
Tec family kinases Itk and Rlk/Txk in T lymphocytes: Cross-
regulation of cytokine production and T cell fates

Julio Gomez-Rodriguez, Zachary J. Kraus, and Pamela L. Schwartzberg*

National Human Genome Research Institute, National Institutes of Health, Bethesda, MD 20892

Abstract
Developing thymocytes and T cells express the Tec kinases Itk, Rlk/Txk and Tec, which are
critical modulators of T cell receptor signaling, required for full activation of phospholipase C-γ
and downstream Ca2+ and ERK-mediated signaling pathways. Over the last 10 years, data have
implicated the Tec family kinases (TFKs) Itk and Rlk/Txk as important regulators of cytokine
production by CD4+ effector T cell populations. Emerging data now suggest that the TFKs not
only influence cytokine producing T cell populations in the periphery, but also regulate the
development of distinct innate-type cytokine-producing T cell populations in the thymus.
Together, these results suggest that the TFKs play critical roles in helping shape immune
responses via their effects on the differentiation and function of distinct cytokine-producing,
effector T cell populations.
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Introduction
Among the key players in intracellular signaling in lymphocytes are the Tec family kinases
(TFKs), which include Tec, Btk (Bruton’s tyrosine kinase), Itk (IL-2 inducible T cell kinase,
also known as EMT or TSK), Rlk (Resting Lymphocyte Kinase, also known as Txk) and
Bmx (Etk). These kinases are activated by a wide variety of surface receptors including
antigen, cytokine, chemokine, G-protein coupled, and Toll-like receptors as well as integrins
[1]. Three TFKs are expressed in the T cell lineage, Itk, Rlk/Txk and Tec, which are found
in both thymocytes and mature T cells. Itk is expressed at the highest levels, followed by
Rlk/Txk and then Tec. Consistent with these levels of expression, Itk has the greatest effects
on T cell function, where it plays a major role in T cell receptor (TCR) signaling.

Although BTK was the first tyrosine kinase associated with a primary immunodeficiency,
X-linked agammaglobulinemia (XLA) in humans, and X-linked immunodeficiency (XID) in
mice, [1,2], ITK has only recently been implicated in a human primary genetic immune
disorder. A homozygous missense mutation in ITK was found in two patients with a fatal
EBV-associated lymphoproliferative disorder [3]. Nonetheless, mice deficient in the TFKs
Itk or Itk and Rlk/Txk show altered T cell development and impaired mature T cell effector
function, highlighting the importance of this family in T cells [1]. Additionally, altered
expression of Tec kinases has been found in pathological states. Patients with atopic
dermatitis, a Th2 mediated disease, exhibit increased Itk expression in T cells [4].
Conversely, increased expression of Rlk/Txk has been reported in patients with Behcet’s
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disease, an inflammatory disorder associated with increased inflammation and Th1 cytokine
production [5]. These results suggest that Tec kinase contribute to human diseases involving
distinct types of T cell activation and cytokine production. In this review, we will cover the
roles of Itk and Rlk/Txk in T cell receptor signaling, with an emphasis on how they
influence the development and differentiation of discrete cytokine producing T cell
populations.

Structures of the TFK expressed in T cells
Itk, Rlk/Txk and Tec are structurally similar, having a carboxy-terminal kinase catalytic
domain, preceded by Src Homology 2 (SH2) and SH3 protein interaction domains that are
important for kinase regulation, and a Tec homology domain (TH), containing one or two
proline-rich regions that interact intra- or inter-molecularly with SH3 domains [1]. Like
most TFKs, Itk and Tec have N-terminal pleckstrin homology (PH) domains that interact
with phosphoinositides, as well as other proteins, and are important for membrane targeting.
In contrast, Rlk/Txk has a palmitoylated cysteine-string motif, which serves to localize the
kinase. Rlk/Txk also has a shorter form that lacks the cysteine string and localizes to the
nucleus. The majority of Rlk/Txk, as well as a smaller fraction of Itk and Btk, translocate to
the nucleus upon antigen-receptor activation. Whether these features contribute to distinct
biological roles for Rlk/Txk is unknown.

TCR signaling
Recognition of antigen-MHC by the TCR leads to a cascade of signaling events initiated by
the activation of the Src-family kinase Lck, which phosphorylates immunoreceptor tyrosine
activation motifs (ITAMS) on the intracellular domains of CD3, leading to the recruitment
and activation of ZAP-70 [6]. ZAP-70, in turn phosphorylates the adaptors LAT and
SLP-76, which serve as a platform for recruitment of GRB2, Vav1, Itk (and likely Rlk/Txk),
PLC-γ1, Nck, WASP, and other molecules into a TCR signaling complex or signalosome.
How this complex changes dynamically and in different activation states of T cells remains
an important question. In conjunction with costimulation through CD28, TCR signaling also
activates Phosphoinositide 3-kinase (PI3K), which catalyses the accumulation of
phosphatidylinositol (3,4,5)-triphosphate (PIP3).

The initial step in the activation of TFKs upon TCR engagement requires recruitment to the
cell membrane. In the case of Itk and Tec, recruitment is mediated by binding of PIP3, the
product of PI3K, to the PH domain [1]. Itk interacts with the LAT-SLP-76 complex via
binding of its SH2 domain to phosphorylated Y145 on SLP-76 in collaboration with other
interactions. Itk is then activated by phosphorylation by Lck. Interactions with SLP-76 are
required for full kinase activity [7]. Data suggest that Tec may play a more important role in
restimulated T cells and indeed, expression of Tec is dramatically increased upon T cell
activation [8].

Parallel to studies of Btk in B cells, the best described target for Itk is phospholipase Cγ1
(PLCγ1) which is activated to hydrolyze phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2),
producing the second messengers inositol trisphosphate (IP3) and diacylglycerol (DAG) [1].
IP3 induces Ca2+ flux, which is required for activation of Calcineurin and the downstream
transcription factor Nuclear Factor of Activated T cells (NFAT). DAG activates Protein
Kinase C’s (in conjunction with Ca2+), as well as Ras-GRP, a major activator of the Ras-
Raf-ERK pathway in T cells. Mutation of Itk prevents full activation of Ca2+ mobilization
and ERK activation—these defects are worsened by mutation of both Rlk/Txk and Itk [9].
Mutations affecting Itk also affect TCR-driven actin polarization, a critical step in T cell
activation [1]. This effect appears to be kinase-independent, likely resulting from disruption
of stability of the guanine nucleotide exchange factor Vav1 in the LAT-SLP complex [10].
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Such observations demonstrate the integrative nature of signaling complexes, where
disruption of one component may secondarily affect others, and highlight the non-linear
fashion of TCR signal transduction cascades.

In contrast with more proximal components of TCR signaling complex, deletion of which
prevents downstream consequences of TCR stimulation, Itk-deficient T cells show reduced,
but not absent responses to TCR stimulation. For example, depending on the experiment and
likely the conditions of stimulation, TCR-induced tyrosine phosphorylation of PLCγ1 and
Ca2+ mobilization are not absent, but rather reduced in thymocytes and mature T cells from
Itk−/− and Rlk−/−Itk−/− mice [1,9]. Although TCR signaling defects in Rlk−/−Itk−/− T
lymphocytes are more pronounced than in T cells deficient in only Itk, these cells still can
develop functional responses [1]. These partial defects suggest that Itk- and Rlk-deficient
mice are useful tools to examine T cell function under conditions of impaired TCR
signaling, particularly effects on distinct types of immune responses elicited by different
pathogens and immune stimuli.

Effects on T helper cell differentiation and cytokine production
Adaptive immune responses involving B and T lymphocytes are important components of
the immunological toolbox elicited upon infection by pathogens or other immune
challenges. Adaptive immune responses are shaped in part by cytokines expressed by the
differentiation of CD4+ T cells into distinct effector T cells. These subsets include Th1, Th2,
and Th17 cells, which produce different cytokines that drive distinct types of immune
responses [11]. Th1 cells express IFN-γ and TNF-α, cytokines important for activating
cellular immune responses and driving responses against intracellular pathogens. Th2 cells
generate IL-4, IL-5, IL-10, IL-13, which are important for barrier function and the
elimination of extracellular parasites, but which also provide help for humoral (B cell)
responses. Th17 cells are a more recently identified subset of T helper cells that secrete
IL-17A, IL17F, IL-21, and IL-22, and play important roles in the eradication of extracellular
pathogens, particularly bacteria. Despite their beneficial roles, dysregulation of these CD4 T
effector cells may have pathological consequences. Excessive Th1 responses have been
associated with autoimmune and inflammatory disorders. On the other hand, evidence in
humans and in mouse models has demonstrated that enhanced Th2 cytokine production is
involved in atopic diseases, including allergies and asthma. Th17 responses are highly pro-
inflammatory and have been linked to autoimmune diseases in both humans and mouse
models, many of which were initially considered be primarily mediated by Th1 cells. More
recently, it has been appreciated that there are other subfamilies of cytokine producing
populations, including those expressing IL-9 and IL-22, as well as follicular T helper cells
that express high amounts of IL-21 and provide help for B cells in the germinal center.
Finally, another effector CD4+ cell population, regulatory T cells (Tregs) plays important
roles in maintaining immune homeostasis and preventing autoimmunity. These regulatory
cells can either develop in the thymus or differentiate in the periphery.

The central role of cytokines in driving the differentiation of these subsets has been an active
area of research [11]. Th1 cells are driven in large part by IL-12 produced by dendritic cells,
which drives IFN-γ expression, leading to the induction of T-bet, a master transcription
factor regulating this lineage. For Th2 cells, IL-4 produced by CD4+ T cells, as well as
innate cells such as basophils and the recently described nuocyte, plays a critical role in
driving its own expression as well as amplification of expression of their master regulator
GATA-3. For Th17 cells, TGF-β1 in the presence of IL-6 initiates differentiation of murine
CD4 cells, leading to expression of the master transcription factor RORγt through an
amplification cycle involving IL-21. In contrast, TGF-β1 in the presence of IL-2 and low
levels of inflammatory cytokines, can drive differentiation of regulatory T cells, required for
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the prevention of autoimmunity. The balance between these cytokine-producing populations
therefore helps regulate proper immune responses in the absence of immunopathology.

However, the view that differentiation of CD4 T cells commits cells into distinct lineages is
being questioned in light of recent studies that have shown plasticity in cytokine production
and chromatin modifications among the different subsets of T helper cells [12]. Thus,
understanding the signaling pathways that influence the differentiation of these different
subsets of T helper cells may provide insight into the cross-regulation of these cytokine
producing populations. Such knowledge may also contribute to our ability to manipulate the
immune system for therapeutic approaches to diseases with immune components.

While the roles of cytokines in differentiation of CD4+ cells have been extensively studied,
CD4+ T cells also need to be activated through their T cell receptors in order to become
effector cells. Although less appreciated, modulation of TCR signaling duration or intensity
can profoundly influence patterns of cytokine production [11]. This has probably been best
evaluated in the differentiation of Th1 and Th2 cells, where high antigen dose has been
shown to lead to IFN-γ production and low antigen or altered peptide ligands that induce
partial TCR signaling preferentially induce IL-4 production [13]. However, it is likely that
TCR signaling also influences other patterns of cytokine production, since CD4+ T cell
polarization is likely to result from the integration of multiple signaling pathways. In this
regard, the TFKs have come to the light for their roles as potential regulators of cytokine
production downstream of TCR stimulation. Such studies reveal that mutation of the TFKs
can profoundly influence the development, differentiation and function of cytokine
producing CD4+ T cells.

Tec family kinases in Th1 and Th2 differentiation
A number of studies have addressed the role played by Itk and Rlk/Txk in the regulation of
cytokine producing populations in vivo during pathogen infections and in allergic models.
Initial studies with Itk-deficient mice on the Balb/c background revealed that Itk−/− mice
were unable to mount the Th2-response characteristic of a Leishmania major infection.
Instead, a Th1 response was generated, which cleared the infection [14]. Defects in Th2-
responses in Itk-deficient mice were also found in response to Nippostrongylus brasiliensis
[14] and Schistosoma Mansoni where Th1 cytokines could be observed [15], as well as in
models of allergic asthma [16]. Thus, in multiple settings, Itk-deficient mice are unable to
mount effective Th2 responses in vivo.

Similar to the in vivo studies, CD4+ T cells from Itk−/− produced reduced levels of Th2
cytokines during in vitro skewing [14,15,17]. Reduced TCR-induced NFAT activation in
Itk−/− or Rlk−/−Itk−/− mice has been reported which may contribute to these defects [14,15].
However, subsequent work indicated that responses to the initial signals required for Th2
cytokine production were not affected in Itk-deficient T cells, which showed normal early
levels of mRNAs encoding GATA 3 and IL-4, but failed to produce high levels of Th2
cytokines upon TCR restimulation [17,18]. Such work suggests that Itk is required for the
maintenance or amplification of full Th2 effector cytokine production but not for the initial
response to Th2 signals. These results support the idea that it is the pattern of Tec kinase
expression in Th2 cells that may be responsible for these phenotypes, an idea that would be
consistent with the extremely low levels of Rlk/Txk expressed in these cells (see below).

Surprisingly Rlk−/−Itk−/− mice could mount Th2 cell responses in response to challenge with
Schistosoma mansoni, expressing near normal levels of Th2 cytokines [15]. Moreover, while
Itk-deficient mice showed only moderately impaired responses toward infection with
Toxoplasma gondii, a strong Th1-cell-inducing pathogen, pronounced defects were observed
in Rlk−/−Itk−/− mice [9]. The differences in Th1 and Th2 responses observed in Itk−/− and
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Rlk−/−Itk−/− mice in these in vivo infectious models remain to be elucidated. One possible
explanation is that there may be distinct polarizing effects of these Tec kinases. Rlk/Txk
overexpression has been found to increase IFN-γ production in human T cells: this effect
appears to be secondary to direct effects of Rlk/Txk binding to a region of DNA upstream of
the Ifnγ gene up-regulating Ifnγ message [19], an intriguing finding given the predominant
nuclear localization of Rlk/Txk upon TCR activation. However, Rlk−/− mice showed only
minor defects in response to T. gondii, and have relatively normal Th1 cell cytokine
production in vitro [9,20]. Alternatively, these findings may be the result of compensatory
mechanisms involving Rlk/Txk and Tec, which display different patterns of expression in
Th-cell subsets. Indeed, Rlk/Txk is expressed at very low levels in Th2 cells [1].
Furthermore, expression of an RlkTxk transgene in Itk−/− mice rescues defective Th2
responses in Itk-deficient mice in response to either a murine allergic asthma model or
challenge with eggs of S. mansoni [20]. Together, these studies suggest that Rlk/Txk may
potentiate expression of either IFN-γ or IL-4 and its functions may depend on its patterns of
expression.

Despite uncertainties in the mechanisms behind these in vivo observations, it remains clear
that mutation of Itk profoundly affects Th2 responses in vivo. For this reason, numerous
drug companies have considered Itk as a potential therapeutic target for asthma and other
diseases of hypersensitivity [21].

Itk and Th17 cytokine expression
A number of studies have focused on identifying the factors involved in the differentiation
and function of Th17 cells, which have recently been appreciated due to their involvement in
autoimmune pathology [22]. These cells produce IL-17A, IL-17F, IL-21 and IL22, cytokines
that have proinflammatory effects and lead to recruitment of neutrophils and other
inflammatory cells [11]. We have recently found a role for Itk in the regulation of Th17-
associated cytokines [23]. Under in vitro Th17 differentiation conditions, CD4+ T cells
deficient in Itk showed several-fold reductions in IL-17A production; this defect is even
more profound in T cells deficient in both Itk and Rlk/Txk. Although Itk−/− mice exhibit
altered thymic development (see below), re-expression of Itk by retroviral transduction into
activated Itk−/− CD4+ cells rescues IL-17A production, arguing that this defect is uncoupled
from developmental alterations.

Further analysis revealed an almost 10-fold reduction in Il17a message in differentiated
Itk−/− CD4+ T cells [23]. However, surprisingly, mRNA levels for the genes encoding the
master transcription factor RORγt and of the other Th17-associated cytokines such as Il17f,
Il21, and Il22 were not affected to the same extent. Notably, expression of Il17a was
preferentially decreased compared to that of Il17f, which are encoded by closely linked
genes. Similar results were seen in vivo in an allergic asthma model. Interestingly, the same
patterns were also observed in CD4+ T cells stimulated with low dose anti-TCR stimulation
or in cells stimulated in the presence of low doses of the immunosupressants Cyclosporin or
FK-506 [23], which inhibit Calcineurin and activation of NFAT [6]. Consistent with the idea
that the defect in IL-17A production is due to a defect in TCR-driven NFAT activation,
software analyses showed that the Il17a promoter has a cross species conserved potential
NFAT binding site. Moreover, occupation of this site was observed by chromatin
Immunoprecipitation (CHIP) in WT but not in Itk−/− cells. Finally, IL-17A expression by
CD4 T cells lacking Itk was rescued by Ionomycin, a Ca+2 ionophore (known to rescue
TCR-mediated defects in Ca2+ mobilization in Itk−/− T cells) or by a retroviral transduction
of a constitutively-activated NFATc1 [23].
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These studies suggest that effective expression of IL-17A requires strong TCR signaling,
parallel to what has been seen for Th1 differentiation. Given that IL-17A is much more
inflammatory than IL-17F, such results suggest that TCR signaling amplitude (or duration/
quality) may provide a second level of regulation for the production of proinflammatory
cytokines. Moreover, since recent data suggest that both cytokine and TCR signaling may
affect regulatory T cell differentiation, it will be of interest to see the role of the TFKs in
regulating the differentiation of this subset.

Together, these studies suggest that the TFKs, particularly Itk, but also Rlk/Txk, play
influential roles in the regulation of CD4+ effector T cell cytokine production that help
shape immune responses (Figure 1). Given the increased expression of Tec kinase observed
in certain human diseases, the TFKs may have important therapeutic potential for modifying
the course of these diseases, while not preventing full immune activation. Moreover, recent
data suggest that the TFKs also play important roles in the thymic development of cytokine
producing populations that also play key roles in shaping immune responses, implicating
Tec kinase signaling in multiple levels of regulation of cytokine production.

Itk and the regulation of Cytokine producing Innate T cell populations
The contributions of TFKs to peripheral T cell activation and effector function have been
well established. However, TFKs members are also critical modulators of T cell
development in the thymus, where they contribute to the development of cytokine producing
populations. Itk in particular, is inexorably linked to the regulation of the development of
conventional and innate T cell subsets (Figure 2) [24–27]. Initial observations noted a clear
decrease in overall number of thymocytes in Itk-deficient mice [1]. Because Itk is a major
signaling component of TCR signaling, initial attention was focused on its roles in
thymocyte selection. Itk-deficient mice crossed to mice expressing either MHC class I or
MHC class II-restricted TCR transgenes revealed defects in positive selection, which were
worsened in mice deficient in both Rlk/Txk and Itk. Experiments with TCR transgenic mice
that evaluate negative selection also revealed defects. In Rlk−/−Itk−/− male HY+ transgenic
mice, negative selection could be partially converted to positive selection so that a
population of T cells expressing high levels of the transgenic TCR were found in the
periphery [1,28].

While a defect in positive selection may contribute to the over all decrease in total
thymocytes in Itk−/− mice, there were hints that Itk had additional effects on thymocyte
development. Closer examination of the thymocytes in Itk mice showed that although the
cellularity of the thymus is reduced, the CD8 single positive (SP) thymocyte population is
significantly expanded [1]. This effect was not observed in Rlk-deficient mice, although
deficiency of both Rlk/Txk and Itk exacerbated the phenotype. Furthermore, the CD8 SP
thymocytes in Itk-deficient mice were phenotypically and functionally distinct from the bulk
of CD8 SP cells in normal mice [24–27]. The expanded population of CD8 SP thymocytes
express αβ TCRs, but unlike conventional CD8 SP thymocytes, these cells expressed high
levels of surface CD44 and CD122, as well as the transcription factor Eomesodermin, all of
which are typically associated with memory CD8 T cells that develop in the periphery after
exposure to antigen. CD8 SP thymocytes from Itk-deficient mice also rapidly produced IFN-
γ when stimulated with PMA and ionomycin, whereas wild type controls did not,
demonstrating that these cells were functionally distinct from most conventional CD8 SP
thymocytes [24,25]. Additional analyses identified these cells as innate αβ TCR-expressing
T cells that normally exist in very small numbers in wild type mice and which are important
early responders to infection. These studies suggested that Itk, by modulating TCR signal
strength and/or perhaps some other signaling pathway, was actively involved in suppressing
the development of innate cytokine producing CD8 SP thymocytes in normal mice.
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Intriguingly, unlike conventional T cells, innate CD8+ T cells in Itk-deficient mice did not
require interactions with thymic stromal epithelial cells for their positive selection/
development, but rather required interactions with other hematopoietic cells [25,29].
Selection through interactions with other hematopoietic cells is not a phenomena unique to
CD8+ innate T cells. Invariant NKT cells that are selected by CD1d, as well as some other
MHC Class Ib-selected innate-type T cells, are selected by hematopoietic cells [30].
Development of iNKT cells also requires homotypic interactions between members of the
Signaling Lymphocyte Activation Molecule (SLAM) family of receptors [31], which are
expressed on hematopoietic cells, as well as their downstream adaptor molecule, SLAM-
Associated Protein (SAP) [32]. As its name implies, SAP is an integral component of
signaling downstream from SLAM family members. Experiments using Itk/SAP double
deficient mice demonstrated that SAP was also required for the development of innate CD8+

T cells in Itk-deficient mice, suggesting that SLAM family member interactions are required
for innate CD8+ T cell development or expansion [29].

Although the expansion of thymocytes with innate characteristics in Itk mice is most
dramatic in the CD8 SP population, there is also a smaller population of innate-type CD4+

cells [25,33], which are dependent on SAP for their development (P. L. Schwartzberg,
unpublished data). A subset of these CD4 SP cells produce large quantities of IL-4, and
express the transcription factor promyelocytic leukemia zinc finger (PLZF) [34,35] which
drives the acquisition of innate characteristics in NKT cells [36,37]. Although it was initially
unclear why developing CD8 SP cells were more affected by Itk deficiency than CD4 SP
cells, emerging data argues that the large numbers of innate CD8 cells develop in these mice
in response to cytokines produced by the innate CD4+ T cells. These studies were based in
large part on studies of mice deficient in the transcription factor Krupple-like factor 2 (Klf2)
in which similar populations were observed [34].

Mice deficient in Klf2 have increased numbers of CD8 SP thymocytes that resemble the
innate CD8 cells in Itk−/− mice. Intriguingly, work from the Hogquist and Jameson
laboratories had shown that this phenotype was not cell-intrinsic, but was a result of
increased IL-4 production in the thymus leading to induction of Eomesodermin [34,38].
Using a similar mixed bone marrow chimera strategy, these groups went on to demonstrate
that development of Itk−/− innate CD8+ T cells also occurred by a non-cell autonomous
mechanism [34]. In contrast, expansion of the PLZF+, IL-4-producing CD4+ cells appeared
to be cell autonomous. Generation of Itk-deficient lacking the IL-4 receptor a (IL-4Rα) or
PLZF prevented development of innate CD8 cells [34]. It therefore appears that Itk regulates
the development of CD8 cells indirectly by influencing the development of IL-4-producing
PLZF+ CD4+ cells. Because Itk−/− innate-type CD8 SP thymocytes are also dependent on
IL-15 [24,26] the expansion of innate CD8 SP thymocytes may be a process requiring
sequential steps of cytokine exposure and sensitivity which is initiated by IL-4, leading to
upregulation of the IL-4Ra and perhaps Eomesodermin, which then directly enhances
CD122 expression and memory characteristics including dependency on IL-15 [30,34]. This
mechanism may not be limited to Itk−/− and Klf2−/− mutant mouse strains: further analyses
suggests that PLZF+ CD4 cells may contribute to the regulation of the levels of memory-
phenotype CD8+ T cells in other gene-targeted mice, including those carrying mutations
affecting the Inhibitor of differentiation 3 transcription factor (Id3−/−), as well as the Balb/c
strain of mice [34,39]. Since Id3 is regulated by Early growth response (Egr)2/3,
downstream targets of ERK activation that show decreased induction in Itk−/− T cells [40]
these molecules may define a pathway that regulates the frequency of innate T cell
populations.

Itk also affects the development of other innate lymphocyte lineages that rapidly produce
cytokines upon activation [41]. Itk-deficient mice show increased percentages and numbers
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of a CD4+NK1.1+γδ T cell population that expresses high quantities of IL-4 and are PLZF+

[42]. This population is classified as γδ NTK cells in normal mice. These cells appear to be
important for driving the high levels of IgE observed in Itk−/− mice; elimination of these
cells in Itk−/−TCRδ−/− mice normalized IgE levels [42,43]. Whether Itk contributes to the
regulation of these different innate T cells through regulation of PLZF expression or at an
earlier stage of their development is not clear.

In contrast, development of invariant NKT (iNKT) cells is impaired in Itk-deficient mice.
Those iNKT cells that arise possess an immature phenotype and are impaired in their
capacity to produce cytokines upon stimulation [44]. Why Itk differentially affects these
innate cells is not clear, but may reflect a need for continued TCR stimulation for iNKT
maturation, proliferation and survival. Thus, it is intriguing that not all PLZF+ innate T cells
are equally affected by loss of Itk.

Finally, there is evidence that in addition to SLAM family members, CD28 signaling also
plays an important role the development of innate T cells in Itk−/− mice [29]. CD28/Itk
double-deficient mice still develop large numbers of CD8 SP thymocytes that are selected
on hematopoietic cells. However, the CD8 SP thymocytes in CD28/Itk double-deficient
mice do not upregulate CD44 and CD122, nor do they produce IFN-γ when stimulated [29].
These results suggest that CD28 is not required for the accumulation of Itk−/−CD8 SP
thymocytes but is required to acquire the innate phenotype. One mechanism by which CD28
signaling could be involved in innate T cell development is through regulating PLZF
expression in CD4 SP cells, which has been reported to be affected by TCR signaling [45].
However, there are conflicting data on the effects of TCR signaling on PLZF expression.
While some data suggest that high TCR signaling is required to induce PLZF [45], mice
carrying mutations in Itk or SLP-76 exhibit impaired TCR signaling, yet have increased
populations of PLZF-expressing cells. One possible way to reconcile these data is if many of
these PLZF-expressing cells are normally deleted, but are deleted inefficiently in the
absence of Itk. CD28 can also affect negative selection, and its absence may allow increased
numbers of CD8 SP cells, yet prevent effective signaling for driving PLZF expression.
Alternatively, CD28 may be involved directly by modulating signaling in the developing
innate CD8 SP thymocytes themselves.

Concluding Remarks
These recent studies of thymocyte development clearly demonstrate a major role for Itk in
regulating the balance of conventional and innate T cells (Figure 2). While much remains to
be understood on the generation of innate T cell populations, it is intriguing that both in the
periphery and in the developing thymus, Itk plays a major role in the regulation of CD4+

cytokine producing populations. These observations suggest that Itk’s effects on TCR
signaling and perhaps other signaling pathways play critical roles in helping shape immune
responses by influencing the differentiation and homeostasis of cytokine-producing T cells.

Whether common themes are involved in these different differentiation decisions is not yet
clear. Such common effects may involve activation of NFAT transcription factors, as has
been seen for Th2 and Th17 cytokine regulation, or the regulation of ERK, which can affect
both Th2 cytokines and thymocyte selection [11]. Alternatively or in addition, effects on cell
death may influence decisions both in the thymus and in the periphery—Itk-deficiency has
been found to impair TCR-induced cell death [40]. Finally, one intriguing possibility is that
Itk could influence signaling through SLAM family receptors, which are known to affect
both innate T cell development and regulation of effector cytokine production. What is clear
is that the TFKs play important roles in the regulation of critical cytokine producing
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populations, suggesting that these kinases may be important therapeutic targets for
modulating immune responses.

Abbreviations

BTK Bruton’s tyrosine kinase

CHIP chromatin immunoprecipitation

DAG Diacylglycerol

(Egr)2/3 Early growth response 2/3

Id3−/− Inhibitor of differentiation 3 transcription factor

IL-4Rα IL-4 receptor α

iNKT invariant Natural Killer T cell

IP3 inositol trisphosphate

ITAMS immunoreceptor tyrosine activation motifs

ITK IL-2 inducible T cell kinase

Klf2 Krupple-like factor 2

NFAT Nuclear Factor of Activated T cells

PLZF promyelocytic leukemia zinc finger

PH pleckstrin homology

PI3K Phosphoinositide 3-kinase

PIP3 phosphatidylinositol (3,4,5)-triphosphate

PLCγ1 phospholipase Cγ1

PI(4,5)P2 phosphatidylinositol 4,5-bisphosphate

Rlk Resting lymphocyte kinase

SAP SLAM-Associated Protein

SH2 Src Homology 2

SP single positive

SLAM Signaling Lymphocyte Activation Molecule

TCR T cell receptor

TFK Tec family kinases

TH Tec homology domain

Tregs regulatory T cells

XLA X-linked agammaglobulinemia

XID X-linked immunodeficiency
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Figure 1.
TFKs influence cytokine production by CD4+ effector T cell lineages. CD4+ T cells
differentiate into distinct cytokine producing effector lineages. Itk has been shown to affect
Th2 and Th17 cytokine expression. Rlk/Txk has been proposed to promote expression of
IFN-γ, a Th1 cytokine. The contribution of Tec to these lineages has only recently been
appreciated.
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Figure 2.
Itk influences the balance of conventional and innate T cell lineages. In the absence of Itk,
there is a reduction of conventional CD4+ and CD8+ cells and an expansion of innate CD4+

and CD8+ T cell lineages that rapidly produce cytokines upon activation. These innate cells
contribute to immune homeostasis, responses to infection and the balance of memory-
phenotype CD8+ cells in mice.
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