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IL-2 family cytokines: new insights into the complex roles of IL-2
as a broad regulator of T helper cell differentiation
Wei Liao, Jian-Xin Lin and Warren J Leonard
Interleukin-2 (IL-2) is a pleiotropic cytokine that drives T-cell

growth, augments NK cytolytic activity, induces the

differentiation of regulatory T cells, and mediates activation-

induced cell death. Along with IL-4, IL-7, IL-9, IL-15, and IL-21,

IL-2 shares the common cytokine receptor g chain, gc, which is

mutated in humans with X-linked severe combined

immunodeficiency. Herein, we primarily focus on the recently

discovered complex roles of IL-2 in broadly modulating T cells

for T helper cell differentiation. IL-2 does not specify the type of

Th differentiation that occurs; instead, IL-2 modulates

expression of receptors for other cytokines and transcription

factors, thereby either promoting or inhibiting cytokine

cascades that correlate with each Th differentiation state. In

this fashion, IL-2 can prime and potentially maintain Th1 and

Th2 differentiation as well as expand such populations of cells,

whereas it inhibits Th17 differentiation but also can expand

Th17 cells.
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Interleukin-2 (IL-2) was discovered in 1976 as a T-cell

growth factor activity in the supernatants of activated T

cells [1]. IL-2 is a 15.5 kDa type 1 four a-helical bundle

cytokine [2] produced primarily by CD4+ T cells follow-

ing their activation by antigen. IL-2 was the first type 1

cytokine cloned and the first cytokine for which a receptor

component was cloned. Three different IL-2 receptor

chains exist that together generate low, intermediate, and

high affinity IL-2 receptors [2]. The ligand-specific IL-2

receptor a chain (IL-2Ra, CD25, Tac antigen), which is

expressed on activated but not non-activated lympho-

cytes, binds IL-2 with low affinity (Kd � 10�8 M); the

combination of IL-2Rb (CD122) and IL-2Rg (now

denoted as the common cytokine receptor g chain, gc,
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or CD132) together form an IL-2Rb/gc complex mainly on

memory T cells and NK cells that binds IL-2 with inter-

mediate affinity (Kd � 10�9 M); and when all three re-

ceptor chains are co-expressed on activated T cells and

Treg cells, IL-2 is bound with high affinity (Kd � 10�11 M)

[2]. For the high affinity receptor, the three dimensional

structure of the quaternary complex supports a model

wherein IL-2 initially bind IL-2Ra, then IL-2Rb is

recruited, and finally gc [3,4]. The intermediate and high

affinity receptor forms are functional, transducing IL-2

signals. IL-2Rb is also a key part of the IL-15 receptor,

whereas gc is an essential component shared by the recep-

tors for IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 [5]

(Figure 1). gc is encoded by the gene, IL2RG, that is

mutated in humans with X-linked severe combined immu-

nodeficiency (XSCID) [6��] and physically recruits JAK3,

which when mutated also causes an XSCID-like T-B+NK�

form of SCID [7,8]. In XSCID and JAK3-deficient SCID,

the lack of signaling by IL-7 and IL-15, respectively,

explains the lack of T and NK cell development [5],

whereas defective signaling by IL-4 and IL-21 together

explain the non-functional B cells and hypogammaglobu-

linemia found in this disease [9]. IL-2 itself primarily acts

on lymphoid populations, including T [10], B [11], and NK

[12] cells, but in addition, it can exert functional effects on

other hematopoietic lineages, including, for example, neu-

trophils [13] (reviewed in [2]) (Table 1).

IL-2 signals via the heterodimerization of the IL-2Rb and

gc cytoplasmic domains [14�,15�], which leads to the

activation of at least three major signaling pathways:

phosphoinositol 3-kinase (PI 3-K)/AKT, Ras-MAP

kinase, and JAK-STAT pathways, with JAK1 and

JAK3, and principally STAT5A and STAT5B being

the JAKs and STATs used, although STAT3 and STAT1

can also be activated by IL-2 (Figure 2). Together, these

three signaling pathways mediate cell growth, survival,

activation-induced cell death (AICD), and differentiation

[2,16,17].

During primary immune responses, naı̈ve CD4+ T cells

can differentiate into a range of effector T cells based on

the actions of key cytokines and expression of crucial

transcription factors [18–22]. For example, IL-12 and

STAT4 together with T-bet promote differentiation into

Th1 cells, which produce IFN-g and are important for

host defense to intracellular pathogens such as Listeria
monocytogenes and Leishmania major, viruses, and patho-

genic inflammatory diseases [21]; IL-4/STAT6 and

GATA3 promote differentiation into Th2 cells, which
www.sciencedirect.com
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Figure 1
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gc-family cytokines. Shown are the receptors for IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21. These cytokines each activate STAT proteins through

phosphorylation of JAK1 and JAK3. The principal STAT protein activated by each cytokine is in bold. DC, dendritic cell; NK cell, natural killer cell; NKT

cell, natural killer T cell. STAT5 refers collectively to STAT5A and STAT5B, which are closely related tandem head-to-head genes.
produce IL-4, IL-5, and IL-13 and participate in control-

ling humoral immunity to extracellular parasites and

allergic inflammatory responses [18,22]; and TGF-b/IL-

6 and IL-23/IL-21/STAT3 and RORgt together promote

differentiation into Th17 cells, which produce IL-17A,

IL-17F, and IL-22 and are involved not only in host
Table 1

Main biological functions of IL-2

Cell type 
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defense to bacteria and fungal diseases, but also play

key roles in autoimmune diseases, including multiple

sclerosis, psoriasis, autoimmune uveitis, insulin-depend-

ent diabetes, rheumatoid arthritis, and Crohn’s disease

[19,20]. In the presence of TGF-b, IL-2 promotes the

differentiation of naı̈ve CD4+ T cells into regulatory T
Primary activities

oliferation and survival

ctivation-induced cell death (AICD)

r Th1, Th2, and Treg differentiation but represses Th17 differentiation

ferentiation and expansion of effector cells

cytolytic activity

eneration and proliferation of memory CD8+ T cells

ntibody secretion

roliferation

roliferation

cytokine production

ytolytic activity

cytokine production
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Figure 2
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TATA

STAT5

JAK3SOS

IL-2 signals by activating three principal signaling pathways, the SHC/RAS/MAP kinase pathway, JAK1/JAK3/STAT5 pathway, and PI 3-K/AKT/p70 S6

kinase pathway.
cells (Treg cells) to eliminate autoreactive T cells and

promote self-tolerance [23], whereas IL-2 also promotes

the differentiation of CD8+ T cells into effector and

memory cytolytic T lymphocytes (CTL) upon antigen

stimulation [24�,25�,26]. Herein, we review the crucial

roles of IL-2 in regulating Th differentiation, underscor-

ing its broad contributions within effector T cell biology.

IL-2 broadly modulates cytokine receptor
expression
IL-2 is well known to induce expression of both IL-2Ra

[27] and IL-2Rb [28], presumably serving as a positive

feedback loop, a strategy utilized by other cytokines as

well, such as IL-4, IL-12, and IL-21, which also induce

expression of their own receptors [29–31]. More recently,

we observed that IL-2 also regulates expression of recep-

tors for heterologous cytokine receptors, inducing IL-4Ra
Current Opinion in Immunology 2011, 23:598–604 
[32��] and IL-12Rb2 [33��] while repressing IL-6Ra,

gp130 [33��], as well as IL-7Ra [34��] (Figure 3). Because

IL-7 is a known survival factor, IL-7Ra repression can

serve to diminish survival signals, thereby potentially

facilitating activation-induced cell death, a process that

requires pre-exposure to IL-2, and/or the contraction

phase that follows T-cell expansion during a viral

response [34��]. The induction of IL-4Ra [32��] and

IL-12Rb2 [33��] instead can facilitate the induction by

IL-2 of Th2 and Th1 differentiation, respectively, and

repression of gp130 can at least partly explain the inhi-

bition by IL-2 of Th17 differentiation [33��].

IL-2 and Th2 differentiation
As noted above, IL-4/STAT6 and GATA3 promote differ-

entiation into Th2 cells, which produce IL-4, IL-5, and IL-

13 and participate in controlling humoral immunity to
www.sciencedirect.com
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Figure 3
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Pleiotropic actions of IL-2 on CD4+ T cell differentiation via its modulation of cytokine receptor expression. IL-2 modulates effector cell differentiation at

least partly via regulation of cytokine receptor expression. It promotes Th1 differentiation by inducing IL-12Rb2 (and IL-12Rb1), promotes Th2

differentiation by inducing IL-4Ra, inhibits Th17 differentiation by inhibiting gp130 (and IL-6Ra), and drives Treg differentiation by inducing IL-2Ra. IL-2

also potently represses IL-7Ra, which decreases survival signals that normally promote cell survival and memory cell development.
extracellular parasites and allergic inflammatory responses

[18,22,35]. It was recognized that the presence of IL-2

during the Th2 differentiation process is also important

[36], with IL-2 opening chromatin accessibility at the Il4
locus in a STAT5A-dependent fashion [37��]. IL-4Ra is

not expressed by naı̈ve T cells and thus must be induced by

TCR stimulation upon antigen encounter to allow potent

Th2 differentiation. The observation that IL-2 induces IL-

4Ra expression led us to hypothesize that IL-2 might play

a key role in the early phase of Th2 differentiation to allow

cellular responsiveness to IL-4. Although IL-4 is known to

induce IL-4Ra expression, IL-2 induces IL-4Ra expres-

sion even in Il4�/�T cells and thus in an IL-4-independent

fashion [32��]; moreover, the use of Il2�/� and Il4�/� T

cells revealed that it is IL-2 rather than IL-4 that mediates

TCR-induced IL-4Ra expression [32��]. Induction of IL-

4Ra by IL-2 requires STAT5, as shown by studies using

Stat5b transgenic mice and mice in which Stat5a and Stat5b
were conditionally deleted, and functionally important

STAT5 binding sites exist within the Il4ra gene. A gen-

ome-wide analysis of STAT5 binding sites by ChIP-Seq

during Th2 differentiation revealed that STAT5A and

STAT5B bind to key sites in the Il4ra gene within 8 h

of Th2 differentiation. STAT5 proteins also bind, albeit

kinetically later, to the Il4-Il13-Il5 Th2 cytokine gene

cluster, with occupancy at the DNase I hypersensitivity

sites HSII, HSIII, and HSV, as well as at the locus control

region (LCR) B and C elements within the adjacent Rad50
gene [32��]. The importance of IL-2-induced IL-4Ra

expression in Th2 differentiation was underscored by

the observation that retroviral transduction of Il4ra into
www.sciencedirect.com 
Il2�/� T cells rescued defective Th2 differentiation in

these cells [32��]. Interestingly, IL-7 and IL-15, which like

IL-2 activate STAT5A and STAT5B, also can increase IL-

4Ra expression, raising the possibility that other cytokines

that activate STAT5 might also contribute to Th2 differ-

entiation in vivo. The broad role of STAT5 in Th2 differ-

entiation was further underscored by its binding to the Maf
and Gata3 genes [32��]. Overall, these data indicate a key

role for IL-2 and potentially other STAT5-dependent

cytokines in inducing IL-4Ra expression, thus priming

cells for Th2 differentiation and helping to maintain this

state.

IL-2 and Th1 differentiation
As noted above, Th1 cells secrete IFNg to promote the

eradication of intracellular pathogens [21,22]. IL-12 via its

activation of STAT4 has been established as the key signal

for Th1 differentiation, inducing epigenetic changes at the

Ifng locus and enhancing IFNg expression [38]. IL-12 also

induces expression of T-bet [39], a master regulator of Th1

differentiation that induces a transcriptionally permissive

chromatin structure at the Ifng locus and enhances IL-

12Rb2 expression [40,41]. T-bet inhibits the GATA3

binding to target genes, including the Il4 gene, thus

suppressing Th2 differentiation [42]. The induction of

T-bet by IFNg and the subsequent induction of IL-

12Rb2 by T-bet are believed to be key events for Th1

differentiation [43]; however, this model of Th1 differen-

tiation requires partial revision to include the major,

recently observed, contributions of IL-2, given the mark-

edly impaired Th1 differentiation in Il2�/�T cells both in
Current Opinion in Immunology 2011, 23:598–604



602 Cytokines
vitro and in vivo [33��]. Prior studies indicated that IL-2

could promote IFNg production [44] and that production

of IFNg expression was cell-cycle dependent [45]. Inter-

estingly, IL-2 also can induce expression of both IL-12Rb1

and IL-12Rb2 [33��], although only the latter is diminished

in Il2�/� cells, as well as expression of T-bet [33��].
Expression of Il12rb2 and of Tbx21, which encodes T-

bet, are STAT5-dependent, with STAT5A and STAT5B

binding to key elements within these genes. Impaired Th1

differentiation in mouse Il2�/� T cells can be restored by

expression of IL-12Rb2 [33��], indicating the essential role

of IL-2 in driving IL-12Rb2 expression in Th1 differen-

tiation. By contrast, retroviral transduction of T-bet cannot

rescue Th1 differentiation in Il2�/� cells, indicating that

IL-2 provides a key signal that T-bet cannot provide [33��].
In this regard, T-bet had comparatively little effect on IL-

12Rb2 expression, suggesting that T-bet could not restore

normal IL-12 responsiveness to these cells [33��]. Inter-

estingly, defects related to Th1 differentiation also were

observed in Jak3�/� mice, and it was suggested that this

resulted from defective IL-2-induced STAT5 binding to

Ifng [46]. Thus, IL-2 may make multiple contributions to

Th1 differentiation.

IL-2 and Th17 differentiation
In vitro differentiation of Th17 cells is mediated by IL-6

plus TGF-b [19,20]; anti-IFNg and anti-IL-4 are typi-

cally added to block Th1 and Th2 differentiation. Inter-

estingly, IL-2 signaling can diminish Th17 cell

generation [47��]. Because IL-6 signals via STAT3 and

IL-2 via STAT5, it was proposed that IL-2-induced

STAT5 competed for STAT3 binding sites in the

Il17a gene locus, inhibiting Il17a transcription [48],

although direct inhibition of Il17a transcription by

STAT5 was not shown. Two alternative/additional expla-

nations are possible. First, consistent with the ability of

IL-6, which signals via IL-6Ra + gp130, to drive Th17

differentiation, IL-2 inhibits expression of both IL-6Ra

and gp130, and conversely, the expression of these re-

ceptor components and of IL-17A are increased in Il2�/�

T cells [33��]. Whereas retroviral transduction of Il6ra did

not affect IL-17A production, retroviral transduction of

Il6st, which encodes gp130, increased Th17 expression

and partially overcame IL-2-induced inhibition of IL-17A

[33��], indicating that expression of gp130 was limiting.

Nevertheless, IL-2 could still partially inhibit IL-17A

expression even when gp130 was constitutively

expressed, suggesting the inhibitory actions of IL-2

involved a receptor-independent mechanism of action

as well [33��]. In this regard, as noted above, IL-2 induces

Tbx21, and retroviral transduction of Tbx21 inhibited

Th17 differentiation [33��], consistent with the ability

of T-bet to inhibit Runx1-mediated RORgt-dependent

transcription [49��]. Interestingly, retroviral transduction

of Tbx21 of Th17 cells also augmented IFNg production,

including an increase in IL-17A/IFNg double producing

cells, even though it did not increase IFNg under Th1
Current Opinion in Immunology 2011, 23:598–604 
conditions [33��]. In addition to its inhibition of Th17

differentiation, IL-2 can also expand IL-17-producing

cells once generated [50�], indicating complex roles of

IL-2 in the regulation of IL-17.

IL-2 and Treg differentiation
Treg cells suppress activation of the immune system and

maintain immune homeostasis and tolerance to self-anti-

gens. They include natural Treg (nTreg) and induced

Treg (iTreg) cells, which are induced from naı̈ve T cells

by TCR stimulation in the presence of TGF-b plus IL-2

[51]. Both types of Treg cells express the Foxp3 tran-

scription factor and IL-2Ra (CD25) [52], and IL-2 is

required for their normal development [51]. Consistent

with this, Il2, Il2ra, or Il2rb deficient mice exhibit severe

autoimmunity [53–56], and defective IL-2 production

contributes to diminished tolerance and the development

of autoimmune diabetes in the NOD mouse [57]. Never-

theless, the way in which IL-2 affects Treg function

remains incompletely understood [58].

IL-2 and effector/memory cytolytic T cell
differentiation
In addition to its actions on CD4+ cells, IL-2 also pro-

motes the development of naı̈ve CD8+ T cells into

effector or memory cytolytic T lymphocytes (CTL)

depending on the IL-2/IL-2R signal strength [24�,25�],
and IL-2 is crucial for the secondary expansion of memory

CD8+ T cells [26]. During viral infection, CD25low cells,

which are less sensitive to IL-2, upregulate CD127 and

CD62L and give rise to long-lived memory cells, whereas

CD25hi cells proliferate more strongly to IL-2, are prone

to apoptosis, exhibit a more pronounced effector pheno-

type, and appear to be terminally differentiated [24�].
Moreover, increasing IL-2/IL-2R signal strength pro-

motes effector CTL differentiation by inducing eomeso-

dermin and perforin expression while inhibiting

expression of Bcl6 and IL-7Ra [25�].

Conclusions
IL-2 is a pleiotropic cytokine first identified as a T-cell

growth factor that was subsequently shown to have a

broad range of other actions as well. IL-2 is now recog-

nized as also important for activation-induced cell death,

development of Treg cells, and development of cytotoxic

T lymphocytes, as well as for secondary expansion of

memory CD8+ T cells, and as detailed herein, for mod-

ulating T helper cell differentiation. It is striking that in

addition to upregulating IL-2Ra and IL-2Rb, IL-2

increases IL-4Ra [32��] and IL-12Rb2 [33��] but

decreases gp130 [33��] expression, thus modulating sig-

nals by IL-2, IL-4, IL-12, and IL-6, and thereby affecting

Th1, Th2, Treg, and Th17 differentiation, underscoring

the ability of IL-2 to modulate expression of key cytokine

receptors to control responsiveness to a range of cytokines

after antigen encounter. Indeed, IL-2 is not a driving

force for any type of T helper cell, but instead helps to
www.sciencedirect.com
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augment or attenuate the signaling pathway essential for

differentiation into various types of T helper cells. Thus,

depending on the cytokine milieu after antigen stimu-

lation, IL-2 can function as a master regulator to help

broadly influence cell fate decisions, both priming for

differentiation and helping to maintain a differentiated

state (Figure 3). Beyond its regulation of receptors, IL-2

also critically regulates expression of key transcription

factors, such as T-bet. By inducing T-bet, IL-2 not only

can promote Th1 differentiation, but it also inhibits Th17

differentiation, given the potent role of Tbx21 as a nega-

tive regulator of Runx1-dependent RORgt transcription.

In addition to its regulating these Th effector popu-

lations, as noted above, IL-2 is vital for development

of Treg cells as well, which express IL-2Ra and accord-

ingly can respond to low concentrations of IL-2. Our

expanding knowledge of the broad and complex func-

tions of IL-2 family cytokines not only have revealed

intricacies of immunoregulation by this cytokine but

should additionally provide the molecular basis for

designing better immune therapies in the future.
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