
Multi-tasking of helper T cells

Effector T-cell subsets – their characteristics,
function and differentiation

Our immune system comprises innate and adaptive

immunity. Adaptive immunity is mediated by T and B

cells to impose positive as well as negative regulation of

immune responses. Effector T cells, also known as helper

T (Th) cells, are the key players in steering the immune

responses. Th cell differentiation is characterized by the

acquisition of cytokine production. Since the establish-

ment of Th1–Th2 paradigm, the function and regulation

of effector T cells has been a subject of intense investiga-

tion. Owing to years of collective efforts, vast knowledge

has been gained in identifying new classes of effector T

cells and in understanding their function and regulation.

The Th1 cells, one of the first described Th cells, pro-

duce signature cytokine interferon-c (IFN-c) along with

pro-inflammatory cytokines, such as tumour necrosis fac-

tor-a (TNF-a) and TNF-b, to stimulate innate and T-cell

immune responses. The most important function of Th1

cells is to promote cell-mediated immunity characterized

by cellular cytolytic activity. The Th1 cells are important

in protection of the host from the obligate intracellular

pathogens. Over-exuberant pro-inflammatory activities of

Th1 cells cause tissue damage and elicit unwanted inflam-

matory disease and self-reactivity including inflammatory

bowel disease1 and graft-versus-host disease,2 as well as

autoimmune disorders such as insulin-dependent diabetes

mellitus3 and rheumatoid arthritis.4 Besides being a Th1

signature cytokine, IFN-c has been suggested, although

debatably, to be important for the differentiation of Th1

cells.5–7 Interleukin-12 (IL-12), however, has been

accepted as a potent inducer of Th1 differentiation.8,9 The

ultimate outcomes of IFN-c and IL-12 signalling are to

solidify their Th1 function through promoting the expres-

sion of Th1-specific transcription factors. T-bet, also

known as Tbx21,10 belongs to the T-box family of tran-

scription factors and is the only known T-box gene spe-

cifically expressed in the lymphoid system. T-bet is

rapidly and specifically induced in developing Th1 cells

and is critical for initiating Th1 development. Hence,

T-bet is recognized as a master regulator of Th1 differen-

tiation.10

T helper type 2 cells were identified at the same time as

Th1 cells in the early 1980s. They are defined as produc-

ers of IL-4, IL-5, IL-9, IL-10 and IL-13. The Th2 response

is often associated with the humoral response and is

important in resistance against extracellular forms of

pathogens. The Th2 cells are also important for mucosal

immunity in the lung. Aberrant elevation of the

Th2 response often leads to chronic inflammatory air-

way diseases, such as atopic asthma and allergy.11–13
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Summary

CD4 T helper cells (Th) are critical in combating pathogens and main-

taining immune homeostasis. Since the establishment of the Th1–Th2

paradigm in the 1980s, many types of specialized Th cells, including Th1,

Th2, Th17, Th9, follicular helper T and regulatory T, have been identified.

We have become accustomed to the idea that different Th cells are ‘com-

mitted’ to their paths but recent emerging evidence suggests that under

certain conditions, seemingly committed Th cells possess plasticity and

may convert into other types of effector cells. In this review, we will first

introduce the major sub-types of Th cells that are involved in immune

regulation. Then, we will describe in detail the inter-convertibility of Th

cells among different sub-types under in vitro and in vivo conditions.

Finally, we will discuss our current understanding of the underlying

mechanisms on how a particular type of Th cells may convert into other

types of Th cells.
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Interleukin-4 is the most potent, if not the only, cytokine

known to have the greatest influence in directing Th2

differentiation.14,15 The presence of IL-4, even if endoge-

nously derived, is essential for Th2 differentiation.16

GATA binding protein 3 (GATA-3) is a member of the

GATA family of transcription factors. Expression of

GATA-3 is sufficient and required for Th2 differentia-

tion.17–19 Therefore, GATA-3 is regarded as the master

regulator for Th2 differentiation. Signal transducer and

activator of transcription 6 (STAT-6) activated by IL-4

stimulation is the major signal transducer in IL-4-medi-

ated Th2 differentiation in vitro.20–22 One of the mecha-

nisms for STAT-6 to promote Th2 differentiation is

through inducing high levels of the transcription factor

GATA-3.23

T helper type 17 is a newly identified class of effector T

cells that produce IL-7A and F. Th17 cells play critical

role in the induction and propagation of autoimmunity.

Interleukin-17 expression has been associated with auto-

immune diseases such as multiple sclerosis, rheumatoid

arthritis, psoriasis and inflammatory bowel disease as well

as allergic responses.24,25 Transforming growth factor-b
(TGF-b) and IL-6 act co-operatively and non-redundantly

to promote Th17 commitment.26–28 Interleukin-21 is an

IL-2 family member that has been recently found to be

highly produced by Th17 cells. It can substitute for IL-6

to induce Th17 cells along with TGF-b.29–31 Retinoic

acid-related orphan receptors (ROR) are the key tran-

scription factors in Th17 differentiation. Both ROR-a and

ROR-ct are critical and somewhat redundant in promot-

ing Th17 differentiation.32,33

Follicular helper T (Tfh) cells express high levels of

CXCR5 and cytokine IL-10 and IL-21, which are not typi-

cally associated with other types of Th cells.34–37 Inter-

leukin-21 has been found to be critical for Tfh

differentiation.35,37 Bcl-6 was recently reported to be a

transcription factor that can be up-regulated by IL-21 sig-

nalling and is critical for Tfh generation.38

Regulatory T (Treg) cells form a subset of CD4 T cells

that either develop in the thymus (naturally occurring

Treg; nTreg) or are differentiated from naive T cells in

the presence of TGF-b following T-cell receptor stimula-

tion (induced Treg; iTreg). Unlike other Th cells, which

promote an immune response, Treg cells are immune-

suppressive. The most prominent function of Treg cells is

maintaining self-tolerance and immune homeostasis.39,40

Disruption of Treg cell function contributes to a plethora

of autoimmune and inflammatory pathologies. It is also

suggested that Treg cells are important for tempering

immune responses against infectious agents and in

re-establishing immune homeostasis following pathogen

clearance.41 A recent study suggests that Treg cells can

also facilitate immune response against herpes simplex

virus infection by recruiting natural killer, dendritic and

T cells to the site of infection.42 Foxp3 is a transcription

factor highly and specifically expressed in Treg cells.

Foxp3 is recognized as the master regulator for Treg func-

tion controlling the expression of a wide array of genes

including cytokines and surface molecules.43

Malleability of Th cells is dictated by the
cytokine milieu and beyond…

Historically, Th cells are deemed terminally differentiated

cell lineages ‘committed’ to their path. Certainly, most

in vitro differentiation models suggest that this is the case

and such ‘commitments’ provide simplified experimental

models that allow us to understand how Th cells function

and are regulated. T cells in our body often have to

mount different responses towards different insults at

short notice. It is certainly advantageous for Th cells to

be able to convert from one type of Th cells to another

type to efficiently fight against ongoing immunological

insults. Recently, accumulating evidence suggests that Th

cells are functionally ‘plastic’ and can be converted into

other types of Th cells under in vitro as well as in vivo

conditions (Fig. 1).

In vitro, a different cytokine milieu directs CD4 T cells

to differentiate into different types of Th cells. Cytokine-

driven T-cell differentiation in vitro has been a fruitful

approach to understanding the regulation and the func-

tion of various Th lineages. Evidence is available to sug-

gest that Treg cells are able to convert into other types of

Th cells under culturing conditions. The Treg-to-Th17

conversion has been studied extensively. In an earlier

study, IL-6 was shown to abrogate nTreg cell suppressive

activity.44 In the ensuing years, IL-6 was found to be
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Figure 1 Inter-conversion among T helper (Th) cell subsets. Under

the influence of cytokines, regulatory T (Treg) cells convert into

other types of Th cells in vitro (connected by blue lines). In addition,

through yet-to-be-defined mechanisms, Th1, Th2, Th17, follicular

helper T (Tfh) and Treg cells with no (Foxp3Neg) or reduced (Fox-

p3Low) Foxp3 expression can convert into other Th cells in vivo

(connected by green lines). IFN-c, interferon-c; IL, interleukin; ROR,

retinoic acid-related orphan receptors.
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important in suppression of Treg generation and to pro-

mote Th17 differentiation. The TGF-b promotes the gen-

eration of Foxp3-expressing Treg cells from naive T cells.

However, IL-6 antagonizes TGF-b-induced Treg genera-

tion and promotes Th17 differentiation of naive T

cells.27,28 These findings raise the possibility that Treg

cells may be able to convert into Th17 cells upon IL-6

stimulation because TGF-b is highly expressed by Treg

cells. Indeed, freshly isolated nTreg cells produce large

amounts of TGF-b upon stimulation in vitro. In the pres-

ence of IL-6, Foxp3-expressing cells were found to express

IL-17, suggesting that nTreg can be converted into Th17-

like cells.45,46 Not only nTreg cells are able to be con-

verted into Th17 cells, The TGF-b-induced iTreg cells

were also shown to turn into IL-17-producing cells upon

IL-6 stimulation.46 Conversion of Treg to Th17 cells was

concomitant with down-regulation of Foxp3, whose

expression has been shown to suppress RORct expression

and to shut down the Th17 programme.45,47 Therefore

the down-regulation of Foxp3 seems to be important in

licensing Treg cells to Th17 differentiation. Interleukin-6-

dependent signalling is sufficient to both suppress Foxp3

expression and promote IL-17 expression. It is specifically

required for the down-regulation of Foxp3, as STAT-3-

deficient mice failed to repress Foxp3 following IL-6

stimulation. Hence, IL-6 signalling appears to be the

molecular switch between Treg and Th17.45 Although IL-

17 expression in Treg cells coincided with Foxp3 down-

regulation, the total abolishment of Foxp3 was not

required for Th17 conversion of Treg cells, because cells

expressing both Foxp3 and IL-17 were found.45,46 Hence,

Foxp3 expression and IL-17 expression are not mutually

exclusive.

Some studies have addressed the potential of Foxp3-

expressing cells to produce IFN-c and to become Th1

cells in vitro with controversial findings. In one study,

Treg cells were found not to be able to produce IFN-c
even under Th1 polarizing conditions.46 However, in

other studies, Foxp3-expressing cells were found to pro-

duce IFN-c under Th1 conditions in Foxp3-expressing

and Foxp3-non-expressing populations (references 48,49

and our unpublished observations). In the absence of

large amounts of exogenous IL-2, Foxp3-expressing cells

display an anergic phenotype and could not be activated.

This may contribute to the absence of cytokine produc-

tion recorded in the first study. However, when a high

dose of exogenous IL-2 was provided in the culture to

force Treg cells to exit the anergic state, Treg cells gener-

ated substantial amounts of IFN-c to become Th1 cells.

Therefore, the experimental conditions used in these

studies might account for the different results obtained.

Aforementioned findings suggest that Treg cells are able

to convert into Th1 cells in vitro under certain conditions.

While Treg cells possess great plasticity to convert into

Th1 and Th17 cells, no evidence has been presented to

show that Treg cells can be converted into Th2 cells

under culture conditions. When CD4 T cells were stimu-

lated in the presence of IL-4 and TGF-b, the TGF-b-

induced Foxp3 expression was blunted.50 However,

activated T cells did not become IL-4-producing T cells.

Instead, they produced IL-9.26,51 Therefore, it remains

unknown whether Treg are able to become IL-4-produc-

ing cells in vitro.

Although in vitro studies are informative, whether Th

cells possess plasticity and how it is regulated in vivo are

of ultimate importance for our understanding of Th cell

function and regulation. Recently, emerging evidence sug-

gests that under certain conditions, Th cells indeed pos-

sess plasticity and may convert into other types of

effector cells. Long-lived Th1 effector/memory cells are

able to turn off IFN-c expression in vivo, appearing to be

ready to ‘re-differentiate’.52 It is an interesting finding in

that most previous studies suggested that Th1 and Th2

differentiation is counter-regulatory and self-reinforcing.53

Hence, IFN-c and IL-12 act on activated naive CD4 T

cells to direct Th1 differentiation, whereas IL-4 directs

Th2 differentiation through the induction of transcrip-

tional programmes dominated by central ‘master regula-

tors’. Activation of STAT-1 by IFN-c and of STAT-4 by

IL-12 drive optimal expression of T-bet, a central tran-

scription factor for Th1 programming, whereas activation

of STAT-6 by IL-4 up-regulates GATA-3, which is central

to Th2 programming. These developmental programmes

are enforced through the production of autocrine cyto-

kines by differentiated effector cells via feed-forward

loops. Early skewing towards one pathway therefore

becomes self-reinforcing to mature Th1 or Th2 cells with

functional programmes that are largely ‘fixed.’ Although

no evidence has been presented to show the inter-conver-

sion between Th1 and Th2 cells in vitro, it would be

interesting to know whether such a conversion could

occur in vivo in light of the fact that IL-4 and IFN-c
expression is not absolutely mutually exclusive as cells

that simultaneously produce IL-4 and IFN-c can be read-

ily detected.

Interleukin-17-producing memory T cells isolated from

mice retained a Th17 phenotype even when they were

cultured with IL-12 or IL-4, indicating that at least a sub-

set of Th17 cells achieve phenotypic stability via mecha-

nisms undefined in vitro. Nevertheless, it is clear that

Th17 precursors do transition to IFN-c-producing cells in

vivo. Transferring Th17 precursors isolated from IL-17F

reporter mice into immunodeficient hosts induced colitis

that was associated with a shift in the cytokine phenotype

of transferred T cells – reduction (but not extinction) of

IL-17A expression, loss of IL-17F expression, and induc-

tion of IFN-c expression.54 This finding is in agreement

with a previous study showing that Th17-polarized cells

converted into Th1 cells in an antigen-specific model of

ocular inflammation.55 In addition, two independent
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studies reported that Th17 to Th1 conversion led to the

onset of diabetes in transfer models.56,57 Transferring

Th17-polarized, islet-reactive T-cell receptor transgenic

BDC2.5 T cells induced insulitis and diabetes, associating

with the observation that a substantial fraction of trans-

ferred T cells become Th1 cells.

Accumulating evidence has been presented to show that

Treg cells can convert into effector T cells in vivo. In a

mouse model where an enhanced green fluorescent pro-

tein (EGFP) expression cassette was knocked into the first

exon of the endogenous Foxp3 gene, cells that lack func-

tional Foxp3 protein but with active Foxp3 promoter

activities were therefore marked with GFP. Loss of func-

tional Foxp3 resulted in Scurfy-like phenotype in the

mice. However, GFP-expressing cells were readily detected

with an elevated percentage compared with healthy mice.

These GFP-expressing cells expressed Treg signature genes

at reduced levels. Although GFP-expressing cells could

not suppress the immune response, they are anergic to

T-cell receptor stimulation. As a consequence, cells that

do not express Foxp3 remain to be Treg lineage but with

abrogated immune suppressive function. These Treg cells

became effector T cells in vivo, producing IFN-c, IL-4 and

IL-17. Therefore, with the loss of Foxp3 expression, Treg

cells could be generated but functionally dysregulated by

losing suppressive activity and gaining Th1, Th2 and

Th17 effector function.58 The Treg cells were also shown

to down-regulate Foxp3 expression and convert into effec-

tor T cells under homeostatic conditions in vivo. Zhou

et al.59 generated a BAC transgenic mouse model where

Cre and EGFP were expressed in Foxp3-expressing Treg

cells. By crossing such a mouse with a yellow fluorescent

protein (YFP) Cre-reporter mouse strain, they tracked the

T cells that are expressing and used to express Foxp3.

They found that, in vivo, a small percentage of CD4 T

cells expressed YFP but not GFP, indicating that these T

cells used to express Foxp3 but shut down the Foxp3

expression at the time of assay. Therefore, down-regula-

tion of Foxp3 expression of Treg cells normally occurs in

vivo. They referred to these YFP+ GFP) cells as exFoxp3

Treg cells. In addition, they found that exFoxp3 Treg cells

expressed IFN-c and IL-17, suggesting their conversion

into Th1 and Th17 cells. Moreover, exFoxp3 Treg cells

were able to promote inflammation and contributed to

the onset of type 1 diabetes upon transfer. Therefore,

Treg-to-Th conversion could be important for directing

inflammatory responses. Evidence for Treg-to-Tfh conver-

sion in vivo is also available. Upon being transferred into

CD3)/) mice where T cells were absent, Foxp3-expressing

Treg cells down-regulate Foxp3 expression in Peyer’s

patch. The transferred Foxp3-non-expressing Treg cells

but not Foxp3-expressing Treg cells clustered around ger-

minal centres and expressed CXCR5, IL-21 and Bcl6, a

phenotype resembling Tfh.60 In the aforementioned stud-

ies, Treg-to-Th conversion corresponded with the loss of

Foxp3 expression, suggesting that conversion and Foxp3

expression might be mutually exclusive, and questioning

the intrinsic ability of Treg cells to become other types of

Th cells in vivo. By knocking a luciferase and EGFP

expressing cassette into the 30-untranslated region of the

endogenous Foxp3 gene locus, we serendipitously gener-

ated a mouse model whose Treg cells expressed Foxp3 at

a reduced level.61 Reduction of Foxp3 expression resulted

in a systemic autoimmune syndrome similar to what has

been observed in Scurfy mice. Interestingly, reduction of

Foxp3 led to a preferential conversion of Treg cells into

IL-4-producing Th2 cells.61 Conversion of Treg cells to

Th2 might be essential for directing Th2 responses as

reduced Foxp3 expression in Treg cells has been associ-

ated with Th2-type immune disorders.62,63 Hence, in vivo,

Foxp3 expression and Treg-to-Th conversion is not mutu-

ally exclusive. Nevertheless, the expression level of Foxp3

limits the potential of Treg cells to become all types of

Th cells. It remains to be addressed whether Treg cells

with reduced Foxp3 expression are able to convert into

Th cells other than Th2 cells. It appears that the expres-

sion levels of Foxp3 control Treg function – high level of

Foxp3 expression endows T cells with suppressive activity,

reduced level of Foxp3 expression leads to Th2 conver-

sion, and loss of Foxp3 expression licenses Treg cells to

become Th1, Th2, Th17 as well as Tfh cells. As a conse-

quence, Foxp3 acts as a rheostat controlling the diverse

function of Treg cells in vivo. The mechanisms underlying

such phenomena are important questions that warrant

being addressed in the future. In addition, as Foxp3

down-regulation is a critical trigger for Treg-to-Th con-

version in vivo, what triggers Foxp3 down-regulation or

alternatively, what maintains high levels of Foxp3 expres-

sion, are questions that need to be addressed. Further-

more, the biological function of Treg conversion during

normal and aberrant immune responses still waits to be

revealed. While Treg cells function like effector T cells,

they nevertheless phenotypically resemble naive T cells

with certain features of activation. Most Treg-to-Th con-

version studies were performed by using freshly isolated

nTreg but not from in vitro differentiated iTreg cells.

Therefore, it is reasonable to believe that returning to or

maintaining a non-activated naive state of Th cells may

be a pre-requisite for their conversion into other Th cell

types.

While the signal transduction network controlling Th

conversion remains to be unveiled, studies on epigenetic

control of Th differentiation have provided important

mechanistic insights for the plasticity of Th cells. T-cell

lineage specification is accompanied by epigenetic modi-

fications of key cytokine and transcription factor gene

loci. Such epigenetic change provides a basis for the her-

itability of gene expression patterns acquired by differen-

tiating T cells.64,65 Histone methylation or acetylation,

DNA methylation and higher order chromatin structure
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each contribute to regulation of the accessibility of cis

elements that bind lineage-specifying transcription factors

and ultimately the expression of lineage-specific genes.

The growing recognition of instability among the func-

tional Th cells, as demonstrated in particular by plastic-

ity of Treg programmes, implies greater malleability in

T-cell epigenetic modifications than had previously been

thought. It suggests that conversion of Treg cells is prob-

ably reflected in the reversal of epigenetic modifications

induced during initial differentiation of these cells. A

global genome analysis of permissive and repressive his-

tone methylation marks of naive, Th1, Th2, Th17, nTreg

and iTreg cells was recently reported, providing a mecha-

nistic basis for aspects of Treg cell conversions.49 Trime-

thylations of histone H3 were identified at the proximal

promoters of key T-cell lineage transcription factors or

cytokine genes. H3K4me3 and H3K27me3 modifications

were used to mark the genes that are expressed or

repressed respectively. The promoters for the genes that

are highly expressed in certain Th lineages correlated

with permissive H3K4me3 configuration. However, the

promoters for the genes that were not expressed were

not necessarily associated with high amounts of repres-

sive H3K27me3 configuration. While only a small num-

ber of lineage-specific H3-methylation islands were

found for Th cells, a large number of the unique

H3K4me3 and H3K27me3 islands were found in nTreg

cells, underlying its greater potential for diverse func-

tions. Indeed, although the promoters for IFN-c, IL-4

and IL-17a were not marked with H3K4me3 for active

expression, they were barely marked with H3K27me3 for

active suppression either. In addition, transcription fac-

tors T-bet, GATA-3 and ROR-ct that master Th1, Th2

and Th17 differentiation respectively were not marked

with suppressive configuration in Treg cells. Hence, at

the epigenetic level, Treg cells did not shut down the

genetic programme for other Th cells and remained per-

missive for their differentiation.49

With many years of collective efforts, we have

achieved tremendous progress in understanding the

function and regulation of Th cells during normal and

pathological immune responses. Recent evidence suggests

that one type of Th cell may convert into other types

of Th cells to suit various immune responses. Therefore,

understanding the biological meaning and the regulation

of the plasticity of Th cells should enhance our under-

standing of the aetiology of autoimmunity and inflam-

matory diseases. By generating reporter mice for

different subtypes of helper T cells, we have started to

unravel the diverse function of Treg cells in vitro and

in vivo. Future studies are needed to investigate the

molecular mechanisms underlying the plasticity of Th

cells and to address how Th cell conversion might

impact immune responses and the development of vari-

ous immune disorders.
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