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Summary

b-Arrestins are well-known regulators and mediators of G protein-coupled

receptor signalling, and accumulating evidence reveals that they are func-

tionally involved in inflammation and autoimmune diseases. Of the two

b-arrestins, b-arrestin 1 is documented to play regulatory roles in an ani-

mal model of multiple sclerosis (MS), whereas the role of b-arrestin 2 is

less clear. Here, we show that b-arrestin 2-deficient mice displayed the

exacerbated and sustained symptoms of experimental autoimmune

encephalomyelitis (EAE), an animal model of MS. At the cellular level,

deficiency of b-arrestin 2 led to a decreased number of Foxp3+ CD4+ reg-

ulatory T (Treg) cells in peripheral lymphoid organs of EAE mice. Consis-

tently, our in vitro observations also revealed that loss of b-arrestin 2

impaired the conversion of Foxp3� CD4+ T cells into Foxp3+ CD4+

inducible Treg cells. Taken together, our data suggest that b-arrestin 2

plays a regulatory role in MS, that is opposite to that of b-arrestin 1, in

autoimmune diseases such as MS, which is at least partially through

regulation of iTreg cell differentiation.

Keywords: experimental autoimmune encephalomyelitis; regulatory T

cells; b-arrestin 2.

Introduction

Experimental autoimmune encephalomyelitis (EAE) is a

widely used animal model of multiple sclerosis (MS), a

human autoimmune disease characterized by chronic

inflammatory demyelination and degeneration of the cen-

tral nervous system (CNS).1–3 The mechanisms involved

in the formation of acute inflammatory CNS lesions are

to a large extent shared between MS and EAE, and

involve pivotal roles played by autoreactive CD4+ T cells,

in particular during disease initiation. Of the CD4+ T

cells, those expressing interferon-c [IFN-c; T helper type

1 (Th1)] or interleukin-17 (IL-17; Th17) are generally

regarded to be highly encephalitogenic, whereas the

Foxp3+ CD4+ regulatory T (Treg) cells are currently

thought to protect against the ongoing autoimmune

response.4–7 Both the number and function of Treg cells

could be altered in EAE, and this seems to be tightly

associated with disease progression and severity.4,8,9 How-

ever, the molecular mechanisms underlying the genera-

tion of Treg cells and their functions in EAE are still

unclear.

b-Arrestins (b-arrestin 1 and b-arrestin 2), the well-

defined regulators of G protein-coupled receptor desensi-

tization and endocytosis,10 also play important roles in

the regulation of immune activation and inflammatory

diseases, such as MS,11 rheumatoid arthritis,12 primary

biliary cirrhosis13 and allergic asthma.14 At the cellular

Abbreviations: APC, allophycocyanin; Arrb2, b-arrestin 2; CNS, central nervous system; DLN, draining lymph node; EAE,
experimental autoimmune encephalomyelitis; egfp, enhanced green fluorescent protein; H&E, haematoxylin & eosin; IFN-c,
interferon-c; IL-17, interleukin-17; IRES, internal ribosomal entry site; iTreg, inducible regulatory T; MOG, myelin oligodendro-
cyte glycoprotein peptide; MS, multiple sclerosis; PE, phycoerythrin; SPL, spleen; TGF-b, transforming growth factor-b; Th1,
T helper type 1; Treg cell, regulatory T cell
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level, previous investigations revealed that b-arrestin 2

can regulate lipopolysaccharide-induced cytokine produc-

tion by polymorphonuclear leucocytes15 and inhibitory

signalling in natural killer cells.16 However, the role of

b-arrestin 2 in CD4+ T cells and EAE development

remains poorly explored, although b-arrestin 1 is well

known to regulate EAE severity through promotion of

CD4+ T-cell survival.11 In this study, we found that loss

of b-arrestin 2 increases the severity of EAE, through a

reduction in the population of peripherally derived Treg

cells, a finding that is essentially the opposite of that

obtained in b-arrestin 1-knockout animals.

Materials and methods

Mice

C57BL/6 mice were obtained from the Shanghai Labora-

tory Animal Centre (Chinese Academy of Sciences).

Arrb2�/� mice on a C57BL/6 background were provided

by Robert J. Lefkowitz (Duke University Medical Center,

Durham, NC). Foxp3-IRES-GFP (Foxp3egfp) transgenic

mice, which contain the enhanced green fluorescence pro-

tein (egfp) gene under the control of an internal ribo-

somal entry site (IRES) inserted downstream of the foxp3

coding region as described elsewhere,17 were provided by

Dr Honglin Wang (Shanghai Jiaotong University).

Arrb2�/� Foxp3egfp-Tg mice were obtained by crossing

Arrb2�/� mice with Foxp3egfp mice. All mice were main-

tained in pathogen-free conditions. Animal care and use

were in accordance with the guidelines of the Shanghai

Institute of Biochemistry and Cell Biology.

Reagents

Myelin oligodendrocyte glycoprotein peptide (MOG35–55,

MEVGWYRSPFSRVVHLYRNGK) with purity of > 95%

was purchased from GLBiochem (Shanghai, China).

Moloney murine leukaemia virus reverse transcriptase

and RNasin RNase inhibitor were from Promega (Madi-

son, WI). SYBR Green JumpStart Taq Ready-Mix kit was

from Sigma-Aldrich (St Louis, MO). Percoll was from GE

Healthcare (Little Chalfont, UK). FITC anti-mouse CD45

(clone: 30-F11), phycoerythrin (PE) -conjugated anti-

mouse CD8a (clone: 53-6.7), allophycocyanin (APC) anti-

mouse CD11b (clone: M1/70), PE-Cy7 anti-mouse CD4

(clone: GK1.5), PE anti-mouse CD25 (clone: PC61.5),

APC anti-mouse IFN-c (clone: XMG1.2), PE anti-mouse

Foxp3 (clone: FJK16s), APC anti-mouse/rat Foxp3 (clone:

FJK16s) and Foxp3 staining set were purchased from

eBioscience (San Diego, CA). The PE anti-mouse CD45R

(B220; clone: RA3-6B2), PE anti-mouse IL17a (clone:

2B8), and BD Cytofix/Cytoperm kit were purchased from

BD Biosciences (San Jose, CA). Dynal Mouse CD4 Nega-

tive Isolation Kit (Cat. No. 114.15D) was from Invitrogen

(Carlsbad, CA). Mouse CD4 (L3T4, Cat. No.130-049-201)

and CD25 MicroBeads Kit (Cat. No. 130-091-072) were

from Miltenyi Biotec (Bergisch Gladbach, Germany).

EAE

Mice of age 8–12 weeks were immunized by subcutane-

ous injection of the myelin peptide MOG35–55 (150 lg)
emulsified in complete Freund’s adjuvant containing

heat-killed Mycobacterium tuberculosis (H37Ra strain,

5 mg/ml; Difco, Detroit, MI). In addition, 200 ng of per-

tussis toxin (CalBiochem, Darmstadt, Germany) was

administered intravenously on the day of immunization

and 2 days after. Mice were examined daily for clinical

signs by researchers blinded to experimental conditions

and were assigned scores on a scale of 0–5 as follows: 0,

no clinical signs; 1, paralysed tail; 2, paresis (weakness,

incomplete paralysis of one or two hind limbs); 3, para-

plegia (complete paralysis of both hind limbs); 4, paraple-

gia with forelimb weakness or paralysis; and 5, moribund

state or death. For analysis of CNS infiltrates, spinal cords

were collected from perfused mice and mononuclear cells

were prepared by 37–70% Percoll gradient centrifugation.

Histological analysis

For histological staining, mice were anaesthetized and

perfused with PBS (pH 7�4) followed by 4% (weight/vol-

ume) paraformaldehyde. Lumbar regions of spinal cords

were dissected and further fixed in paraformaldehyde

overnight. Paraffin-embedded sections were stained with

haematoxylin & eosin (H&E) or Luxol fast blue to

examine the leucocyte infiltration or demyelination,

respectively.

Immunofluorescence of frozen sections

After fixation in 4% paraformaldehyde, tissues were cryo-

protected sequentially in 10%, 20%, 30% sucrose solution

(weight/volume) in 1 9 phosphate buffer and embedded

in Optimal Cutting Temperature compound (Tissue-Tek;

Sakura, Torrance, CA). Then, 15-lm-thick cryosections

were cut from the lumbar region of spinal cords. Sections

were allowed to thaw at 20–24°, rehydrated in PBS for

10 min and incubated with blocking buffer (1 9 PBS

containing 10% normal goat serum (volume/volume) at

room temperature for 1 hr. Primary antibody (diluted in

1 9 PBS containing 0�5% goat serum) staining was per-

formed at 4° overnight. For primary antibodies, we used

antibody against mouse CD45 (rat anti-mouse CD45

purified, clone 30-F11; eBioscience) as a marker of bone

marrow-derived leucocytes, and antibody to CD4 as a T

helper cell marker (clone L3T4, eBiosciences). For sec-

ondary antibodies, we used Alexa 488- or Cy3-conjugated

goat antibodies to rat (Molecular Probes, Eugene, OR).
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All sections were observed with an Olympus BX51 Micro-

scope (Olympus Corporation, Tokyo, Japan).

Flow cytometry

Mononuclear cell from spleens, lymph nodes, peripheral

blood leukocytes or CNS infiltrates were incubated for

4�5 h at 37° with PMA (50 ng/ml; Sigma, St Louis, MO),

ionomycin (750 ng/ml; Sigma), and brefeldin A (1�0 lg/
ml; eBioscience). Surface markers were stained with the

relevant antibodies. For intracellular cytokine staining,

cells were then resuspended in fixation/permeabilization

solution (Cytofix/Cytoperm kit; BD Pharmingen, San

Diego, CA) and intracellular cytokine staining was

performed according to the manufacturer’s protocol. For

Foxp3 staining, cells were not stimulated with PMA and

ionomycin; instead, the protocol for the Foxp3 Staining

Buffer set was followed (eBioscience). Samples were run

with FACSCalibur (BD Biosciences) and analysed using

FLOWJO software (Treestar Inc., Ashland, OR).

Primary CD4 T-cell purification, culture and
differentiation

Naive CD4+ CD25� T cells were prepared by magnetic

cell sorting from spleens of mice at the age of 6–8 weeks.

For in vitro T helper cell differentiation assay, sorted cells

were activated with anti-CD3 (2 lg/ml; 145-2C11, solu-

ble; BD Pharmingen) and anti-CD28 (2 lg/ml; 37.51, sol-

uble; BD Pharmingen) and were induced to differentiate

into Th1 cells by supplementation with IL-12 (10 ng/ml;

Peprotech, Rocky Hill, NJ) plus anti-IL-4; into Th2 cells

with IL-4 (40 ng/ml, Peprotech) plus anti-IFN-c; or into

Th17 cells with transforming growth factor-b1 (TGF-b1;
3 ng/ml, Peprotech), IL-6 (30 ng/ml; eBioscience) and

anti-IFN-c. For inducing the conversion of naive

CD4+ CD25� cells into Foxp3+ inducible Treg (iTreg)

cells, cells were activated by plate-coating anti-CD3

(1 lg/ml) plus soluble anti-CD28 (1 lg/ml) and treated

with TGF-b1 (1 or 5 ng/ml) and anti-IFN-c. Cells stimu-

lated in ‘neutral’ conditions (anti-IL-4 plus anti-IFN-c
but no additional cytokines) were considered to be ‘Th0’

cells. Neutralizing anti-IFN-c (XMG1.2; BD Pharmingen)

was used at a concentration of 5 lg/ml.

Cells were isolated from the spleens of mice at 8–
12 weeks old. CD4+ CD25+ cells were purified by deple-

tion of non-T cells with negative selection followed by

positive selection of CD25+ T cells. CD4+ CD25� T cells

were used as T responder cells. Magnetically sorted

CD4+ CD25+ cells were cultured (96 hr, 37°) with

CD4+ CD25� (105 cells) T responder cells at different

ratios in 96-well round bottom plates together with irra-

diated T-cell-depleted splenocytes from wild-type mice

(5 9 104 cells) as antigen-presenting-cells and anti-CD3

(1 lg/ml; 145-2C11; BD Pharmingen) and pulsed with

1 lCi of [3H]thymidine for the last 16 hr of culture. Cells

were then harvested onto a glass-filter using a Tomtec 96-

well cell harvester and assessed for thymidine incorpora-

tion by liquid scintillation in a Wallac MicroBeta counter

(Perkin Elmer, Waltham, MA).

Reverse transcription quantitative real-time PCR

Total RNA was extracted with TRIzol reagent (Invitrogen)

according to the manufacturer’s instructions. Reverse tran-

scription of purified RNA was performed using oligo(dT)

priming and Moloney murine leukaemia virus reverse

transcriptase (Promega). Real-time PCR was conducted in

a Light Cycler quantitative PCR apparatus (Stratagene, La

Jolla, CA) using the SYBR Green JumpStart Taq ReadyMix

kit (Sigma-Aldrich) and primers (Fig. S8).

Western blot

CD4+ CD25� T cells were stimulated under iTreg cell con-

ditions as described. Cells were collected after 24, 36 and

42 hr, and lysed for SDS–PAGE. Protein samples were

separated by SDS gel electrophoresis and transferred to a

nitrocellulose membrane (GE Healthcare). Membranes

were stained with primary antibodies to p-S6Ser235 and

p-S6Ser240 (all from Cell Signaling, Beverley, MA) and

b-actin. The IRDye800CW-conjugated secondary antibody

(Rockland, Gilbertsville, PA) was then added. Data were

assessed by the Odyssey Infrared Imaging System (LI-COR

Biosciences, Lincoln, NE).

Statistical analysis

Data are presented as means � SEM. The statistical sig-

nificance of the EAE clinical scores between different

genotypes was analysed with two-way analysis of variance,

followed by Mann–Whitney U-test to assess the signifi-

cance of difference for individual days. Other analyses,

including gene expression, cytokine production and histo-

logical analysis, were assessed by Student’s t-test. A

P-value < 0�05 was considered statistically significant.

Results

Arrb2�/� mice display exacerbated and sustained EAE

To study the role of b-arrestin 2 in EAE pathogenesis, we

immunized Arrb2�/� mice and wild-type littermates with

MOG35–55 peptide and monitored disease progression by

clinical assessment. Although animals of both groups

developed the neurological signs of EAE, the profiles of

disease course were significantly altered in Arrb2�/� mice

(P < 0�001, Fig. 1a, EAE scoring). As summarized in

Fig. 1(d), Arrb2�/� mice showed a slightly delayed disease

onset and slower progression; however, they achieved a
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significantly higher mean maximum of clinical score of

3�76 compared with the mean maximum clinical score of

2�89 in wild-type littermates (Fig. 1d, P < 0�001). Consis-
tently, the percentage of animals that achieved a clinical

score of 3 or above was higher in the Arrb2�/� group

than that in wild-type controls (89�3% versus 57�7%,

P < 0�001). Moreover, that subset of Arrb2�/� mice

showed persistence of severe clinical signs (score ≥ 3) for

an average of 10�4 days without apparent recovery,

whereas wild-type animals showed persistence of severe

clinical signs for approximately 2�7 days, followed by dis-

ease remission. These features collectively reveal an

enhanced EAE severity in Arrb2�/� mice, which was fur-

ther supported by histological studies on sections of

spinal cords, the major anatomical sites where EAE-

associated pathological changes (including inflammatory

infiltrations and demyelination) occur. Wild-type and

Arrb2�/� mice were killed at peak stage (a period from

day 22 to day 25 was selected) of disease, and both H&E

and Luxol fast blue staining revealed the aggravated neu-
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Figure 1. Arrb2�/� mice develop a more severe course of experimental autoimmune encephalomyelitis (EAE). Arrb2+/+ and Arrb2�/� mice on

the C57BL/6 background were immunized with MOG35–55 peptide. (a) Clinical scores for Arrb2
+/+ (blue circles; n = 26) and Arrb2�/� mice (red

triangles; n = 28), 35 days post immunization. Data are expressed as mean EAE score � SEM. Two-way analyses of variance were applied to

compare the entire course of EAE development of both genotypes, followed by Mann–Whitney U-test to assess the significance of difference for

individual day. (b) Haematoxylin & eosin (H&E) and Luxol fast blue staining of paraffin sections of spinal cords isolated from naive as well as

EAE-affected Arrb2+/+ and Arrb2�/� mice on day 25 after immunization (upper panels, original magnification 9 4; lower panels, original magni-

fication 9 20, enlarged images of boxed areas outlined in upper panel). (c) Quantitative analyses of the spinal cord leucocyte infiltrates and

amount of demyelination presented in (b). Data are represented as means � SEM. Three animals from each group were killed and five sections

of the spinal cord of each animal were analysed. (d) Features of MOG35–55-induced EAE in Arrb2+/+ and Arrb2�/� mice. p.i., post-induction.

Data are cumulative results from five independent experiments. *P < 0�05; **P < 0�01, versus wild-type control (two-tailed Student’s t-test).
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ropathology in Arrb2�/� mice (Fig. 1b,c). Therefore, these

data clearly demonstrate that absence of b-arrestin 2 alters

the course of EAE development, which is primarily charac-

terized by enhanced and perpetuated disease severity.

Loss of b-arrestin 2 led to increased CNS
accumulation of CD4+ T cells

To further analyse the CNS inflammation in EAE-affected

Arrb2�/� mice, immunofluorescence staining of spinal

cord frozen sections was performed. Consistent with the

H&E staining, marked increases in the number of CD45+

cells (identifying the bone marrow-derived leucocytes)

were observed in sections from the Arrb2�/� mice

(Fig. 2a,b, upper panel). Notably, signals corresponding

to CD4+ T cells were also significantly enhanced in the

same sections of Arrb2�/� EAE mice (Fig. 2a,b lower

panel). Mononuclear cells were isolated from spinal cords

of both animal groups at the peak stage of disease, and

flow cytometry measurements showed that CD4+ T cells

accounted for an average of 33�9% of the total CD45+

cells in wild-type mice, whereas this value was increased

to an average of 51�6% in Arrb2�/� animals (Fig. 2c,d).

These data therefore suggest that the loss of b-arrestin 2

leads to increased CD4+ T-cell accumulation in the CNS

in response to EAE induction, which is associated with

enhanced neuroinflammation.

Decreased numbers of Foxp3+ CD4+ Treg cells in
EAE-affected Arrb2�/� mice

In light of the enhanced CNS inflammation (predomi-

nantly CD4+ T-cell accumulation) observed in Arrb2�/�

EAE mice, we next determined whether in vivo

CD4+ T-cell priming and differentiation during EAE

development is altered upon depletion of b-arrestin 2.
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Figure 2. Loss of b-arrestin 2 led to increased central nervous system accumulation of CD4+ T cells (a) Immunofluorescent staining of CD45+

and CD4+ cells in frozen sections of spinal cords isolated from Arrb2+/+ and Arrb2�/� experimental autoimmune encephalomyelitis (EAE) mice

on day 25 after immunization (left panels, original magnification 9 4; right panels, original magnification 9 20, enlarged images of boxed areas

outlined in left panel). DAPI was used to stain the nuclei. (b) Quantification of CD45+ and CD4+ staining (indicative a single cell) presented in

spinal cord sections shown in (a). Data are shown as means � SEM. For three mice per group, five serial sections were stained, and representa-

tive sections are shown. (c) Mononuclear cell infiltrates were isolated by 37/70% Percoll from Arrb2+/+ and Arrb2�/� EAE mice on day 22 post

immunization. Representative flow cytometry graphs show the frequencies of CD4+ T cells among CD45+ leucocytes (d) Quantification of data

in (c). Data (means � SEM) are shown from five mice per genotype *P < 0�05, ***P < 0�001 versus wild-type control (two-tailed Student’s t-

test).
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Mononuclear cells were harvested from the spleen (SPL)

and draining lymph node (DLN) of the Arrb2+/+ and

Arrb2�/� mice at either early stage (day 12–16, through-
out this manuscript) or late stage (day 18–25, through-
out this manuscript) of EAE. The frequencies of

CD11b+ myeloid cells, B220+ B cells, and CD4+ and

CD8+ T cells were comparable between the two groups

of mice at both disease stages (see Supplementary mate-

rial, Figs S2, S3). We then focused on the sublineages of

effector and regulatory CD4+ T cells (Th1, Th17 and

Treg cells). The number of effector CD4+ T cells in

peripheral lymphoid organs (SPL and DLN) of Arrb2�/�

mice was comparable to that of wild-type controls at

both the early and late disease stages. In the CNS, how-

ever, CD4+ T cells (and in particular Th1 cells) were less

abundant at the early stage, but then rapidly accumu-

lated and even outnumbered those in wild-type controls

when disease reached the late stage (see Supplementary

material, Fig. S4, S5 and Fig. 3a,b,d). It is therefore

likely that effector CD4+ T cells in Arrb2�/� mice

entered the CNS more slowly, but were largely unaf-

fected in priming in the periphery. No significant differ-

ence in Treg cells was observed at the early stage

between the two groups of mice. At the late stage, how-

ever, the Treg cells in SPL and DLN of Arrb2�/� EAE

mice were significantly reduced both in frequencies

among the CD4+ population (Fig. 3a,b) and in the

absolute numbers within the entire organ (Fig. 3c). Such

a significant reduction of Treg cells was not found in

Arrb2�/� CNS lesions, although a remarkably reduced

ratio of CNS-resident Treg cells to T effector cells was

observed (Fig. 3d–f). Compared with the largely

unchanged peripheral effector T-cell repertoire in

Arrb2�/� mice throughout the EAE development, the

above behaviours of CD4 T-cell lineages suggest a grad-

ual and selective loss of Treg cells in these mice as dis-

ease progresses. Since the frequencies of thymus-derived

Foxp3+ CD4+ Treg cells were not changed in these mice

when unchallenged (see Supplementary material, Fig.

S1), the reduction of Treg cells in SPL and DLN of

Arrb2�/� EAE mice could be specific to the EAE condi-

tion and might be associated with the enhanced and

sustained disease symptoms in these animals. We were

therefore interested in whether b-arrestin 2 expression in

Treg cells is altered during EAE development. At

different EAE developmental stages, we sorted

GFP+ CD4+ or GFP� CD4+ cells from naive or MOG35–

55-immunized Foxp3egfp mice17 and subjected them to

gene expression analyses. Foxp3 transcripts were barely

detected in GFP� cells, whereas they were abundant in

GFP+ cells, and the opposite was found for Il17 tran-

scripts, which was consistent with the T effector and

Treg phenotypes of the two groups of cells (Fig. 3g).

Notably, the Foxp3 transcript level in those GFP+ cells

(i.e. cells in which Foxp3 is or has been actively tran-

scribed) oscillates profoundly during disease develop-

ment, with a decrease immediately after immunization,

sustained low expression throughout the stages of dis-

ease priming and progression until the peak of disease is

reached, and a significant increase upon disease remis-

sion. Interestingly, the level of Arrb2, but not of Arrb1,

also increases specifically during the peak-to-remission

transition in GFP+ cells, resembling that of Foxp3

(Fig. 3g), implying that b-arrestin 2 might be involved

in the regulation of Treg cells during EAE development.

Collectively, our data reveal that loss of b-arrestin 2

results in decreased numbers of Treg cells in vivo in

response to EAE induction.

Impaired conversion of naive Arrb2�/� T cells into
Foxp3+ CD4+ iTreg cells

We then applied the in vitro T helper cell differentiation

assay to investigate the role of b-arrestin 2 in both effec-

tor and regulatory CD4+ T-cell lineages. Naive

CD4+ CD25� Foxp3� T cells were purified from spleens

of Arrb2+/+ and Arrb2�/� littermates, and were cultured

under Th1, Th2, Th17, or iTreg cell polarizing conditions.

Expression of lineage-specific genes was assessed by intra-

cellular staining. In the presence of exogenous TGF-b,
induction of Foxp3 expression was profoundly impaired

by b-arrestin 2 deficiency in CD4+ T cells, whereas induc-

tions of signature cytokines corresponding to Th1, Th2

and Th17 lineages were largely unaffected (Fig. 4a,b). By

crossing Arrb2�/� and Foxp3egfp reporter mice, we verified

the compromised transcriptional up-regulation of

Foxp3 in Arrb2�/� T cells. Under iTreg cell conditions,

Arrb2�/� GFP� CD4+ cells also showed significantly

reduced conversion of GFP+ cells as compared with wild-

type controls (Fig. 4c,d), and this was not associated with

decreased total cell numbers or compromised cell survival

(Fig. 4e and see Supplementary material, Fig. S6). Hence,

the absence of b-arrestin 2 can dampen the activation of

endogenous Foxp3 transcription. To gain greater insight

into how b-arrestin 2 affects this process, we cultured

CFSE-labelled CD25� CD4+ naive T cells under a range

of TGF-b concentrations; TGF-b is the key factor for

inducing the conversion of Foxp3� conventional T cells

into Foxp3+ iTreg cells. At a lower TGF-b concentration

(1 ng/ml), a significantly lower degree of conversion to

Foxp3+ cells was found in Arrb2�/� CD4+ T cells as early

as day 2 (frequency of Foxp3+ cells among CD4+ cells,

8�72% versus 19�1% in Arrb2+/+ iTreg cell culture, Fig. 5a,

upper panel). This attenuated conversion of Foxp3+ CD4+

cells in Arrb2�/� iTreg cell cultures was maintained

through the end of in vitro culture (11�9% versus 34�6%
in Arrb2+/+ iTreg culture, Fig. 5a, lower panel and

Fig. 5b), and was irrespective of the number of cell divi-

sions completed (Fig. 5c). Higher TGF-b concentration

(5 ng/ml), however, largely compensated for the inability
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of Arrb2�/� CD4+ cells to produce Foxp3+ cells, as the

levels in each genetic background were similar by day 5

(43�3% versus 53�4% in Arrb2+/+ iTreg culture, Fig. 5a,

lower panel). Gene expression analyses on iTreg cells cul-

tured in vitro (harvested at day 2 and cultured in the

presence of 1 ng/ml TGF-b) also revealed significantly

reduced levels of Foxp3 transcript, as well as several genes

associated with Foxp3� status, including Ctla4, Gitr and
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Figure 3. Number of peripheral Foxp3+ CD4+ T cells is decreased in Arrb2�/� experimental autoimmune encephalomyelitis (EAE) mice. (a–c)

Mononuclear cells were isolated from the spleens (SPL) and draining lymph nodes (DLN) of Arrb2+/+ and Arrb2�/� EAE mice on day 22 after

immunization. (a) Representative flow cytometry graphs show the frequencies of interferon-c+ (IFN-c+) (T helper type 1; Th1), interleukin-17+

(IL-17+) (Th17), and Foxp3+ CD4+ (regulatory T; Treg) cells among CD4+ population in SPL (left) and DLN (right), respectively. (b) Quantifi-

cation of data in (a). (c) Quantification of absolute numbers of Foxp3+ CD4+ Treg cells in SPL or DLN (n = 7). (d–f) Central nervous system

mononuclear cell infiltrates were isolated from Arrb2+/+ and Arrb2�/� EAE mice on day 22 post immunization. (d) Representative flow cytometry

graphs show the frequencies of Treg cells as well as T effector cells in CD4+ gate, respectively. (e) Quantification of data in (d). (f) Calculation of

the ratio of frequencies of Treg cells to T effector cells (a sum of all Th1, Th17 as well as IFN-c+ IL-17+ cells) in CD4+ cells from the central ner-

vous system lesions of Arrb2+/+ and Arrb2�/� EAE mice (n = 7 for either genotype); (g) GFP+ CD4+ cells (indicative of Foxp3-expressing Treg

cells) from either naive or EAE-affected Foxp3egfp mice of distinct disease stages were purified from splenocytes by FACS sorting. Quantitative

PCR was performed to analyse gene expression profiles. Gene transcript levels are calculated as the ratio of copy numbers relative to the hprt

‘housekeeping’ gene in the same sample. Data are presented as means � SEM (n = 5) and are representative of three independent experiments.

*P < 0�05, versus wild-type control (two-tailed Student’s t-test)
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Lag3. This was accompanied by insufficient suppression

of genes that are essential for effector T-cell functions

(including Il12p40, Ifng, Il17 and Il2) in Arrb2�/� cells

(Fig. 5d). These data convincingly demonstrate that loss

of b-arrestin 2 leads to remarkable impairment of the

ability of Foxp3� CD4+ T cells to transform into Foxp3+

iTreg cells. This is an early event and is associated with a

reduced response to exogenous TGF-b while the induc-

tion of effector T-cell lineages is largely unaffected, and is

consistent with the reduced Treg : T effector cell ratio

observed in Arrb2�/� EAE mice.

Discussion

A striking feature of MS is that as many as 80% of

patients will initially present with a relatively benign

relapsing–remitting disease course, suggesting that most

sufferers have the capacity to limit the inflammation. It is

well documented that the function of Treg cells is

impaired during development of MS and recovers after

therapy,18,19 indicating that Treg cells represent one of

the host’s defence mechanisms against inflammation.20

Consistent with this, our study showed that loss of

b-arrestin 2 in mice leads to increased EAE severity with

a decreased number of Treg cells in lymphoid tissues,

which suggests that expression of b-arrestin 2 might cor-

relate with the severity of EAE. However, our previous

study demonstrated that b-arrestin 1 enhanced EAE

development by promoting CD4+ T-cell survival, and loss

of b-arrestin 1 in CD4+ T cells did not affect in vitro

iTreg cell differentiation.21 In our in vitro observations,

loss of b-arrestin 2 did not affect the viability of CD4+ T

cells. Moreover, the generation of thymus-derived Treg

cells in Arrb2�/� and that in wild-type naive mice (even

at the early phase of EAE) were comparable. Hence, the

impaired ability to convert Arrb2�/� CD4+ Foxp3� cells

into Foxp3+ CD4+ Treg cells upon TGF-b stimulation

might contribute to the reduced number of Treg cells in
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Figure 4. Impaired conversion of naive Arrb2�/� T cells into Foxp3+CD4+ inducible regulatory T (Treg) cells. Naive (CD25� CD4+) T cells puri-

fied from spleens of Arrb2�/� or Arrb2+/+ mice were cultured with anti-CD3 and anti-CD28. For T helper type 1 (Th1) differentiation, cells

received interleukin-12 (IL-12; 10 ng/ml; PeproTech). For Th2 differentiation, cells received anti-interferon-c (IFN-c; 5 mg/ml; XMG1.2; BD

Pharmingen) and IL-4 (40 ng/ml; PeproTech). For Th17 differentiation, cells received anti-IFN-c, transforming growth factor-b1 (TGF-b1) (3 ng/

ml; PeproTech), IL-6 (30 ng/ml; eBioscience). For inducible Treg cells, cells received TGF-b1 (1 ng/ml), and anti-IFN-c. (a) Representative flow

cytometry graphs show the generation of IFN-c+ IL-17+ Foxp3+ cells in Arrb2�/� or Arrb2+/+ cell cultures. Numbers adjacent to outlined areas

indicate frequency of cells within the CD4+ gate. (b) Quantification of results in (a). Data were shown as mean � SEM from three independent
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(e), quantification of results in (c).
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Arrb2�/� EAE mice. It is notable that the population of

Treg cells in the CNS was relatively scarce because the

ratio of Treg to effector T in CNS from Arrb2�/� EAE

mice was significantly lower than that in wild-type litter-

mates, although the frequency of Arrb2�/� Treg cells in

CNS mononuclear cells did not change. We also noticed

that at a specific ratio of Treg to T responder, (1 : 4 ratio

of Treg : T responder in Fig. S7, see Supplementary

material), partial down-regulation of the suppressive abil-

ity of Arrb2�/� Treg cells did occur in vitro. However,

this was not observed at other ratios, suggesting that loss

of b-arrestin 2 marginally affects the ability of Treg cells

to inhibit CD4+ T-cell proliferation upon T-cell receptor

stimulation in vitro. However, we cannot exclude the pos-

sibility that Arrb2�/� Treg cells might also be defective

for inhibition of CD4+ T-cell proliferation or inflamma-

tory cytokine secretion in vivo, particularly in CNS during

the relapsing–remitting courses of EAE. Collectively, our

results lead us to propose that the reduced number of

Treg cells in Arrb2�/� mice might contribute to the

increased severity of EAE.

Notably, our in vivo data also show that more b-arrestin
2-deficient CD4+ T cells appeared in the CNS compared

with the wild-type controls, and that these Arrb2�/� CD4+
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T cells had markedly enhanced secretion of IFN-c and

IL-17 compared with their wild-type counterparts. Though

we propose here that impairment of peripherally derived

Treg cell generation in Arrb2�/� mice results in sustained

accumulation of these pathogenic CD4+ T cells in CNS

lesions, it is conceivable that deficiency of b-arrestin 2

might also up-regulate trafficking and infiltration of Th1

and Th17 cells into the CNS, which would in turn cause

tissue damage and inflammatory demyelination. Our fur-

ther in vivo investigations also reveal that the compositions

of CD11b+ cells, B220+ B cells, and CD8+ T cells were not

altered in b-arrestin 2-deficient mice with EAE. However,

the development of EAE is thought to involve an imbalance

among multiple immune cells, cytokines and autoantibod-

ies.22 To address whether the exacerbated clinical signs of

EAE due to deficiency of b-arrestin 2 were related to the

involvement of multiple immune cells, further studies

using tissue-specific genetic deletion of b-arrestin 2 are

needed.

As a cytosolic signalling mediator, b-arrestin 2 not only

causes receptor desensitization and internalization but

also serves as a signalling molecule in G protein-coupled

receptor signal transduction. Previous studies revealed

that b-arrestin 2 regulates the innate immune activation

of Toll-like receptor–IL-1R signalling by interacting with

tumour necrosis factor receptor-associated factor 6, and

also mediates cross-talk between b2-adrenergic receptor

and nuclear factor-jB by interacting with IjB.23,24 Here,

we showed for the first time that b-arrestin 2 deficiency

enhanced pS6 (mTOR1) activation in Treg cells without

influencing AKT activation (see Supplementary material,

Fig. S9). We therefore hypothesize that a b-arrestin
2-mTOR1-Foxp3 axis, together with its inhibitory effect

on Foxp3 expression, might constitute a novel signalling

pathway that influences iTreg differentiation.

We noticed that loss of b-arrestin 2 can result in

increased airway inflammation, and more severe rheuma-

toid arthritis,12,25 implying that b-arrestin 2 plays a regu-

latory role in a broad range of inflammatory diseases. It

is also reported that depletion of b-arrestin 2 leads to

enhanced pro-inflammatory cytokine secretion by macro-

phages.23 Consistent with previous findings that Treg cells

play an important role in regulating inflammation,26 our

current observations underscore the role of b-arrestin 2

in the interplay between Treg cells and neuroinflamma-

tion. Our observations are also consistent with a previous

finding regarding the anti-inflammatory role of b-arrestin
2 in fibroblast-like synoviocytes in an experimental arthri-

tis model.12

It is also known that b-arrestin 2 can transduce signals

from chemokine receptors, including CXCR4.25,27

Although b-arrestin 2 deficiency did not alter the expres-

sion of such receptors in splenocytes or DLNs during

EAE development (data not shown), it remains possible

that b-arrestin 2 may modulate the motility of CD4+ T

cells. Taken together, our data show that b-arrestin 2 plays

a regulatory role in multiple immune cells, particularly in

Treg cells in autoimmune diseases such as MS, and that its

effects are the opposite of those of b-arrestin 1. Hence,

approaches to up-regulate b-arrestin 2-dependent signal-

ling with specific therapeutic agents may be a strategy for

treatment of MS in the future.
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