
Regulation of CD4
+ T-cell polarization by suppressor of cytokine

signalling proteins

Introduction

After interaction with their cognate antigen, naive CD4+

T cells proliferate and, depending on the cytokine micro-

environment, polarize towards different CD4+ lineages,

which then shape the immune response. CD4+ lineages

include T helper type 1 (Th1), which drives the immune

response against intracellular pathogens, Th2, which pro-

motes humoral responses, Th17 cells, which contribute to

the elimination of extracellular pathogens, and Foxp3+

regulatory T (Treg) cells, which prevent the development

of autoimmunity (Fig. 1a). The differentiation towards

each lineage is associated with the up-regulation of spe-

cific transcription factors that act as master regulators by

controlling the expression of a panel of genes, conferring

a specific phenotype1 (Fig. 1a). There is accumulating evi-

dence that CD4+ T-cell lineages are not as stable as ini-

tially thought, but rather, in specific environments,

secrete cytokines and co-express master regulators specific

for other lineages.2 The factors that control CD4+ T-cell

stability versus plasticity are currently poorly understood,

but it is clear that signal transducer and activator of tran-

scription (STAT) proteins play key roles in this process.

Indeed STAT proteins not only control the expression

of master regulators, but also directly modulate both per-

missive and repressive epigenetic events on genes charac-

teristic of each lineage, independently of master

regulators.3,4 In particular, STAT4 and STAT6 appear to

have opposing effects on several genes, with STAT6

repressing in Th2 cells, the expression of genes character-

istic of the Th1 phenotype, such as interleukin-18 recep-

tor 1 (IL-18R1), and STAT4 acting to promote their

expression in Th1 cells.5 Therefore STAT proteins directly

contribute to the stabilization of CD4+ cell phenotypes.

The suppressor of cytokine signalling (SOCS) proteins

are key physiological inhibitors of STAT proteins that are

induced following cytokine stimulation. SOCS interact

with cytokine receptors or the janus kinases (JAK) and

prevent the subsequent activation of STATs.6 Therefore,

SOCS govern the magnitude and duration of cytokine

responses and not surprisingly, a number of studies have

now shown that SOCS also play a key role in CD4+ T-cell

polarization and plasticity.7 Here we review what is cur-

rently understood about how the SOCS proteins modu-

late the activation of STAT proteins and consequently

influence CD4+ T-cell commitment.

Regulation of STAT activation by SOCS proteins

The activation of STAT proteins following cytokine stimu-

lation is mediated by the JAK family of protein tyrosine

kinases that associate with type I and type II cytokine
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Summary

Suppressors of cytokine signalling (SOCS) proteins are induced in

responses to many stimuli and by binding to cytokine receptors and asso-

ciated janus kinase (JAK) proteins, directly regulate the activation of the

signal transducers and activators of transcription (STATs). STAT proteins

regulate the expression of many genes required for the differentiation of

various CD4+ T helper cell lineages, and there is now accumulating evi-

dence that SOCS also play essential roles in the regulation and mainte-

nance of CD4+ T-cell polarization. As it is now clear that CD4+ T cells

are more plastic than initially thought, it is of particular importance to

understand the molecular mechanisms regulating CD4+ T-cell differentia-

tion. Here we review the current understanding of how STATs and SOCS

act in concert to influence the polarization of CD4+ T cells and highlight

the relevance of this in disease.
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receptors. After cytokine binding, receptor chains cluster

and trigger JAK auto-phosphorylation or trans-phosphory-

lation and consequent activation (Fig. 1b). In turn, JAKs

phosphorylate specific tyrosine residues on the receptor

cytoplasmic tail that serve as docking sites for STATs. The

subsequent STAT tyrosine phosphorylation leads to their

dimerization and tetramerization, which facilitate nuclear

translocation and binding to specific promoter elements.8

The eight members of the SOCS family (SOCS1 to

SOCS7 and CIS) are induced following STAT activation

and down-regulate the JAK–STAT cascade in a classic neg-

ative feedback loop. SOCS proteins are characterized by

an Src-homology type 2 (SH2) domain, which facilitates

SOCS binding to JAKs and cytokine receptors and a highly

conserved 40-amino-acid C-terminal motif termed the

SOCS box. The SOCS box recruits an E3 ubiquitin ligase

complex containing elongin-B, elongin-C, Cullin 2 or 5

and the ring finger proteins Rbx1 or Rbx2,6,7,9, which

allows SOCS proteins to target cytokine receptors and

JAKs for lysosomal or proteasomal degradation. Some

SOCS also have additional modes of action, as CIS and

SOCS2 may prevent STAT5 binding to the Erythropoietin
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Figure 1. Importance of cytokine signalling for

CD4+ T-cell differentiation. (a) Diagrammatic

representation of polarization of naive CD4+ T

cells towards some of the CD4+ T-cell lineages

identified in the mouse. Master regulators are

represented in red, polarizing cytokines in

orange and cytokines associated with each sub-

set in blue. Red and green boxes identify pro-

inflammatory and anti-inflammatory subsets,

respectively. (b) Regulation of janus kinase–sig-

nal transducer and activator of transcription

(JAK-STAT) pathway by suppressor of cyto-

kine signalling (SOCS) proteins. Upon cyto-

kine binding, receptor hetero-dimerization (1)

induces JAKs auto-activation (2) which phos-

phorylate STATs docking sites on the receptor

(3). After their recruitment (4), STATs are

subsequently phosphorylated by JAKs (5),

which promotes their dimerization and trans-

location to the nucleus (6). SOCS genes are

induced following STAT activation (7), and

prevent STAT activation either by inhibiting

JAK (8), or by competing for STAT docking

sites (9). SOCS also mediate JAK ubiquitina-

tion, and so target them for proteasomal deg-

radation (10).
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(EPO) and growth hormone (GH) receptors, respectively,

by competing for the tyrosine residues used as docking

sites,10,11 and SOCS1, SOCS3 and SOCS5 contain a kinase

inhibitory region that inhibits JAK catalytic activity.12,13

Therefore, SOCS proteins prevent STAT activation by

blocking their recruitment to the cytokine receptor or by

inhibiting their phosphorylation by JAKs. They conse-

quently control the duration and strength of cytokine

responses,7 and as discussed herein, play an essential role

in the regulation of CD4+ T-cell polarization.

Control of Th1 cell commitment

The Th1 cells secrete high levels of interferon-c (IFN-c)

and IL-2, and drive immunity against intracellular patho-

gens but also promote autoimmunity. Interleukin-12, in

synergy with IL-18, drives Th1 differentiation, in large

part via induction of T-bet (T-Box expressed in T cells),

a master regulator transcription factor that controls the

expression of IFN-c.14 Interleukin-12 signals through

JAK2 and Tyk2, and activates mainly STAT4, also a key

transcription factor for Th1 commitment4 (Fig. 2).

Indeed, STAT4-deficient CD4+ T cells do not produce

IFN-c following IL-12 or Listeria monocytogenes stimula-

tion,15,16 and STAT4-deficient mice fail to secrete IFN-c
in response to Toxoplasma gondii and therefore die as the

result of an uncontrolled parasite burden.17 It later

emerged that STAT4 controls T-bet expression,18,19 with

which it then collaborates for efficient binding to the Ifng

promoter1 and to induce both IL-18Ra and IL-12Rb2.3

The STAT4 also induces tumour progression locus 2

(Tpl-2), a serine threonine kinase essential for T-bet and

STAT4 up-regulation and so essential for optimal IFN-c
secretion.20 Therefore STAT4 not only promotes the

expression of IFN-c and T-bet, but also of other genes

that consolidate the Th1 phenotype (Fig. 2), as summa-

rized in Table 1.

Importantly, IFN-c also facilitates the development of

Th1 cells in a positive autocrine feedback loop,21 and

STAT1-deficient T cells have reduced T-bet levels follow-

ing infection,22 although IFN-c secretion does not seem

to be affected. Moreover, several studies have shown that

JAK3 and STAT5 activation by IL-2 enables optimal IFN-c
secretion.23,24 Indeed, JAK3-deficient T cells fail to secrete

IFN-c,23 whereas IL-2-mediated STAT5 activation is

required for optimal IFN-c secretion.23,24 STAT5 binds

the first conserved non-coding sequence upstream of the

Ifng promoter, which suggests that it might permit T-bet

access.23,25 Therefore, STAT1 and STAT5 contribute to

Th1 differentiation by enhancing T-bet and IFN-c expres-

sion, respectively (Fig. 2).

SOCS1 is a key inhibitor of IFN-c signalling26,27 and

blocks IFN-c-mediated STAT1 activation by targeting

JAK2 and IFN-cRa chain28 (Fig. 2). The SOCS1-deficient

mice also have enhanced type 1 IFN responses, which

render them more resistant to viral infection.27 Impor-

tantly, SOCS1 is up-regulated during Th1 commitment29

and not surprisingly, SOCS1-deficient T cells proliferate

strongly in response to IL-12,30 which enhances their

polarization towards the Th1 lineage.31 However, these

cells also secrete elevated levels of IL-4, and exhibit

heightened IL-4-mediated STAT6 phosphorylation, sug-

gesting that SOCS1 could also be an important regulator

of Th2 differentiation. However, IL-6 can induce SOCS1

and subsequently block IFN-c secretion by T cells without

affecting IL-4 production,32 which suggests that the main

role of SOCS1 may be to limit Th1 differentiation.

Despite comparably low levels in Th1 cells, SOCS3

and SOCS5 also regulate Th1 differentiation. Indeed

through binding to the IL-12Rb2 chain, SOCS3 prevents

STAT4 activation (Fig. 2) and constitutive expression of

SOCS3 in CD4+ T cells was shown to hinder Th1 polar-

ization.33 Consistent with these findings, up-regulation

of SOCS3 by IL-2 was found to prevent acute graft-ver-

sus-host disease by inhibiting the Th1 response.34 How-

ever, SOCS3 deletion in T cells also resulted in

decreased Th1 differentiation, although this was pro-

posed to be indirect. Indeed, increased IL-10 and trans-

forming growth factor (TGF-b) secretion was also

observed in these cells, perhaps suggesting that SOCS3

may limit Treg cell development.35

The role of SOCS5 is more controversial. Indeed,

despite being highly expressed in Th1 cells,36 disruption

of the socs5 gene does not affect the ability of cells to dif-

ferentiate either towards Th1 or Th2.37 Over-expression

of SOCS5 in T cells is associated with increased levels of

IL-12, IFN-c and tumour necrosis factor-a in a mouse

model of septic peritonitis,38 but this could be indirectly

the result of enhanced macrophage activity, possibly

through increased IFN-c secretion by T cells.36,39 Finally,

Th1 differentiation does not seem to be affected by higher

levels of SOCS5,36 and so the exact role of SOCS5 in Th1

differentiation remains unclear. By regulating IL-12-medi-

ated STAT4 activation and IFN-c-mediated STAT1 sig-

nals, SOCS1, SOCS3 and SOCS5 certainly modulate the

development of Th1 cells, although the role of individual

SOCS is, even at this point, far from clear. Our current

understanding is summarized in Table 2.

Control of Th2 cell commitment

The Th2 cells secrete large amounts IL-4, IL-5, IL-9 and

IL-13, and consequently promote the humoral response

but also drive IgE class switching and allergic disease.40

The commitment of Th2 cells is essentially driven by IL-

4, which activates both JAK1 and JAK3 and the transcrip-

tion factor STAT641 (Fig. 3). Not surprisingly, STAT6

plays a key role in the acquisition of the Th2 phenotype.

In particular STAT6 directly controls the expression of

Th2 lineage master regulator, GATA3,42 and enforced
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expression of STAT6 in Th1 cells re-establishes their abil-

ity to secrete IL-4 and IL-5, while repressing IFN-c and

IL-12Rb2 expression.42 STAT6-deficient T cells fail to

polarize towards Th2 in vitro and in vivo,43–45 but the

absence of STAT6 does not affect the emergence of Th2

cells in response to Nippostrongylus brasiliensis or Schisto-

soma mansoni challenge,46–48 which probably reflects the

fact that STAT6 does not directly regulate the il4 gene.

Instead, induction of IL-4 is controlled by GATA-3,

which suggests that STAT6 essentially acts by up-regulat-

ing GATA-3 levels, although STAT6 seems to modify the

chromatin structure of the Rad50 gene, which may allow

optimal transcription of the il4 and il13 genes.49 Impor-

tantly, STAT6 also induces growth factor independent-1

(Gfi-1),50 a transcriptional repressor of ifng and Il17,

which inhibits TGF-b mediated Foxp3 induction. There-

fore STAT6 not only is a key regulator of GATA-3

expression, but further contributes to Th2 commitment
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Figure 2. Schematic representation of the control of T helper type 1 (Th1) differentiation by signal transducer and activator of transcription

(STAT) and suppressor of cytokine signalling (SOCS) proteins. The first event of Th1 polarization is the activation of STAT4 following IL-12 sig-

nalling which results in T-bet induction. STAT4 and T-bet then synergize to induce interferon-c (IFN-c), interleukin-12 receptor b2 (IL-12Rb2)

and IL-18Ra. IFN-c acts in an autocrine positive feedback loop through STAT1 activation, by further inducing T-bet expression, whereas IL-2-

mediated STAT5 activation directly contributes to enhance IFN-c secretion. SOCS1 strongly inhibits IFN-c signalling not only by inhibiting janus

kinase 2 (JAK2) activity but also by preventing STAT1 binding to IFN-cRa chain, whereas SOCS3 targets IL-12Rb so preventing STAT4 activa-

tion, and consequently both SOCS1 and SOCS3 inhibit the development of Th1 cells.
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by preventing the acquisition of the Th1, Th17 or Foxp3+

Treg cell phenotypes.51

It is now clear that not only STAT6, but also STAT5

plays an essential role in the initial steps of Th2 differentia-

tion. Indeed, expression of constitutively active STAT5 is

sufficient to induce IL-4 expression in cells lacking STAT6

or cultured under Th1 polarizing conditions,52 whereas IL-

2 neutralization or STAT5 deletion prevents IL-4 secre-

tion.53 Both STAT5 and GATA3, target the hypersensitivity

enhancer region HSII located in the second intron of the

il4 gene,52,54,55 and synergize to promote IL-4 secretion.

Finally, STAT5 also regulates il4ra expression56 (Fig. 3).

This suggests that not only IL-2 but also other cytokines

signalling through STAT5, such as thymic stromal lympho-

poietin, may be as important as IL-4 in driving Th2 devel-

opment, as summarized in Table 1.

Both SOCS1 and SOCS5 inhibit IL-4 signalling36,57

(Fig. 3); indeed, SOCS1-deficient T cells secrete increased

levels of IL-4.29,31 SOCS5 also inhibits Th2 differentia-

tion,39 but the relevance of this remains controversial

because SOCS5-deficient mice do not have increased sus-

ceptibility to atopy, perhaps reflecting the close homology

and likely redundancy between SOCS4 and SOCS5.37

Interestingly, SOCS3 and SOCS2 also regulate Th2

polarization, positively and negatively, respectively.

Indeed, constitutive expression of SOCS3 in T cells con-

fers increased susceptibility in atopic models,33,39,58 while

SOCS2-deficient mice develop exacerbated disease because

of enhanced Th2 polarization.59 Surprisingly, neither

SOCS3 nor SOCS2 seem to directly regulate IL-4 signal-

ling. Instead, SOCS3 is a key regulator of IL-6-mediated

or IL-23-mediated STAT360–62 and of IL-12-mediated

STAT4 activation33 (Fig. 3), suggesting that SOCS3 may

indirectly promote Th2 differentiation by preventing the

development of Th1 and Th17 cells. Similarly, SOCS2-

deficient CD4+ T cells display reduced STAT3 activation

and enhanced STAT5 phosphorylation and so SOCS2

probably inhibits Th2 differentiation by inhibiting IL-2

signalling, while favouring the development of Th17

cells.59 Therefore, SOCS proteins control Th2 differentia-

tion not only by inhibiting the activation of STAT6 and

STAT5, but also by regulating the polarization of naive

CD4+ T cells towards the other CD4+ lineages (Fig. 3).

This is summarized in Table 2.

Control of Th17 cell commitment

T helper type 17 cells secrete high levels of IL-17A, IL-

17F and IL-22 and play a key role at mucosal surfaces

where they combat infection by extracellular bacteria. The

Table 1. Summary of genes regulated by, and effect of signal transducer and activator of transcription (STAT) proteins during CD4+ T-cell

polarization

CD4+ lineage STAT protein (cytokine) Gene regulated

Effect

ReferencesGene Polarization

Th1 STAT4 (IL-12) Ifng Induction + 18

tbx21 Induction + 19

Il12rB2 Induction + 3,19

Il18r Induction + 3

Tpl2 Induction + 20

STAT1 (IFN-c) tbx21 Expression enhancement NC 22

STAT5 (IL-2) Ifng Expression enhancement + 23

Th2 STAT6 (IL-4) Gata3 Induction + 42

RAD50 Chromatin modification + 49

STAT5 (IL-2, TSLP) Il4 Induction + 52,54,55

Il4ra Induction + 56

Th17 STAT3 (IL-6, IL-21, IL-23) Il17a Induction + 65,67

Il17f Induction + 65,67

Rorc Induction + 65,67

Rora Induction + 67

Il6r Induction + 65,67,68

Il21 Induction + 65,67,68

Foxp3 Repression + 65

STAT5 (IL-2) Il17a Repression ) 71

nTreg STAT5 (IL-2) Foxp3 Induction + 76,77

Foxp3+ iTreg STAT5 (IL-2) Foxp3 Induction + 76

STAT3 (IL-6) Foxp3 Repression ) 71

STAT6 (IL-4) Foxp3 Repression ) 79

IFN, interferon; IL-12, interleukin-12; NC, not clear; Th1, T helper type 1; Treg, regulatory T; TSLP, thymic stromal lymphopoietin.
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Th17 cells are highly pro-inflammatory, and an alteration

of the Th17 versus Treg cell balance is proposed as a

potential mechanism that may induce autoimmunity.63

Commitment of Th17 cells is complex and involves

many cytokines and other molecules, which lead to the

up-regulation of the RAR-related orphan receptor gamma

(RORct), the master regulator of this lineage.64 Amongst

these cytokines, IL-6, IL-21 and IL-23 all signal through

STAT3, and not surprisingly, STAT3 is essential for Th17

development. Indeed, disrupted STAT3 expression in T

cells blocks Th17 differentiation,65 and confers resistance

to experimental autoimmune encephalomyelitis (EAE)

and colitis.66,67 STAT3 controls the expression of several

key Th17 genes such as il17a, il17f, rora, il6r and il2167–69

but also promotes RORct while repressing Foxp3 expres-

sion,65 so STAT3 is key at all stages of Th17 commitment

(Fig. 4).

Interestingly, the activation of STAT5 by IL-2 is

required for optimal differentiation of Th1, Th2 and

Foxp3+ Treg cells, but inhibits the development of Th17

cells.70 Indeed, STAT5 binds several sites on the il17 pro-

moter and directly antagonizes STAT3 transcriptional

activity,71 showing that STAT3 and STAT5 exert polar

opposite effects on IL-17 expression in the context of

Th17 differentiation (Fig. 4). This suggests that STAT5 is

an essential regulator of CD4+ T-cell plasticity because

IL-2 promotes Th1 and Th2 responses, whereas the

absence of IL-2 favours the emergence of Th17 cells, as

summarized in Table 1.

The SOCS3 protein is a well known inhibitor of STAT3

activation in various cell types, and in particular inhibits

IL-6 and IL-23 signalling in CD4+ T cells60–62 (Fig. 4). As

might have been expected, SOCS3 deletion in T cells

favours IL-17 secretion in vitro62 and in vivo,72 whereas

enforced expression of SOCS3 inhibits polarization

towards Th17 and delays the onset of EAE.61 Moreover,

mutation of the SOCS3 binding site on gp130 results in

increased IL-17 secretion60 and spontaneous arthritis.73

Finally, it has been proposed that TGF-b inhibits SOCS3

expression, and subsequently prolongs STAT3 activation,

which perhaps explains how TGF-b enhances Th17 differ-

entiation.74

Therefore, SOCS3 clearly inhibits the development of

Th17 cells, but SOCS1 and SOCS2 appear to have the

opposite effect. Indeed, disruption of SOCS1 expression

in T cells strongly inhibits Th17 differentiation and

diminishes disease in EAE models.61 This is associated

with increased IFN-c-mediated STAT1 activation,

enhanced SOCS3 levels, attenuated STAT3 phosphoryla-

tion and reduced TGF-b transcriptional activity. These

observations indicate that SOCS1 promotes Th17 differ-

entiation possibly by modulating TGF-b signalling, but

also indirectly by preventing Th1 lineage polarization and

by regulating SOCS3 levels. Interestingly, SOCS2-deficient

CD4+ T cells also have impaired IL-17 secretion, consis-

tent with reduced STAT3 activation and elevated SOCS3

levels.59 Therefore the positive effect of SOCS1 and

SOCS2 on Th17 differentiation might well be simply the

consequence of increased SOCS3 levels, which confirms

that the regulation of STAT3 activation by SOCS3 is an

essential mechanism to limit Th17 development. Our cur-

rent understanding is summarized in Table 2.

Control of Foxp3
+ Treg cell function.

Foxp3 is the master regulator of two lineages of Treg

cells: natural Treg (nTreg) cells, which mature in the thy-

mus, and Foxp3+-inducible Treg (iTreg) cells, which arise

in the periphery from naive CD4+ T cells. These cells play

a key role in the prevention of autoimmunity, because

Table 2. Summary of signals regulated by, and effect of suppressor of cytokine signalling (SOCS) proteins during CD4+ T-cell polarization

CD4+ lineage SOCS protein Signal regulated

Effect

ReferencesSignal Polarization

Thl SOCS1 IFN-c/STAT1 Inhibition ) 30,31

SOCS3 IL-12/STAT4 Inhibition ) 33

Th2 SOCS1 IL-4/STAT6 Inhibition ) 31

SOCS5 IL-4/STAT6 Inhibition )/NC 37,39

SOCS3 IL-12/STAT4 Inhibition + 33,39

SOCS2 IL-2/STAT5 Inhibition ) 59

IL-6/STAT3 Enhancement ) 59

Thl7 SOCS3 IL-6/STAT3 Inhibition ) 72

IL-23/STAT3 Inhibition ) 62

SOCS1 IFN-c/STAT1 Inhibition + 61

IL-6/STAT3 Enhancement + 61

SOCS2 IL-6/STAT3 Enhancement + 59

Foxp3+ Treg SOCS1 IL-2/STAT5 Inhibition )/+ 82,83

IFN, interferon; IL-12, interleukin-12; NC, not clear; STAT, signal transducer and activator of transcription; Th1, T helper type 1.
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immunodysregulation polyendocrinopathy enteropathy

X-linked (IPEX) syndrome and the scurfy phenotype, two

severe autoimmune conditions in human and mouse,

respectively, are the result of mutations within the foxp3

gene. Induction of Foxp3 is associated with the acquisi-

tion of a suppressive phenotype, which allows these cells

to limit inflammatory responses. One key cytokine for

Foxp3+ lineages is IL-2, which is essential for nTreg cell

development in the thymus, Foxp3 induction in the

periphery and the maintenance of Foxp3+ T-cell homeo-

stasis.75–77 Indeed, disruption of the jak3 or stat5 genes

abrogates Foxp3 expression,77 while constitutive activation

of STAT5 restores the ability of IL-2Rb-deficient mice to

induce Foxp3.76 STAT5 binds the Foxp3 promoter76,77

but whether STAT5 regulates the expression of other

genes contributing to the Foxp3+ Treg cell phenotype is

not known. Induction of Foxp3 in naive CD4+ T cells is

driven by TGF-b, a process inhibited by IL-6-mediated

STAT378 and IL-4-mediated STAT6 activation.79 STAT4

activation following IL-12 stimulation has also been pro-
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posed to antagonize Foxp3 expression, as STAT4-deficient

mice have elevated Foxp3+ Treg cells in the lung in an

ovalbumin-induced asthma model80 but whether this is a

direct effect has not yet been assessed.

To date, how SOCS proteins regulate Foxp3 expression

is poorly understood. Deletion of SOCS1 in T cells results

in increased Foxp3+ T-cell numbers in thymus, whereas

its forced expression has the opposite effect.81,82 Mice

lacking SOCS1 specifically in Foxp3+ Treg cells also pre-

sented with increased Foxp3+ Treg cell populations in the

thymus and in the periphery, possibly as the result of a

lack of IL-2 signalling.83 Interestingly, these mice sponta-

neously developed clinical signs of conjunctivitis and der-

matitis associated with increased IFN-c secretion by T

cells in vivo.83 Therefore, SOCS1 clearly affected Foxp3+

Treg cell development and stability but the mechanism

involved is still unclear. Finally, constitutive expression of

SOCS3 seemed to affect the ability of Foxp3+ Treg cells

to proliferate and to inhibit the proliferation of conven-

tional T cells in vitro,84 whereas SOCS3 deletion in den-

dritic cells favours the expansion of Foxp3+ Treg cells.85

Foxp3 may regulate SOCS2 and SOCS3 expression86,87

and high levels of SOCS2 mRNA are found in both

Foxp3+ CD4+ T-cell lineages.87–89 Therefore, SOCS3 and
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SOCS2 might also be important regulators of Foxp3+

Treg cell function, but this needs to be further investi-

gated. These finding are summarized in Tables 1 and 2.

SOCS and STAT in human disorders

The close relationship between STAT mutations and dis-

eases was recently reviewed.4 Briefly, STAT1 mutation

confers increased susceptibility to viral and mycobacterial

infections,90,91 whereas STAT5b deficiency is associated

with reduced accumulation and impaired function of

Treg cells.92 Moreover, polymorphisms in not only

STAT3, but also in IL23R and JAK2 loci, correlate with

Crohn’s disease.93–95 Therefore, appropriate activation of

the STAT proteins is clearly required for the development

of a healthy immune response. Interestingly, several stud-

ies show abnormal expression of SOCS proteins in auto-

immune diseases. In particular, SOCS1 mRNA is elevated

in patients who present with systemic lupus erythemato-

sus96 and rheumatoid arthritis,97 and single nucleotide

polymorphisms in SOCS1 are associated with multiple

sclerosis98 and coeliac disease.99 All of these autoimmune

pathologies are characterized by increased IL-17 secretion,

which would be consistent with the fact that SOCS1 pro-

motes the development of Th17 cells.

Compellingly, the correlation between SOCS3 expres-

sion and the severity of atopy is also apparent in

patients. Markedly elevated SOCS3 expression is observed

in skin samples from patients suffering from severe atopic

dermatitis (AD) when compared with individuals with

normal skin or with the Th1-mediated condition psoria-

sis.100 Furthermore, specific haplotypes of the SOCS3

gene have been linked with AD in two independent

Swedish childhood cohorts and SOCS3 mRNA is more

highly expressed in AD skin.101 The detection of elevated

SOCS3 expression in peripheral T cells and in AD skin

may be of particular relevance because the SOCS3 gene

is located on chromosome 17q25, one of the established

AD genetic loci.102 Similarly, SOCS3 expression in T

cells positively correlates with the severity of asthma and

AD,33 whereas elevated SOCS3 mRNA levels and poly-

morphisms within the SOCS3 locus are found in

patients with AD.101

Asthmatics also present with polymorphisms within

the SOCS1 promoter, consistent with the fact that

SOCS3 and SOCS1 regulate Th2 differentiation.103 The

correlation between elevated SOCS1 expression and

asthma severity in patients suggests that SOCS1 may

inhibit IFN-c-dependent Th1 differentiation, thereby

enhancing Th2-mediated pathology.104 Of note, disrup-

tion of SOCS2 expression increases murine susceptibility

to atopy but whether this is of relevance in patients has

yet to be determined.59 Taken together, these different

studies confirm the importance of SOCS proteins in the

regulation of human pathogenic immune responses.

Conclusions

Clearly, both STATs and SOCS are key regulators of line-

age commitment and collaborate to tightly regulate CD4+

T-cell polarization. As with STATs, SOCS often exert oppos-

ing effects and may cross-regulate one another,59,61,105,106

and although murine null models exemplify this cross-

compensation, this may well reflect reality because SOCS

proteins are differentially expressed in individual CD4+

lineages.29 The studies summarized here point to an

essential role for SOCS proteins in the regulation of

CD4+ T-cell polarity because SOCS1 and SOCS3 indi-

rectly favour Th17 and Th2 differentiation, respectively,

by limiting the development of Th1 cells,33,61 and SOCS2

favours polarization towards Th17 at the expense of Th2

differentiation.59 Hence, SOCS proteins do not simply

regulate CD4+ T-cell commitment by inhibiting specific

JAK/STAT responses, but rather, they adjust the balance

between each lineage, suggesting that they might play an

essential role in the regulation of CD4+ T-cell plasticity.

It will be important to determine the relative expression

of each SOCS in the context of human CD4+ T-cell

polarization and ascertain whether these proteins might

represent potential targets to medicate the growing allergy

and autoimmune disease burden observed in recent dec-

ades.
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