, IL-17 and IL-10. Clinical scores (A) and histology scores
on day 13(B) and day 16 (C) of IFN-b or PBS treated EAU mice. Splenocytes (D-F) and DLN cells (G-I) from day 16 with or without IFN-b treatment were
activated with IRBP161-180 (20 mg/ml) or anti-CD3 and anti-CD28 (1 mg/ml) for 72 hours. Cytokines were analyzed by ELISA. Data are representative of
three independent experiments with at least five mice per group. **p,0.01, *p,0.05.
doi:10.1371/journal.pone.0019870.g003
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Additional experiments were designed to examine whether IFN-

b could directly inhibit the proliferation of CD4+CD62L+ T cells

and CD4+CD62L2 T cells from normal mice. T cell proliferation

was induced with anti-CD3 (1 mg/ml) and anti-CD28 (1 mg/ml)

antibodies in the presence or absence of IFN-b and was then

determined using a non radioactive colorimetric assay. IFN-b
significantly inhibited the proliferation of both T cell subsets

(Figure 8A, B). A further study was performed to investigate whether

IFN-b could also exert its inhibitory effect on T cell proliferation

through monocytes. CD4+CD62L+ T cells and CD4+CD62L2 T

cells were cultured with or without IFN-b-treated monocytes and

proliferation was measured as described above. IFN-b-treatment of

monocytes did not influence the proliferation of CD4+CD62L+ T

cells or CD4+CD62L2 T cells (Figure 8C, D).

Discussion

In this study, we investigated the regulatory effect of IFN-b on

EAU induced by immunization with IRBP161-180 and possible

mechanisms involved in this process. We found an increased

Figure 4. Effect of IFN-b on Th1 and Th17 differentiation. Naı̈ve T cells cultured with or without IFN-b in Th1-polarizing conditions (10 ng/ml
IL-12) (A) , Th17-polarizing conditions (20 ng/ml IL-6, 5 ng/ml TGF-b1 and 10 ng/ml IL-23) (B-C) or (20 ng/ml IL-6, 5 ng/ml TGF-b1 and 10 ng/ml IL-23
with or without 2 mg/ml anti-IFN-c) (D) for 96 hours. IFN-c and IL-17 were analyzed by ELISA. Data are representative of three independent
experiments. **p,0.01, *p,0.05, NS = not significant.
doi:10.1371/journal.pone.0019870.g004

Figure 5. Effect of IFN-b on the expression of IFN-c and IL-17 by effector/memory T cells. Effector/memory T cells were cultured with or
without IFN-b for 72 hours. Cytokines were detected by ELISA. Data are representative of three independent experiments. *p,0.05.
doi:10.1371/journal.pone.0019870.g005
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expression of IFN-b in association with an up-regulation of IFN-c
and IL-17 upon stimulation either with anti-CD3 and anti-CD28

antibodies or with IRBP161-180 during the active phase of in-

flammation. In vivo experiments showed that IFN-b significantly

attenuated the EAU activity in association with a marked down-

regulation of IFN-c and IL-17. On the other hand, IFN-b
treatment of mice undergoing EAU resulted in an almost three

fold up-regulation of IL-10 production.

The anti-inflammatory and beneficial effect of type I interferons

such as IFN-a and IFN-b in autoimmune diseases such as multiple

sclerosis and uveitis [2,3,25–27] contrasts with a pro-inflammatory

role for IFN-a in systemic lupus erythematosus and dermatomy-

ositis [33-34]. Why type I interferons can act as pathogenic

mediators in some diseases and on the other hand offer possibilities

as a therapeutic agent in others is not clear yet.

Previous studies showed that IFN-a suppressed EAU by down-

regulating TNF-a production [28] and reducing ocular CD45+ T

cells infiltration [29]. Only few studies have addressed the effect of

IFN-b on EAU and mainly concentrated on T cell proliferation

and IFN-c production [30]. We extended these studies and firstly

examined whether and how IFN-b was expressed during this

model. The highest expression of IFN-b was observed 3 days after

the peak of inflammation which suggests that it may be involved in

the resolution of EAU. IFN-b was mainly produced by splenocytes

and not by draining lymph node cells which confirms earlier

findings [35]. Further in vitro experiments showed that IFN-b

significantly inhibited T cell proliferation as well as the production

of IFN-c, IL-17 and IL-6, whereas it markedly enhanced the

production of IL-10. Collectively, these results suggest that IFN-b
is able to inhibit EAU activity and that this inhibition is possibly

mediated through modulating Th1, Th17 cells and IL-10

production. The second aim of our study was to investigate

whether injection of IFN-b could influence the clinical activity of

EAU as well as other relevant parameters. Our result showed that

multiple injections of this protein before and after immunization

with IRBP peptides could significantly ameliorate the EAU activity

although it did not completely prevent the development of this

disease. We did not investigate IFN-b administration at the time of

disease onset since the model we used is characterized by a rapid

self limiting regression of the disease and an eventual effect of IFN-

b would probably not be detected. Further investigations

concerning other time and dosage schemes are necessary to

delineate the optimal conditions for the IFN-b effect on EAU.

IFN-b significantly inhibited the production of IFN-c and IL-17

upon nonspecific stimulation or specific antigen stimulation. On

the other hand, it promoted the secretion of IL-10. Our data on

IFN-c production are in agreement with earlier studies by Suzuki

et al. in the EAU model in rats [30]. These results are also

consistent with those reported in the treatment of MS patients with

IFN-b [2,7,36]. However, unexpectedly, we failed to find any

influence of in vivo IFN-b treatment on T cell proliferation assays

in vitro. This result is in disagreement with the data published by

Figure 6. Effect of IFN-b-treated monocytes on the expression of IFN-c and IL-17. Naı̈ve T cells (A and B) and effector/memory T cells (C and
D) were cultured with IFN-b-treated monocytes at a ratio of 5:1 for 72 hours. Cytokines were detected by ELISA. Data are representative of three
independent experiments. *p,0.05, NS = not significant.
doi:10.1371/journal.pone.0019870.g006

Role of IFN-b in EAU

PLoS ONE | www.plosone.org 6 May 2011 | Volume 6 | Issue 5 | e19870



Suzuki et al. [30] but generally consistent with that reported by

Hedegaard et al. [36]. In the latter study, IFN-b treatment of MS

patients was not associated with an effect of this protein on T cell

proliferation.

The third aim of our study was to examine how IFN-b exerted

its inhibitory role using a number of in vitro experiments. The

studies of the effects of IFN-b on the cytokine production of Th1

and Th17 cells showed that it significantly inhibited both cytokine

production and polarization of Th17 cells, but only suppressed the

cytokine production of Th1 cells. These results are generally in line

with those reported by Axtell et al. [37]. They cultured APC with

naı̈ve T cells or effector/memory T cells in the presence of TGF-b
and IL-6 and found that IFN-b significantly inhibited IL-17

production by both populations. We disclosed a significant

inhibition of IFN-b on the production of IFN-c by effector/

memory T cells. Our results with regard to the effect of IFN-b on

IFN-c secretion by naı̈ve T cells are consistent with those reported

by Axtell et al. [37]. They did not find an effect of IFN-b by CD4+

T cells when these T cells were cultured with APC in the presence

of IL-12. However, McRae et al. [38] found that IFN-b sig-

nificantly inhibited the production of IFN-c by naı̈ve T cells when

cultured with human DC. This discrepancy with regard to the

IFN-b effect on IFN-c between human and mice is not fully

understood. The origin of IFN-b used in the experiments might be

another reason to explain the observed difference.

Previous studies had shown that enhancing the Th2 response

would be beneficial in clinical treatment of uveitis by preventing

IFN-c production [39]. IFN-b was able to boost the Th2 response

in MS patients [6]. Whether IFN-b inhibits IFN-c partially

through enhancing Th2 responses is a matter of future studies.

IL-12 and IL-18, secreted by monocytes, are critical for Th1

proliferation and IFN-c production by differentiated Th1 cells

[40]. Our results showed that IFN-b did not influence IFN-c
production through monocytes in vitro. Whether IFN-b inhibits

IFN-c in vivo by down-regulating IL-12 and IL-18 production

needs further clarification.

The aforementioned results indicated a direct inhibitory effect

of IFN-b on the production of IL-17. Our further study showed

that its inhibition on IL-17 could be mediated by indirect

mechanisms. The experiment using anti-IFN-c antibody revealed

that the inhibitory role of IFN-b could also be mediated through

enhancing the production of IFN-c. The experiment using IFN-b-

treated monocytes disclosed that IFN-b exerted its effect on IL-17

production through inhibiting IL-6 production by monocytes. It

has been shown that IFN-b may also exert its effect on Th17 cells

through modulating expression of IL-1b, IL-23 and IL-27 in both

humans and mice [23,41-42]. Further study is needed to clarify

whether IFN-b could inhibit Th17 cells through these cytokines

and whether it mediates its inhibitory effect on EAU via this

pathway. It is also worthwhile to point out that we failed to find a

detectable effect of IFN-b on the production of TGF-b, an

important cytokine for Th17 polarization, and IL-23 by

monocytes, a critical cytokine for survival of Th17 cells. Taken

together, these results suggest that IFN-b not only inhibited the IL-

17 production by direct or indirect routes, but also prevented

Th17 polarization through modulating IL-6 secretion.

Our study also investigated the effects of IFN-b on IL-10 and T

cell proliferation, which are all important factors in the immune

response or in inflammation. The results showed that IFN-b
significantly promoted the production of IL-10 by monocytes upon

Figure 7. Effect of IFN-b on IL-6, TGF-b, IL-23 and IL-10 production by monocytes. Monocytes from immunized mice on day 13 (or on day 0
and day 16 where indicated), cultured with or without IFN-b (250 U/ml) for 24 hours, were stimulated with LPS (100 ng/ml) for another 24 hours.
Cytokines were detected by ELISA. Data are representative of three independent experiments. **p,0.01, NS = not significant.
doi:10.1371/journal.pone.0019870.g007
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stimulation with LPS. This result is, by and large, in agreement

with that reported by Chang et al. [43] They found that the effect

of LPS stimulation on the production of IL-10 was principally

mediated by IFN-b. The T cell proliferation experiment showed

that IFN-b could significantly inhibit the proliferation of these

cells, which is contrary to our in vivo findings but in agreement

with earlier studies in rats with EAU [30].

In conclusion, our study showed that IFN-b treatment

significantly inhibited the expression of EAU activity. In vivo

and in vitro experiments revealed that this inhibitory effect was

mediated by suppressing both Th1 and Th17 cells and through an

up-regulation of IL-10 expression. These results suggest that IFN-

b provides a potential treatment for diseases mediated by both

Th1 and Th17 cells.

Materials and Methods

Reagents and Mice
Murine IL-12, IL-6, IL-23, anti-IFN-c antibody and human

TGF-b1 were purchased from R&D systems (Minneapolis, Minn,

USA). Murine IFN-b was obtained from PBL (Piscataway, NJ,

USA). Anti-CD3 and anti-CD28 antibodies were purchased from

eBioscience (San Diego, CA, USA). IRBP161-180 (SGIPYII-

SYLHPGNTILHVD) was synthesized by Shanghai Sangon

Biological Engineering Technology & Services Limited Company.

LPS and CFA containing 1.0mg/ml of Mycobacterium tubercu-

losis was obtained from Sigma-Aldrich (St. Louis, MO).

B10RIII mice (6–8 weeks) were purchased from Jackson

Laboratory and were housed under specific pathogen free

conditions. All animals were treated according to the ARVO

Statement for the Use of Animals in Ophthalmic and Vision

Research.

EAU induction and treatment
B10RIII mice (8–12 weeks) were immunized subcutaneously with

a 200 ml emulsion containing 50 mg IRBP161-180 in CFA. Control

mice received a subcutaneous injection of an emulsion of 50 ml PBS

and 150 ml CFA. The clinical and histological scoring of EAU was

performed according to criteria described previously [44–45].

Briefly, the severity of EAU was evaluated in a masked fashion of a

scale of 0–4 based on the number, type, and size of lesions.

Murine IFN-b (1000U suspended in 100 ml of PBS) or PBS was

administered subcutaneously to IRBP161-180 immunized mice every

other day from day one before immunization to the end of the study.

The mice were observed daily by slit lamp microscopy and

ophthalmoscopy. On day 16 after immunization, the splenocytes

or DLN cells (26106/ml) were stimulated with soluble anti-

CD3 (1 mg/ml) and soluble anti-CD28 (1 mg/ml) or IRBP161-180

(20 mg/ml) for 72 hours to detect the expression of IFN-c, IL-17

and IL-10.

Cell purification
CD4+CD62L+ naı̈ve T cells were isolated from splenic single-cell

suspensions with a CD4+CD62L+ T cell isolation kit (Miltenyi

Biotec, Palo Alto, CA). Splenic single-cell suspensions were

incubated with a cocktail of biotin-conjugated antibodies and

anti-biotin microbeads for negative sorting of CD4+ T cells. CD4+ T

cells were then used to separate CD4+CD62L+/2 T cells by addition

Figure 8. Effect of IFN-b on T cell proliferation. Naı̈ve T cells (A) or effector/memory T cells (B) from normal mice cultured with anti-CD3 (1 mg/
ml) and anti-CD28 (1 mg/ml) in the presence or absence IFN-b for 72 hours. IFN-b-treated monocytes cultured with naı̈ve T cells (C) or effector/
memory T cells (D) at a ratio of 1:5 for 72 hours. Proliferation was detected by modified MTT. Data are representative of three independent
experiments with at least three mice per group. *p,0.05, NS = not significant.
doi:10.1371/journal.pone.0019870.g008
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of a recommended volume of anti-CD62L beads according to the

manufacturer’s instructions. The purity of isolated CD4+CD62L+

naı̈ve T cells and CD4+CD62L2 effector/memory T cells, as

identified by flow cytometry (FCM) analysis, was shown to be both

higher than 95%. In addition, splenic single-cell suspensions were

used to separate monocytes through incubation with the recom-

mended volume of anti-CD11b beads according to the manufac-

turer’s instructions. The purity of isolated CD11b+ monocytes,

identified by FCM, was more than 95%.

Cell culture
Splenocytes (26106/ml), obtained from EAU mice without

IFN-b or PBS injection on days 0, 13, 16, 21, 28 and 35 after

immunization, were stimulated with LPS (100ng/ml) for 72 hours

and the supernatants were collected to evaluate the expression of

IFN-b. On day 13 after immunization, splenocytes (26106/ml)

obtained from EAU mice or control mice were stimulated with

soluble anti-CD3 (1 mg/ml) and soluble anti-CD28 (1 mg/ml) or

IRBP161-180 (20 mg/ml) for 72 hours and the supernatants were

collected to examine IFN-c and IL-17 expression.

CD4+CD62L+ naı̈ve T cells at a concentration of 1.56106/

ml, cultured in RPMI 1640 (Gibco BRL; Invitrogen) supple-

mented with 2% penicillin/streptomycin and 10% fetal bovine

serum (complete medium) in 96-well plates were stimulated with

soluble anti-CD3 and anti-CD28 (1 mg/ml) for 96 hours in Th1-

polarizing(10ng/ml IL-12) or Th17-polarizing (20ng/ml IL-6,

5ng/ml TGF-b1 and 10ng/ml IL-23 with or without 2 mg/ml

anti-IFN-c) conditions in the presence or absence of IFN-b
(250U/ml). CD4+CD62L2 (effector/memory) T cells at a

concentration of 1.56106/ml were cultured for 72 hours in

the presence or absence of IFN-b (250U/ml). Eventually,

supernatants were collected to detect the expression of IFN-c
and IL-17.

Coculture of IFN-b treated monocytes with CD4+CD62L+/2

T cells
Monocytes were stimulated with IFN-b (0–1000U/ml) for

24 hours. They were washed and cultured with CD4+CD62L+

(naı̈ve) T cells or CD4+CD62L2 (effector/memory) T cells at a

ratio of 1:5 in the presence of soluble anti-CD3 and anti-CD28

(1 mg/ml). Supernatants on day 3 were analyzed for IFN-c and IL-

17. Meanwhile, T cell proliferation was detected. IFN-b-treated

monocytes were stimulated with LPS for another 24 hours and the

supernatants were collected to analyze the levels of IL-6, TGF-b,

IL-23 and IL-10.

Cell proliferation
T cell proliferation was determined using a non radioactive

colorimetric assay. 10 ml WST-8 (2-(2-methoxy-4-nitrophenyl)-3-

(4-nitrophenyl)-5-(2, 4-disulfophen-yl)-2H-tetrazolium, monoso-

dium salt) in 200 ml complete culture medium was added and

incubated for 4 hours. The absorbance was determined at 450 nm

using an ELISA reader (BIO-TEK Instruments).

ELISA
Levels of IL-17, IFN-c, IL-6, TGF-b, IL-23, IL-10 and IFN-b

were measured using commercially available ELISA kits according

to the manufacturer’s instructions with detection limits of 15.6 pg/

ml, 31.3 pg/ml, 15.6 pg/ml, 15.6 pg/ml, 31.3 pg/ml, 31.3 pg/ml

and 15.6 pg/ml respectively. The following ELISA kits were

purchased as indicated: IL-17, IFN-c, IL-6, TGF-b and IL-10

(R&D Systems (Minneapolis, Minn, USA)); IL-23 (Bendermed

system (Vienna, Austria, Europe)); IFN-b (PBL company (Piscat-

away, NJ, USA)).

Statistical analysis
Statistical significance was analyzed by the one-way analysis of

variance, Student t test and Mann-Whitney U test. Data were

expressed as the mean 6 standard deviation (SD). A P value below

0.05 was taken as a statistically significant difference.

Author Contributions

Conceived and designed the experiments: MS YY PY. Performed the

experiments: MS YY. Analyzed the data: MS YY PY. Contributed

reagents/materials/analysis tools: MS YY PY BL LD. Wrote the paper:

MS PY YY AK.

References

1. Liu YJ (2005) IPC: professional type 1 interferon-producing cells and

plasmacytoid dendritic cell precursors. Annu Rev Immunol 23: 275–306.

2. Durelli L, Conti L, Clerico M, Boselli D, Contessa G, et al. (2009) T-helper 17
cells expand in multiple sclerosis and are inhibited by interferon-beta. Ann

Neurol 65: 499–509.

3. Zhang X, Markovic-Plese S (2010) Interferon beta inhibits the Th17 cell-
mediated autoimmune response in patients with relapsing-remitting multiple

sclerosis. Clinical Neurology and Neurosurgery 112: 641–645.

4. Kozovska ME, Hong J, Zang YC, Li S, Rivera VM, et al. (1999) Interferon beta
induces T-helper 2 immune deviation in MS. Neurology 53: 1692–1697.

5. Zang Y, Hong J, Robinson R, Li S, Rivera VM, et al. (2003) Immune regulatory
properties and interactions of copolymer-I and beta-interferon 1a in multiple

sclerosis. J Neuroimmunol 137: 144–153.

6. Martin-Saavedra FM, Gonzalez-Garcia C, Bravo B, Ballester S (2008) 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 45: 4008–4019.

7. Ersoy E, Kus CN, Sener U, Coker I, Zorlu Y (2005) The effects of interferon-

beta on interleukin-10 in multiple sclerosis patients. Eur J Neurol 12: 208–211.

8. Yong VW, Chabot S, Stuve O, Williams G (1998) Interferon beta in the
treatment of multiple sclerosis: mechanisms of action. Neurology 51: 682–689.

9. Chen M, Chen G, Nie H, Zhang X, Niu X, et al. (2009) Regulatory effects of

IFN-beta on production of osteopontin and IL-17 by CD4+ T Cells in MS.
European Journal of Immunology 39: 2525–2536.

10. Mosmann TR, Coffman RL (1989) TH1 and TH2 cells: different patterns of

lymphokine secretion lead to different functional properties. Annu Rev Immunol
7: 145–173.

11. Furuzawa-Carballeda J, Vargas-Rojas MI, Cabral AR (2007) Autoimmune

inflammation from the Th17 perspective. Autoimmun Rev 6: 169–175.

12. Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, et al. (2005)
Interleukin 17-producing CD4+ effector T cells develop via a lineage distinct

from the T helper type 1 and 2 lineages. Nat Immunol 6: 1123–1132.

13. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, et al. (2006) Reciprocal

developmental pathways for the generation of pathogenic effector TH17 and
regulatory T cells. Nature 441: 235–238.

14. Dardalhon V, Korn T, Kuchroo VK, Anderson AC (2008) Role of Th1 and

Th17 cells in organ-specific autoimmunity. Journal of Autoimmunity 31:
252–256.

15. Hegelich BM, Albright BJ, Cobble J, Flippo K, Letzring S, et al. (2006) Laser
acceleration of quasi-monoenergetic MeV ion beams. Nature 439: 441–444.

16. Steinman L (2007) A brief history of T(H)17, the first major revision in the

T(H)1/T(H)2 hypothesis of T cell-mediated tissue damage. Nat Med 13:

139–145.

17. Park H, Li Z, Yang XO, Chang SH, Nurieva R, et al. (2005) A distinct lineage of
CD4 T cells regulates tissue inflammation by producing interleukin 17. Nat

Immunol 6: 1133–1141.

18. Caspi RR, Roberge FG, Chan CC, Wiggert B, Chader GJ, et al. (1988) A new

model of autoimmune disease. Experimental autoimmune uveoretinitis induced
in mice with two different retinal antigens. J Immunol 140: 1490–1495.

19. Nussenblatt RB (1991) Proctor Lecture. Experimental autoimmune uveitis:
mechanisms of disease and clinical therapeutic indications. Invest Ophthalmol

Vis Sci 32: 3131–3141.

20. Luger D, Silver PB, Tang J, Cua D, Chen Z, et al. (2008) Either a Th17 or a

Th1 effector response can drive autoimmunity: conditions of disease induction
affect dominant effector category. J Exp Med 205: 799–810.

21. Yoshimura T, Sonoda KH, Miyazaki Y, Iwakura Y, Ishibashi T, et al. (2008)

Differential roles for IFN-gamma and IL-17 in experimental autoimmune

uveoretinitis. Int Immunol 20: 209–214.

Role of IFN-b in EAU

PLoS ONE | www.plosone.org 9 May 2011 | Volume 6 | Issue 5 | e19870



22. Teige I, Treschow A, Teige A, Mattsson R, Navikas V, et al. (2003) IFN-beta

gene deletion leads to augmented and chronic demyelinating experimental

autoimmune encephalomyelitis. J Immunol 170: 4776–4784.

23. Ramgolam VS, Sha Y, Jin J, Zhang X, Markovic-Plese S (2009) IFN-beta

inhibits human Th17 cell differentiation. J Immunol 183: 5418–5427.

24. Steinman L (2009) Shifting therapeutic attention in MS to osteopontin, type 1

and type 2 IFN. Eur J Immunol 39: 2358–2360.

25. Plskova J, Greiner K, Forrester JV (2007) Interferon-alpha as an effective

treatment for noninfectious posterior uveitis and panuveitis. American Journal of

Ophthalmology 144: 55–61.

26. Deuter CM, Kotter I, Gunaydin I, Stubiger N, Doycheva DG, et al. (2009)

Efficacy and tolerability of interferon alpha treatment in patients with chronic

cystoid macular oedema due to non-infectious uveitis. British Journal of

Ophthalmology 93: 906–913.

27. Warde N (2010) Therapy: Behcet uveitis: good results for IFN-alpha-2a. Nat

Rev Rheumatol 6: 437.

28. Okada AA, Keino H, Fukai T, Sakai J, Usui M, et al. (1998) Effect of type I

interferon on experimental autoimmune uveoretinitis in rats. Ocular Immunol-

ogy and Inflammation 6: 215–226.

29. Stubiger N, Crane IJ, Kotter I, Lamont GR, Zoeller M, et al. (2003) Interferon

alpha 2a in IRPB-derived peptide-induced EAU—part I. Advances in

Experimental Medicine and Biology 528: 537–540.

30. Suzuki J, Sakai J, Okada AA, Takada E, Usui M, et al. (2002) Oral

administration of interferon-beta suppresses experimental autoimmune uveor-

etinitis. Graefes Arch Clin Exp Ophthalmol 240: 314–321.

31. Pogue SL, Preston BT, Stalder J, Bebbington CR, Cardarelli PM (2004) The

receptor for type I IFNs is highly expressed on peripheral blood B cells and

monocytes and mediates a distinct profile of differentiation and activation of

these cells. J Interferon Cytokine Res 24: 131–139.

32. Rizzo LV, Xu H, Chan CC, Wiggert B, Caspi RR (1998) IL-10 has a protective

role in experimental autoimmune uveoretinitis. Int Immunol 10: 807–814.

33. Somani AK, Swick AR, Cooper KD, McCormick TS (2008) Severe

dermatomyositis triggered by interferon beta-1a therapy and associated with

enhanced type I interferon signaling. Archives of Dermatology 144: 1341–1349.

34. Crow MK (2010) Interferon-alpha: a therapeutic target in systemic lupus

erythematosus. Rheumatic Diseases Clinics of North America 36: 173–186, x.
35. Scheu S, Dresing P, Locksley RM (2008) Visualization of IFNbeta production by

plasmacytoid versus conventional dendritic cells under specific stimulation

conditions in vivo. Proceedings of the National Academy of Sciences of the
United States of America 105: 20416–20421.

36. Hedegaard CJ, Krakauer M, Bendtzen K, Sorensen PS, Sellebjerg F, et al.
(2008) The effect of beta-interferon therapy on myelin basic protein-elicited

CD4+ T cell proliferation and cytokine production in multiple sclerosis. Clin

Immunol 129: 80–89.
37. Axtell RC, de Jong BA, Boniface K, van der Voort LF, Bhat R, et al. (2010) T

helper type 1 and 17 cells determine efficacy of interferon-beta in multiple
sclerosis and experimental encephalomyelitis. Nat Med 16: 406–412.

38. McRae BL, Semnani RT, Hayes MP, van Seventer GA (1998) Type I IFNs
inhibit human dendritic cell IL-12 production and Th1 cell development.

J Immunol 160: 4298–4304.

39. Caspi RR (2002) Th1 and Th2 responses in pathogenesis and regulation of
experimental autoimmune uveoretinitis. International Reviews of Immunology

21: 197–208.
40. Berenson LS, Ota N, Murphy KM (2004) Issues in T-helper 1 development—

resolved and unresolved. Immunological Reviews 202: 157–174.

41. Zhang X, Jin J, Tang Y, Speer D, Sujkowska D, et al. (2009) IFN-beta1a inhibits
the secretion of Th17-polarizing cytokines in human dendritic cells via TLR7

up-regulation. J Immunol 182: 3928–3936.
42. Guo B, Chang EY, Cheng G (2008) The type I IFN induction pathway

constrains Th17-mediated autoimmune inflammation in mice. Journal of
Clinical Investigation 118: 1680–1690.

43. Chang EY, Guo B, Doyle SE, Cheng G (2007) Cutting edge: involvement of the

type I IFN production and signaling pathway in lipopolysaccharide-induced IL-
10 production. J Immunol 178: 6705–6709.

44. Sun M, Yang P, Du L, Zhou H, Ren X, et al. (2010) Contribution of
CD4+CD25+ T cells to the regression phase of experimental autoimmune

uveoretinitis. Invest Ophthalmol Vis Sci 51: 383–389.

45. Caspi RR (2003) Experimental autoimmune uveoretinitis in the rat and mouse.
Curr Protoc Immunol Chapter 15: Unit 15 16.

Role of IFN-b in EAU

PLoS ONE | www.plosone.org 10 May 2011 | Volume 6 | Issue 5 | e19870


