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Mechanisms underlying lineage commitment and
plasticity of human cd T cells
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Phenotypic and functional heterogeneity are the hallmarks of effector and memory T cells. Upon antigen stimulation, cd T cells

differentiate into two major types of memory T cells: central memory cells, which patrol the blood and secondary lymphoid organs, and

effector memory cells, which migrate to peripheral tissues. cd T cells display in vitro a certain degree of plasticity in their function that is

reminiscent of that which is observed in conventional CD4 T cells. Similar to CD4 T cells, in which a plethora of specialized subsets

affect the host response, cd T cells may readily and rapidly assume distinct Th1-, Th2-, Th17-, TFH and T regulatory-like effector

functions, suggesting that they profoundly influence cell-mediated and humoral immune responses. In addition to differences in

cytokine repertoire, cd T cells exhibit diversity in homing, such as migration to lymph node follicles, to help B cells versus migration to

inflamed tissues. Here, we review our current understanding of cd T-cell lineage heterogeneity and flexibility, with an emphasis on the

human system, and propose a classification of effector cd T cells based on distinct functional phenotypes.
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INTRODUCTION

Most human peripheral blood cd T cells express a T-cell receptor

(TCR) that consists of the Vc9 and Vd2 chains (here and thereafter

referred to as Vc9Vd2 T cells) and that recognizes non-peptidic phos-

phorylated metabolites of isoprenoid biosynthesis that are produced

by microorganisms and stressed cells.1 Once primed, cdT cells migrate

to follicles in order to help B cells to produce antibodies and to peri-

pheral sites of antigen exposure to fight incoming pathogens by deli-

vering the appropriate type of effector cell function.2 Upon activation,

Vc9Vd2 cells can be skewed toward distinct effector functions depen-

ding on the polarizing cytokines that are present, similarly to CD4

helper T (Th) cells.3–5 Accordingly, under appropriate culture condi-

tions, Vc9Vd2 cells divert from the typical Th1-like phenotype and

polarize to Th2,5,6 Th17,7,8 TFH and T regulatory cells.9 Such a broad

plasticity emphasizes the capacity of Vc9Vd2 cells to influence the

nature of the immune response to different challenges.

Pioneering studies demonstrated that Th1 effector cells produce inter-

feron (IFN)-c, which promotes the clearance of viruses and intracellular

bacteria, while Th2 cells produce IL-4, IL-5 and IL-13, which promote the

clearance of extracellular parasites.10,11 Once the antigen is eliminated,

central memory (TCM) and effector memory (TEM) T cells persist in the

memory pool to provide systemic immune surveillance in lymphoid

organs and in peripheral non-lymphoid tissues to react promptly in case

of rechallenge.12 To accomplish this, T cells retain a memory not only of

the cytokines to be produced, but also of the site where effector function

will be needed. The distinction of Th1 and Th2 cells and of TCM and TEM

subsets has provided the initial paradigms with which to understand the

functional organization of the immune response.10,12

In contrast to CD4 T cells, cd T cells default toward type 1 cytokine

production and predominantly produce IFN-c upon activation.

However, as with ab T cells, cd T cells may differentiate into IFN-c

(cd1)- and IL-4 (cd2)-producing cells.5,6 Priming under Th1 condi-

tions (IL-12 plus anti-IL-4 monoclonal antibodies) induces a Th1

profile that is characterized by increased secretion of IFN-c and

tumor-necrosis factor (TNF)-a, whereas Th2 conditions (IL-4) induce

increased production of IL-4 (Th2 profile) by the cd T cells. These

results indicate that the major subset of human cd T cells can be

polarized into either a Th1 or a Th2 cytokine pattern depending on

the cytokine milieu in which contact with the antigen occurs.

However, the molecular mechanisms that underlie human cd T-cell

polarization have yet to be defined.

Th1 differentiation is promoted by IL-12 (and, in humans, also by

type I IFN)13,14 and requires expression of the transcription factor T-

bet, which mediates inheritable modifications of the IFN-c gene,14

leading to its expression following antigenic stimulation. In contrast,

Th2 differentiation is promoted by IL-4 and requires expression of the

transcription factor GATA-3,15 which mediates inheritable modifica-

tions of the IL-4, IL-5 and IL-13 genes.16

In the mouse, the molecular basis for the default production of IFN-

c by cd T cells, in comparison to CD4 T cells, is a high level of T-bet

expression versus that of GATA-3, whereas the paucity of IL-4 syn-

thesis in these cells is secondary to the low level of GATA-3 expres-

sion.17 However, while an increase in GATA-3 expression augments

IL-4 levels in cd T cells, it fails to concomitantly downregulate IFN-c

production, unlike that which was observed in CD4 T cells,17 and an

uncoupling of the functional antagonism between GATA-3 and T-bet
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forms the molecular basis for the default production of IFN-c by

Vc9Vd2 T cells (our unpublished data).

Moreover, epigenetic and transcriptional programs both regulate

IFN-c production in cdT cells,18 as evidenced by three findings: (i) the

kinetics of IFN-c transcription are increased in cd T cells compared

with that observed in CD4 and CD8 T cells, and cd T cells produce

significantly greater amounts of IFN-c in a proliferation-independent

manner when compared with other T-cell subsets; (ii) the intron 1

region of the Ifnc locus is hypomethylated in cd T cells relative to the

same element in naive CD4 and CD8 T cells; and (iii) cd T cells

constitutively express eomesodermin (Eomes), a transcription factor

important for IFN-c production in CD8 T cells, and Eomes expression

levels are enhanced upon activation, indicating a critical role for this

transcription factor in mediating IFN-c production by cd T cells in a

T-bet-independent manner.18 Our preliminary results indicate that

epigenetic mechanisms also regulate IFN-c production in human cd

T cells.

EXPANDING THE cd1–cd2 PARADIGM. PART I: cd17 AND

cdREG

Recent studies indicate that the binary paradigm of Th1 and Th2 cells

represents an oversimplification. These studies indicate the existence

of multiple pathways of effector T-cell differentiation and multiple

layers of memory T cells, which provide tailored mechanisms of pro-

tection and immune surveillance against different pathogens in dif-

ferent tissues.

Based on seminal work on CD4 Th1 and Th2 cells, a T-cell lineage is

defined as a cell population in which a change in cytokine production

is promoted by polarizing signals and stably imprinted by a lineage-

specifying transcription factor through epigenetic mechanisms.19 In

healthy adults, 50%–80% of blood Vc9Vd2 T cells have a distinctive

Th1 signature and produce IFN-c and TNF-a, but fewer than 1%

produce IL-17.5,20 Ribot et al.21 and the Chien group22 have demon-

strated that murine cd T cells acquire their capacity to produce IL-17

or IFN-c in the thymus, and they have defined TCR and CD27 signals

as key determinants of this thymic functional/developmental choice.

Whether human Vc9Vd2 T cells follow similar rules of developmental

pre-programming as their mouse counterparts remains to be

answered.

Interestingly, human cord blood and neonatal peripheral blood

Vc9Vd2 T cells promptly secrete IFN-c. To emphasize that functional

competence in this cell population is acquired in utero, IFN-c is pro-

duced by Vc9Vd2 T cells from prematurely born infants, and although

a 1-month post-partum environmental exposure invariably increased

TNF-a production, it had no consistent effect on IFN-c production.23

In human Vc9Vd2 T cells, polarization towards IL-17 production is

efficiently induced by coordinated antigen stimulation of the specific

TCR, a combination of the polarizing cytokines IL-1b, IL-6, trans-

forming growth factor (TGF)-b and IL-23 and aryl hydrocarbon

receptor (AHR) ligands.8 Differentiation to cd17 T cells is due to high

levels of RORC and AHR expression versus a low level of T-bet expres-

sion in these cells.8 cd17 T cells exhibit a terminally differentiated

phenotype, illustrated by the expression of CD45RA in the absence

of CD27 and by the expression of CD161, TRAIL, FasL, granzyme B

and the chemokine receptor CCR6.8 Thus, the selective expression of

characteristic markers of the Th17 lineage (RORC, IL-17 and CCR6)

on cd17 T cells and the requirement for a medium that is rich in

aromatic amino acids support the concept that there is a coordinated

regulation of migratory capabilities and effector functions in dif-

ferentiating cd17 T cells. Notably, the CCR6 agonist CCL20, which

is constitutively expressed in normal skin and mucosa-associated tis-

sues, is upregulated by IL-1724 and mediates the recruitment of T cells

and dendritic cells to sites of inflammation.25 In addition, cd17 T cells

rapidly induce IL-17-dependent production of b-defensin, another

CCR6 agonist,26 by epithelial cells, and promote CXCL8-mediated

recruitment and enhancement of neutrophil phagocytosis.27 A stri-

king consequence of these findings is that TCR engagement is required

in the differentiation of human cd17 T cells, in contrast with mouse

studies in which the role of the TCR in cd17 T cells may be redundant,

in concordance with their predetermined phenotype in the thymus,

without positive or negative selection. Thus, deciphering the relative

roles of cytokines and of TCR-dependent or TCR-independent activa-

tion of human cd17 T cells and their role in protective immune res-

ponse or in pathology is a great challenge for the potential use of these

cells in clinical settings.

Th17 responses are important for the host defense against micro-

organisms, particularly extracellular bacteria.28 IL-17 that is produced

by migrating Vc9Vd2 T cells may trigger a positive feedback loop that

further attracts Th17 and Th1 cells, as well as dendritic cells and

neutrophils, and amplifies host inflammatory responses. Accor-

dingly, we found that in the blood and cerebrospinal fluid of children

suffering from bacterial meningitis, 60%–70% of the Vc9Vd2 T cells

were cd17 T cells.8 Interestingly, this phenotype was reversed after

successful antibacterial therapy.8 Of note, Vc9Vd2 T cells are not the

only human T-cell subset capable of producing IL-17; Vd1 T cells also

can produce IL-17 specifically in the context of HIV-1 infection, in

which they are markedly expanded.29

In our experimental system,8 antigen-stimulated cd17 T cells pro-

duce neither IL-22 nor IFN-c, in contrast with studies by Morita and

colleagues,7 which show that cd17 T cells also produce IL-22 and/or

IFN-c. This finding is consistent with the concept that although they

retain the memory of the imprinted cytokine, polarized T cells may

undergo further differentiation in response to polarizing cues. Alter-

natively, it is also possible that cd17 T cells may be re-programmed to

differentiate to IL-22- and/or IFN-c-producing cells, as has been

shown for cells that had been previously committed to Th1 or Th2

differentiation.30 The commitment and flexibility of effector T-cell

populations are most likely controlled by the balanced expression of

lineage-specifying transcription factors.31 It is plausible that under

certain conditions of antigenic stimulation, cytokine microenviron-

ment or both, cd T cells may differentiate into multifunctional cells

that are able to trigger additional responses in the periphery.

IL-22 was originally described in mice and humans as a cytokine

that is characteristic of Th17 cells;32,33 however, further studies

showed that a distinct subset of human skin-homing memory T cells

produced IL-22 but neither IL-17 nor IFN-c.34,35 Differentiation of IL-

22 producing T cells can be promoted by the stimulation of naive T

cells in the presence of IL-6 and TNF or by plasmacytoid ‘‘dendritic

cells. This differentiation appears to be independent from RORC, but

dependent on the AHR.34,35 Similar to our findings,8 studies of human

CD4 T cells that were differentiated under IL-17-polarizing conditions

have found production of IL-17 and expression of AHR in the absence

of IL-22 production.36,37 A likely explanation for the dissociation

between IL-17 and IL-22 production in the presence of AHR expres-

sion is that culture conditions may have a profound influence on the

outcome of the response. For instance, high levels of TGF-b may give

rise to Th17 cells but inhibit IL-22 production.38

Differences in the requirements for exogenous TGF-b may also

apply to cdreg. cdreg are induced in vitro following antigen stimu-

lation in the presence of low concentrations of TGF-b (typically five to
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sevenfold less than the concentrations required for cd17 T cell dif-

ferentiation) and IL-2 or IL-15.9 These cells express Foxp3 and similarly

to thymus-derived natural or induced-CD4 T regulatory cells, suppress

the proliferation of anti-CD3/anti-CD28 stimulated mononuclear cells.

Altogether, these findings are highly suggestive of a requirement for

high concentrations of TGF-b (in combination with other cytokines)

to promote human cd17 differentiation,39,40 whereas low concentra-

tions of TGF-b promote the differentiation of cdregs.

EXPANDING THE cd1–cd2 PARADIGM. PART II: cdFH

There is increasing evidence that help to B cells for promoting anti-

body production is mediated by a dedicated lineage of follicular Th

cells (TFH).41 TFH cells are defined by follicular localization and high

expression of the specific markers CXCR5, which drives TFH cells to

migrate into the B-cell follicles, PD-1 and ICOS, which interact with

their corresponding ligands on B lymphocytes, and the signature cyto-

kine IL-21, which predominantly acts as a paracrine factor for ger-

minal center (GC) B lymphocytes, but has only limited autocrine

function as a regulator of TFH lineage fate.41 The transcriptional

repressor Bcl-6 is a crucial intrinsic regulator of TFH lineage commit-

ment,41 but the differentiation pathway to TFH cells is still under

study.

Human Vc9Vd2 T cells that are cultured with antigen and IL-21 are

polarized towards a TFH phenotype,42,43 which is dependent on high

levels of Bcl-6 expression.43 The in vitro differentiated cdFH cells dis-

tinctively express CD40L, ICOS and CXCR5 (at low levels), and help

tonsillar B cells to produce IgM, IgG and IgA, thus fully identifying this

cell population as classical helper cells.42,43

The acquisition of TFH-associated markers by Vc9Vd2 T cells and

their dependence on IL-21 was initially suggested by microarray stu-

dies.4 IL-21 turned out to have a similar capacity as the related cyto-

kine IL-2 to support and sustain antigen-induced Vc9Vd2 T-cell

proliferation, without promoting the supposedly signatory cytokines

IFN-c and TNF-a.4,42 While IL-21 may potentiate the cytolytic func-

tion of Vc9Vd2 T cells when combined with IL-2,44 IL-21 alone spe-

cifically costimulates expression of the chemokine receptor CXCR5,

which enables TFH cells to migrate into the B-cell follicles, and costi-

mulates expression of the CXCR5 ligand, CXCL13, which attracts

further cells, such as naive B cells and early activated CD4 T cells.4,42,43

As CXCR5 and CXCL13 are uniquely expressed in B cell follicles but

mostly absent from extrafollicular areas, including the T zones of

lymph nodes, the spleen and Peyer’s patches, this finding implicates

a role for IL-21-stimulated Vc9Vd2 T cells in orchestrating immune

cell trafficking to the GCs.

In contrast to CD4 TFH cells, cdFH cells do not produce IL-21, but

display a Th2-type pattern of cytokine production, as they secrete IL-2,

IL-4 and IL-10.43 Therefore, it was a surprising finding that cdFH cells

lack expression of GATA-3 and IL-13 mRNAs,43 both of which are

signatures of Th2 cells. A similarly dissociated expression of IL-4 from

IL-13/GATA-3 has been found recently45 in a mouse study showing

that IL-4, but not IL-13, is made by TFH cells, whereas Th2 cells

produce both cytokines. In that study, IL-13 production by Th2 cells

was associated with large amounts of GATA-3 expression, which was

necessary for sustaining IL-13 production. Conversely, TFH cells pro-

duced only IL-4 and did not express GATA-3.45 It is likely that elevated

levels of Bcl-6 expression in cdFH cells restrict GATA-3 expression to

levels that are insufficient to activate expression of IL13.

The contribution of cdFH cells to antibody-mediated immune res-

ponses may occur early during microbial infections, before the full

development of acquired responses that are mediated by CD4 T cells.

In humans, Vc9Vd2 TCM cells reside in the paracortical areas of lymph

nodes, where they may become stimulated by antigen and express IL-

21R. Thus, these pre-activated cells may encounter IL-21 that is pro-

duced by CD4 T cells and, as a consequence, express a distinct set of

molecules associated with relocation to the GCs and with the pro-

vision of B-cell help. The interaction between cdFH cells, IL-21 pro-

ducing CD4 T cells and B cells in reactive secondary lymphoid tissues

is likely to have an impact on the production of high-affinity antibo-

dies against microbial pathogens.

Because ab and cd T cells recognize different types of antigens, the

presence of a subset of each of these populations that is capable of

inducing immunoglobulin secretion would provide a mechanism

whereby humoral immune responses could be elicited against a

diverse array of antigens, irrespective of the type of responding T cell.

Thus, the presence of Vc9Vd2 T cells in GCs would broaden the

repertoire of antibodies produced by responding B cells.

CHEMOKINE AND HOMING RECEPTOR EXPRESSION

FURTHER CONTRIBUTE TO CD T-CELL HETEROGENEITY

Effector T-cell function is dependent not only on the expression of

cytokines but also on the capacity of these cells to migrate to sites of

antigen encounter. T-cell migration is dependent on the expression of

chemokine receptors and integrins that determine, in a combinatorial

fashion, extravasation and positioning in different tissue microen-

vironments.46

Chemokine receptors are particularly useful for classifying T-cell

subsets that have distinct migratory capacities and effector functions.

Studies using chemokine receptors, mostly performed in CD4 T cells,

can now be translated to cd T cells. Similarly to CD4 T cells, Vc9Vd2 T

cells comprise distinct memory populations distinguishable on the

basis of surface markers, effector functions and trafficking properties.

Central memory TCM cells express CCR7 and CD62 L, home to sec-

ondary lymphoid organs and are involved in recall responses having

high proliferative and reconstituting capacity,2 whereas the so-called

Figure 1 Flexibility and plasticity of helper T cells. Initial studies arising from in

vitro cultured mouse and human cd T cells led to the idea that these subsets

behaved as lineages, meaning that the skewed phenotypes were inflexible.

Accordingly, cd T cells expressed lineage-defining transcription factors that were

sufficient to impart similarly selective cytokine production. Recent studies of cd T

cells have revealed more plasticity of cd T-cell phenotypes than that which was

predicted by earlier work. There are now circumstances in which cd T cells can

change their profile of cytokine production according to precise polarizing conditions.
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effector-memory (TEM) cells home to peripheral tissues where they

display immediate effector functions such as cytokine production and

cytotoxicity.2

Within Vc9Vd2 TEM, CXCR3 and CCR5 expression primarily

define cd1 and cd2 cells and CCR6 defines cd17 cells;8 however, no

single chemokine receptor is distinctively expressed on cd2. The dif-

ferential expression of adhesion and chemokine receptors on Vc9Vd2

T cells and the constitutive expression of the corresponding ligands in

different tissues allows for the specificity of T cells that provide sur-

veillance in different organs.47

Related to this finding, a novel pro-inflammatory human skin-hom-

ing Vc9Vd2 T-cell subset has been identified, which is characterized by

early migration to perturbed human skin in vivo, suggesting a role in

tissue immunosurveillance.48 This subset is preferentially increased in

psoriatic skin, indicating a potential clinical relevance in the pathogen-

esis of this major inflammatory skin disease. Interestingly, this popu-

lation of Vc9Vd2 T cells expresses the adhesion molecule CLA,48 which

interacts with vascular E-selectin and mediates entry into the skin.

Surprisingly, these cells do not express either CCR4,48 which is required

for the transition from the blood to the dermis, or CCR10,48 which is

required for targeting T cells from the dermis to the epidermis, where its

ligand, CCL27, is produced by keratinocytes.49 Thus, the skin-homing

Vc9Vd2 T cells differ from CD4 T cells that migrate to the skin and

express CCR4, CCR10 and CLA. Finally, the skin-homing Vc9Vd2 T

cells produce IL-17 and IFN-c, but whether these cytokines are pro-

duced by a single-cell subset or by different subsets is unknown.48

In summary, currently there is little doubt that the regulation of

homing receptor expression is an integral part of the differentiation

program of Vc9Vd2 T cells, although the exact mechanisms and pre-

cision of this regulation remain to be established.

CONCLUDING REMARKS

To understand the heterogeneity of Vc9Vd2 T cells, we propose a

classification based on distinct functional phenotypes (Figure 1) that

are each tailored to a particular class of immune responses against

different types of pathogens (Table 1). The function of each phenotype

requires a combination of molecular and cellular interactions that

includes polarizing cues (usually a single cytokine or a cytokine com-

bination), lineage-specifying transcription factors, homing receptors

and effector molecules (usually cytokines). These components have

been extensively validated for cd1 T cells and, to a lesser extent, for cd2

cells, which are involved in responses to intracellular microbes and

extracellular parasites, respectively. A more recent addition to these

functional phenotypes, namely, cd17, is required for immunity to

extracellular bacteria. For some phenotypes, there is a general con-

sensus on all or most of the above aspects, but for others, some pieces

of information are still missing. Compelling evidence for a cdFH

phenotype comes from recent in vitro data that demonstrate the cap-

ability of this cell subset to help B cells to promote antibody produc-

tion in B-cell follicles. However, as yet, there is no clear evidence on the

nature of the polarizing cues and of the lineage-determining transcrip-

tion factors of this phenotype. Similarly, while there is compelling

evidence for a role of the cdreg phenotype in regulating immune

response, there are still uncertainties as to the nature of the polarizing

stimuli and the suppressor mechanisms.

Finally, and despite still fragmentary information, it is tempting to

speculate that cd22 cells may represent an additional phenotype that is

possibly involved in epithelial homeostasis.

In conclusion, it appears that plasticity is an important part of the

cd T cell differentiation program, in that cells initially maintain a

flexible lineage differentiation, while at later stages, they may become

irreversibly committed to one lineage. Considering that in humans,

the population of Vc9Vd2 TCM cells includes uncommitted cells and

that most cells maintain cytokine flexibility, it is possible that the

expression of opposing cytokines may be induced at different times,

in different tissues, or enforced by antigen presentation together with

appropriate polarizing signals. Given the complexity of the cd T-cell

differentiation process and the heterogeneity of effector cd T cells, it is

not surprising that the emerging picture is far from complete.

More generally, the prospect of lineage commitment versus flexible

differentiation for cd T cells has implications for disease pathogenesis

and therapeutic interventions. A variety of autoimmune and allergic

inflammatory disorders are associated with the presence of particular

T-cell subsets, and these cells have a major influence on, and can even

control, the pathophysiology of these disorders. If T-cell responses are

plastic, one should be able to alter them therapeutically and thus interrupt

the disorder. Hence, a better understanding of the molecular mechanisms

that stabilize committed cytokine production may provide new thera-

peutic opportunities or revise our approaches for treating such diseases.
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