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Abstract
Appropriate control of infection depends on the generation of lymphocytes armed with a particular
array of cytokine and chemokine effector molecules. The differentiation of naïve T cells into
functionally distinct effector subsets is regulated by signals from the T cell receptor (TCR) and
cytokine receptors. Using gene knock-out approaches, the initiation of discrete effector programs
appears differentially sensitive to the loss of individual TCR signaling components; likely due to
differences in the transcription factors needed to activate individual cytokine genes. Less well
understood however are the signal requirements for the execution of effector function. With a focus
on Th2 cells and the kinase Itk, we review recent observations that point to differences between the
signals needed for the initiation and implementation of cytokine programs in CD4+ T cells. Indeed,
Th2 effector cells signal differently from both their naïve counterparts and from Th1 effectors
suggesting they may transduce activation signals differently or may be selectively receptive to
different activation signals. Potential regulation points for effector function lie at the level of
transcription and translation of cytokine genes. We also discuss how provision of these execution
signals may be spatially segregated in vivo occurring at tissue sites of inflammation and subject to
modulation by the pathogen itself.

Introduction
The control of microbial infection by CD4+ T cells depends on the acquisition and delivery of
appropriate effector function to the infection site. Gain of function, the ability to produce a
restricted set of effector molecules such as cytokines and chemokines, is attained upon initial
T cell activation and differentiation in the lymph node draining the site of infection. Once
armed, the effector cells home to the site of infection guided by chemokine and adhesion cues
and require re-activation at the infection site to exert their anti-microbial functions. Some of
those effector cells will receive additional signals (as yet ill-defined) that support long term
survival as functional memory cells. Since the initial description of functionally distinct CD4
+ T cell subsets (Th1 and Th2) by Mosmann and Coffman in the 1980’s, we have gained
enormous molecular insight into the signaling and transcriptional regulation that controls the
initial differentiation of naive CD4+ T cells into distinct subsets: Th1, Th2, Th17 and induced
regulatory T cells (iTreg) [1]. However the signals that the effector T cells require for the
synthesis and secretion of effector molecules at the infected tissue site are poorly understood.
Nonetheless, a number of studies highlight that the signaling requirements for expression of a
given cytokine gene differ in naïve and effector/memory T cells [2–4]. A better understanding
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of the regulation of effector T cell function should help in the design of therapeutic strategies
to promote or suppress immune function at peripheral sites of inflammation.

Rapid cytokine production by effectors
The hallmark of effector and memory cells is their ability to rapidly express and secrete high
levels of effector cytokines in response to antigen stimulation. High-level cytokine production
appears critical for effective immune function. Indeed, in a detailed study by the Seder group
designed to define the immune criteria for effective vaccine strategies, the amount of cytokine
produced by individual effector cells positively correlated with vaccine efficacy [5]. The
mechanisms that facilitate this heightened response are poorly defined. Production of Th2
cytokines at high levels has been linked to chromatin remodeling at three conserved noncoding
sequences in the IL-4 locus: the CNS-1 region, the inducible DNase I hypersensitivity (DHS)
site VA and adjacent CNS-2 region and the conserved intron 1 sequence of IL-4 (CIRE) [6–
8]. Deletion of the CNS-1 regulatory region in mice led to a modest (2–4 fold) reduction in
IL-4, IL-5 and IL-13 production by Th2 cells (but not in mast cells) that compromised the
ability of mice to mount Th2 responses to a variety of infections, implicating a general role for
the region in transcription of cytokines in the IL-4 locus in CD4+ T cells [6]. The inducible 3′
enhancer (DHS VA) is essential for high-level IL-4 production in both ‘mature’ Th2 cells and
mast cells [7]. This region binds both GATA3 and NFAT1 suggesting TCR signals that fail to
support the activation of these transcription factors will strongly impact the amount of IL-4
produced by Th2 effectors. Indeed, continued expression of GATA3 in Th2 effectors is critical
for high-level Th2 cytokine production revealed by a number of conditional deletion
approaches [9–11]. GATA3 does not appear to be essential for the enforcement of the
remodeled chromatin structure in Th2 cells but plays an important role in the transcription of
Th2 cytokine genes, possibly through binding to the inducible 3′ enhancer and the intronic
regulatory element CIRE for IL-4 and the promoter region of IL-5 and IL-13 [12]. In contrast,
the Mixed-Lineage Leukemia (MLL) gene, a mammalian homologue of the Drosophila
trithorax a epigenetic transcriptional regulator, has been implicated in function of Th2 memory
cells at the chromatin level [13]. MLL was not required for the induction of the Th2 lineage
or IL-4 production in effector cells but was required for maintaining histone modifications at
the GATA3 and Th2 locus necessary for optimal IL-4 production in memory Th2 cells. In
addition, a recent study shows that memory T cells maintain higher levels of NFAT protein
expression than do naïve cells [2], suggesting that resting memory T cells may be poised for
transcription by virtue of an enhanced pool of available transcription factors. Thus a
combination of greater accessibility for transcription of specific cytokine genes and the
increased expression of transcription factors such as NFAT may assist in the rapid production
of cytokines by effector T cells.

Distinct biochemical responses to TCR engagement in Th2 effectors
During the differentiation process from naïve to effector, Th1 and Th2 cells begin to utilize
different TCR-driven signaling components (Figure 1). Unlike Th1 cells, Th2 cells loose the
ability to induce a high and sustained calcium flux and have reduced TCR-triggered tyrosine
phosphorylation [14–17]. Both a difference in Ca2+ clearance from the cytosol and smaller
Ca2+-activated K+ currents contribute to the lower Ca2+ response in Th2 cells [18]. Poor
proximal signaling in Th2 cells can partly be explained by a decrease in the expression of CD4
on the cell surface. Th2 cells have been found to express 2-fold less CD4 on their cell surface
than Th1 cells [17] and to poorly recruit CD4 to lipid rafts on TCR ligation [19]. The functional
significance of this reduction in CD4 was revealed by restoration of CD4 expression levels in
Th2 cells using retroviral transfer [17]. Th2 cells expressing CD4 levels comparable to that of
Th1 cells showed more robust protein tyrosine phosphorylation and elevated Ca2+ signaling.
The rationale for decreased CD4 expression in Th2 cells remains to be determined.
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Interestingly, targeted deletion of CD4 renders CD4 cells unable to differentiate into Th2 cells
but leaves Th1 responses intact [20]. Therefore while Th2 cells express less CD4 on their
surface they appear more dependent on that CD4 pool for effector function than Th1 cells.

Expression of distinct TEC-family kinase members in T effectors provides an additional level
of differential control of TCR signaling. The TEC-family kinases are important amplifiers of
the calcium flux through activation of PLCγ, amongst other functions [21,22]. Naive CD4+ T
cells express predominantly ITK and to a lesser extent RLK and TEC. On T cell activation
RLK expression is downregulated and is only re-expressed in Th1 effectors. During Th2
differentiation, loss of RLK is accompanied by an increase in ITK expression [23]. The
resulting effector cells express ITK if Th2 and RLK and ITK if Th1. Indeed, Th2 cells are
heavily dependent on ITK for the calcium flux: ITK-deficient Th2 cells have severely
compromised calcium fluxes that correlate with the abrogation of Th2, but not Th1, effector
function [23–26]. In addition, RLK appears to directly regulate IFNγ cytokine gene expression
by translocation to the nucleus and DNA-binding to a region upstream of the IFNγ
transcriptional start-site [27,28]. Although a specific role for RLK in Th1 function remains
unclear; given RLK-deficient mice show little attenuation of Th1-dependent immune response
[29] and ectopic expression of RLK in Itk-deficient cells can rescue some Th2 effector function
[30]. Nevertheless, during differentiation the expression levels of signal components are re-set
and accompany specific effector functions on subsequent re-stimulation.

Differences in the signal transduction patterns between Th1 and Th2 cells may partly be the
result of altered immunological synapse formation. A number of studies have observed a
difference between Th1 and Th2 cells in the organization of molecules at the interface between
the effector T cell and the antigen presenting cell. The T cell receptor and CD4 were efficiently
recruited to lipid rafts in Th1 cells but not Th2 cells [19] and correlated with a decrease ability
of Th2 cells to respond to low-affinity peptide stimulation. The synapse structure in Th2 cells
differs from naïve and Th1 cells in the distribution of a number of signaling molecules including
TCR, PKCθ, CD45 and talin. In general, the synapse in Th2 cells is less organized with a failure
to form the classic ‘bulls-eye’ patterning of central TCR and peripheral ICAM/LFA-1/Talin
seen in non-polarized CD4 T cells and Th1 effectors [31]. Interestingly, these differences may
stem from expression of higher levels of CTLA-4 in Th2 cells [32]. Manipulation of CTLA-4
expression levels correlated with altered synapse organization: CTLA-4-deficient Th2 cells
were able to form ordered synapses with central TCR clustering while reintroduction of
CTLA-4 disrupted TCR clustering [32]. The functional outcome of these experimental changes
in Th2 synapse structure with respect to effector cytokine production were not explored; thus
the linkage between synapse structure, downstream signaling and cytokine production remains
obscure.

An interesting alternative explanation for differences in synapse structure in Th1 and Th2 cells
is the role of the synapse in delivery of effector molecules [33]. Seminal studies in the 1980s
provided evidence to support the idea that cytokines and cytolytic molecules were synthesized
and secreted in a directional fashion, providing a mechanism to limit bystander damage [34,
35]. Recent studies suggest that effector molecules utilize directionally distinct pathways for
secretion [36,37]. Cytokines including IFNγ appear to be secreted at the synapse while TNF
and Mip1α are secreted multidirectionally [37]. The regulation of directional secretion is not
fully understood but does correlate with the co-localization of particular cytokines with distinct
trafficking proteins of the Rab and SNARE families [37] and is aided by activation of the actin
cytoskeletal regulator the Wiskott Aldrich Syndrome protein [36]. Interestingly, IL-4 could be
secreted both synaptically and multidirectionally [37]. Extrapolating to the biological functions
of IFNγ and IL-4 (IFNγ exerting anti-microbial activity on infected target cells and IL-4 (and
IL-5) providing help for B cells and recruiting innate Type2 effectors), the synapse structure
in Th1 and Th2 cells may differ to facilitate delivery of functionally distinct effector molecules.
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How these differential signaling patterns become established and their role in effector function
is not clear. Differences in TCR affinity or amount of antigen may modulate these pathways
in natural responses to pathogens in vivo. Indeed, the extent of the differences in synapse
structure between Th1 and Th2 cells was very much context dependent in in vitro studies. The
synapse structure of Th2 effectors could be modified by the number of MHC/peptide
complexes, extent of CD80/86 expression and the type of APC [31,32]. Whether the changes
in signaling profiles play an active role in the establishment of the distinct effector fate or are
a consequence of adopting a particular effector fate has not been resolved. What the
observations do suggest however, is that Th1 and Th2 effectors (and likely Th17 and Tregs)
will have different signaling needs for activation to exert their effector function. The infected
tissue milieu will likely differentially regulate the efficiency of cytokine production, and
perhaps directionality of cytokine secretion, by each effector subset through provision of
signals by different types of antigen presenting cells, antigen dose, inflammatory cytokines
and chemokines.

Signal requirements for Th2 cells to exert effector function
Distinct signaling molecules have been identified that play critical roles in Th2 differentiation
including Itk, PKCθ, SAP, SLAM, LAT and VAV1 (reviewed in [38]). Targeted disruption of
these genes leads to defects in Th2 cytokine production in vitro and in vivo following infection
with Type 2 pathogens. Commonality in these signaling components comes from their ability
to support the activation of key transcription factors, NFATc1, NFkB p50 and/or GATA3,
essential for IL-4 production. The subsequent role these signaling molecules play in Th2
effector function is largely unknown.

We have recently shown that the interleukin-2-inducible T cell kinase (ITK) plays a critical
role in the execution, but not gain, of Th2 effector function [3] (Figure 2). ITK is a member of
the Tec family of non-receptor tyrosine kinases and plays a key role in the activation of
phospholipase C (PLC)- γ1. Therefore ITK-deficient T cells show defects in the calcium flux,
MAP kinase activation and activation of NFAT. In addition, ITK links to a number of other
signal pathways including TCR-induced actin polymerization via activation of Cdc42 and
WASp and chemokine receptor and adhesion molecule signaling for migration [21]. Mice
deficient in ITK show impaired Th2 function following infection by a number of Th2-inducing
pathogens such as Schistosoma mansoni, the nematode Nippostronglyus brasilensis and
Leishmania major on the susceptible BALB/c background [24,25] and are resistant to
experimental induced allergy/asthma [26,39]. While these in vivo models highlighted the
important requirement for ITK in Th2 responses they did not scrutinize the point at which ITK
regulated Th2 responses in the complex in vivo setting of disease. Using IL-4 reporter mice,
ITK was found to be dispensable for early IL-4 expression during Th2 differentiation but was
critical for IL-4 production in Th2 effectors both in vitro and in vivo [3]. In the absence of ITK,
the initial upregulation of gene expression for IL-4 and GATA3 during Th2 priming was intact.
Nonetheless, ITK-deficient Th2 effectors failed to upregulate IL-4 gene transcription in
response to re-stimulation through the TCR. The inability to upregulate IL-4 mRNA correlated
with a decrease in GATA3 gene expression consistent with a requirement for GATA3 in Th2
effector function. However, neither GATA3 nor NFAT retroviral add-back could singularly
restore IL-4 production in Th2 effectors suggesting multi-factoral control (Figure 2 summarizes
possible Itk-dependent regulation points). As previously discussed, changes in transcription in
Th2 primed cells may reflect a role for the signaling molecule in accelerated cytokine gene
transcription or alternatively for the maintenance of cytokine gene accessibility to transcription.
Indeed, in addition to potential transcriptional regulation of IL-4 gene expression, preliminary
analysis of histone modifications in ITK-deficient Th2-primed cells supports a role for ITK in
acetylated histone 3 at the IL-4 promoter [40].
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Our results of a stage-specific requirement for ITK in IL-4 gene expression parallel the data
from mice transgenic for a dominant negative NFAT [2]. Surprisingly, NFAT was not required
for IL-2 production in naïve cells but was essential for IL-2 production in memory T cells.
Stage-specific regulation of both IL-4 and IL-2 cytokine genes was controlled in part at the
level of transcription predicting that transcriptional requirements for a given cytokine gene can
change as the cell acquires its effector program. In support of this notion, the transcription
factor interferon regulatory factor (IRF)-4 has recently been shown to inhibit Th2 cytokine
production in naïve CD4+ T cells but to promote cytokine production in Th2 effector cells
[4]. IRF-4 can function as either a transcriptional activator or repressor depending on the
context of the DNA-binding sequences and/or the protein-interacting partners. In the context
of IL-4 gene regulation in Th2 effectors, IRF-4 in association with NFAT is predicted to act
as a transcriptional enhancer.

In addition to transcriptional control of accelerated cytokine production in effector cells, TCR
stimulation increases translational efficiency [41,42]. A detailed study by the Luban group
revealed the coordinated upregulation of translational machinery along with increased cytokine
gene expression in Th2 effector cells [41]. Increased translational efficiency was characterized
by increased transcription of rRNA and a family of genes involved in rRNA processing and
post-transcriptional regulation of the ribosomal protein subunit (RBS) through promoting
polysome loading. Both transcriptional and translational regulation of the translational
machinery was dependent on the ERK-MAPK pathway [41]. Interestingly, ERK also post-
transcriptionally controls the level of GATA3 protein in Th2 cells through inhibition of the
ubiquitin-proteasome degradation pathway [43]. Thus ERK is an important regulator of Th2
effector function at multiple levels. Another MAP kinase, p38, has also been shown to promote
cytokine production in Th2 effector cells in part post-transcriptionally through regulating IL-4
mRNA stability [44].

Additional post-transcriptional control of effector function was suggested by a provocative
study by the Locksley group proposing that during differentiation T cells may evoke the
integrated stress response (ISR) to optimize cytokine expression [42]. The ISR is conserved
from yeast to mammals and is initiated in times of stress to modulate protein biosynthesis,
down regulating translation of many mRNAs and conserving translation for key mRNAs
critical for adapting to the new environment. Translation is attenuated in the ISR through
phosphorylation of the translation initiation factor eIF2α. During Th2 differentiation, T cells
were found to activate the ISR (phosphorylation of eIF2α and increased expression of stress-
response genes) leading to translational attenuation of cytokine mRNAs [42]. Biologically,
this resulted in effector cells that contained IL-4/eGFP transcripts but produced no IL-4 protein.
On re-stimulation of the cells, presumably at sites of infection in vivo, TCR signals reverse
this translational block by de-phosphoryating eIF2α and allowing rapid cytokine synthesis. In
future studies, it will be important to define the TCR-signaling pathways critical to the
alleviation of this translation block and the status of antigen presenting cell that provides such
signals.

Regulation at sites of inflammation
While competency for IL-4 production is gained in the draining lymph node, high level IL-4
protein production appears to be spatially segregated. The use of a dual reporter system for
readouts of IL-4 transcription and protein production (eGFP and huCD2 respectively) enabled
analysis of the fidelity of transcription and protein production following infection with the Th2-
inducing pathogen Heligmosomoides polygyrus [45]. eGFP+ Th2 cells expressing constitutive
IL-4 transcripts homed from the draining lymph node to many non-lymphoid peripheral tissue
sites but did not produce IL-4 protein unless re-exposed to antigen locally in infected tissues.
We have found a similar correlation in Leishmania major infected mice, transcriptional
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upregulation and high-level protein production being restricted to the infected dermis and not
found in the draining lymph node (Katzman and Fowell, unpublished). Thus the acquisition
of effector function and the execution of effector function are kinetically, and likely spatially,
uncoupled. The infected tissue micro-environment must provide multiple signals for Th2
effector function including signals for the release of a possible translation block and for
increasing transcription and translation efficiencies. The inflammatory milieu therefore has the
potential to further edit the lymph node-generated cytokine repertoire through differential
activation of effector functions [46].

A number of extrinsic factors have recently been found to influence the magnitude of the Th2
response in peripheral tissues. The interleukin-1-like cytokine IL-33 is produced at mucosal
surfaces including the stomach, lung and skin at higher levels than the lymphoid tissue. IL-33
can potently upregulate IL-5 and IL-13 production by Th2 cells and potentiate mast cell
function [47] by virtue of binding to the IL-1 receptor ST2 that is preferentially expressed by
these cell types [48,49]. Two independent studies of allergic inflammation have also revealed
additional local control of Th2 function in non-lymphoid tissues. In one study, the thymic
stromal lymphopoietin (TSLP), a cytokine produced by epithelial cells, was found to be a potent
enhancer of Th2 cytokine secretion via the TSLP receptor expressed on T cell effectors [50].
CD4 T cells from TSLP-receptor deficient mice were primed efficiently for Th2 cytokine
production in the LN and homed to the skin normally but failed to exert effector function in
the skin. Consistent with a key role for TSLP in allergic skin inflammation, local blockade of
TSLP in the skin disrupted Th2 cytokine secretion [50]. In a second study of lung inflammation,
the tumor necrosis receptor superfamily (TNFRSF) pair TNFRSF25/TNFSF15 (TL1A) was
identified as an important trigger of both NKT and Th2 effector function [51]. TNFR25 and
its ligand TL1A can be expressed by activated T cells and NKT cells. Blocking the pathway
with an antagonistic anti-TL1A diminished Th2 cytokine production while TNFR25 co-
stimulation amplified Th2 cytokine production [51]. The potent effect of TNFR25 blockade
on lung inflammation was compounded by defects in NKT and Th2 cytokine production and
the recruitment of eosinophils. It will be interesting to determine whether the downstream
signaling pathways in CD4+ T cells activated by these cytokines feed into the regulation points
for Th2 effector function described in this review.

Most pathogens have co-evolve with their mammalian hosts therefore it is likely that the
pathogen itself will ultimately determine the efficiency of effector T cell activation in the
infected tissue. Toll-like receptor engagement on Th1 cells has been found to directly activate
IFNγ production and could be further enhanced by IL-12 [52]. There are also examples of
pathogen attenuation of Th1 effector function [46,53]. For instance, in studies of cytokine
production in the schistosome granuloma, IFNγ-producers were present the granuloma milieu
but were functionally silent until provided with activation signals ex vivo [53]. IL-4 has been
implicated in the negative regulation of these Th1 effectors [54] possibly by modulating the
magnitude of IFNγ production by Th1 effectors [55]. Less well understood is pathogen
regulation of Th2 effector function; though there are examples of both positive and negative
regulation by TLR ligands. Intrinsic to the effector cell, response to direct TLR-ligation appears
to differ between Th1 and Th2 cells. Athough TLR2 is expressed by both Th1 and Th2 cells,
TLR2 ligands directly induced effector cytokines only in Th1 cells [52]. Therefore the response
to TLR-ligation is probably context dependent. Mechanistic studies on the therapeutic
application of CpGs for the treatment of Th2-mediated allergic asthma demonstrated that CpG
treatment indirectly inhibited Th2 effector function through modifying lung antigen presenting
cells (APC) [56]. CD11c+ antigen presenting cells from the lungs of CpG-treated mice
supported the production of IFNγ but not IL-13 or IL-5 from effector/memory CD4+ T cells.
The failure to support Th2 effector function was linked to an inhibition of MHC Class II
expression and reduced costimulatory molecule expression by APC including PD-1, CD40 and
CD80/86. The specific attenuation of APC signals that support Th2 effector function by CpG,
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raises the possibility that Th1 and Th2 effector function maybe reciprocally regulated by TLRs
similarly to their cross-regulation by cytokines. Interestingly, TLR3 triggering by dsRNA and
rhinovirus infection upregulates TSLP production by epithelial cells and can amplify Th2
inflammation [57]. Therefore, respiratory viruses may exacerbate allergic inflammation
despite also inducing Th1-type immune response. Clearly the fine-tuning of efffector responses
at tissue sites of infection will be subject to many counterbalances in immune function [58].

Lately, an additional level of control has been proposed based on reprogramming of the
cytokine repertoire in Th2-primed cells. Once differentiated, the Th1 and Th2 effector subsets
have always been considered functionally inflexible, at least with respect to reciprocal cytokine
production [59]. However, a recent paper by the Stockinger group suggests that Th2 effector
cells can be further functionally modified by transforming growth factor-β (TGFβ) [60]. In
vitro generated Th2 effector cells that retained expression of IL-4 and GATA3 when
restimulated with IL-12 (Th1-conditions), lost expression of IL-4 and GATA3 and gained
expression of IL-9 when restimulated in the presence of TGFβ. The ability of TGFβ to
reprogrammed Th2 effector function, by suppressing IL-4 and IL-13 production and promoting
IL-9 production, suggests Th2 cells retain some functional flexibility. The next important step
will be to begin to define the in vivo conditions that promote this re-tuning of Th2 responses
and to define the new functional activities that accompany the production of IL-9 in the absence
of IL-4. It is tempting to speculate that the Th1 cells found at chronic infection sites that also
make IL-10 represent a similar ‘reprograming’ event for type 1 immune responses [61–63].
Moreover, current studies suggest that Th1 effector cells can autoregulate their effector activity
in chromic inflammatory settings through expression of the transcriptional negative regulator
twist1 [64]. Identification of similar mechanisms of internal control of Th2 effector function
are likely to be forth coming.

Conclusion
We know very little about the signals that regulate CD4+ T cell effector function. However
data are accumulating to support the idea that effector cells signal differently from their naïve
counterparts and that different effector cytokines require distinct signals for high-level
production. Stage-specific signaling events for high-level cytokine production may control
effector function through the maintenance of gene accessibility for transcription, transcription
enhancement and/or translational efficiency. In addition, while gain of function results from
priming in the lymph node, implementation of effector function occurs at the infected tissue
site. In the context of the inflammatory milieu, effector function is likely to be modulated by
the type and activation status of antigen presenting cells, cytokines, TLR ligands and the
presence of regulatory T cells. Understanding the cellular and molecular requirements for full
Th2 effector function (and Th1, Th17, Treg cells) in inflammatory settings will be essential
for fine-tuning immune responses. The idea that effector cell function is under a different set
of controls to naïve and differentiating cells makes site-directed targeting of immune function
an attractive and highly selective therapeutic strategy for existing pathologies.
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Figure 1.
Signaling differences in Th1 and Th2 effectors.
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Figure 2. Possible ITK-dependent control points in Th2 effector function
ITK is an amplifier of the TCR-dependent calcium flux and could modulate Th2 effector
function at a number of levels including: 1) Activation of NFAT for increased cytokine
transcription through binding to the IL-4 promoter and HSVA 3′ enhancer element; 2)
Maintenance of GATA3 expression at the level of transcription or protein stability via ERK
activation; 3) Translational enhancement via ERK; 4) Expression of AP1 and/or IL-4 mRNA
stability via p38. CNS, conserved non-coding sequence; CIRE, conserved element in the first
intron of the il4 gene; HS, DNase hypersensitivity site.
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