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SUMMARY
The development of T lymphocytes in the thymus and the function of mature T cells in adaptive
immune responses are choreographed by antigen receptors, co-stimulatory molecules, adhesion
molecules, cytokines and chemokines. These extrinsic stimuli are coupled to a diverse network of
signal transduction pathways that control the transcriptional and metabolic programs that
determine T cell function. At the core of T lymphocyte signal transduction is the regulated
metabolism of inositol phospholipids and the production of two key lipid second messengers:
polyunsaturated diacylglycerols (DAG) and phosphatidylinositol (3,4,5) triphosphate (PI-(3,4,5)-
P3). The object of the present review is to discuss facts, controversies and unresolved issues about
DAG and PI-(3,4,5)-P3 production in T lymphocytes and to discuss some of the serine/threonine
kinases that control unique aspects of T lymphocyte biology and coordinate T cell participation in
adaptive immune responses.
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Diacylglycerol metabolism in T cells
Multiple species of DAG are produced as intermediate metabolites in phospholipid re-
synthesis pathways and consequently quiescent T lymphocytes (T cells) constitutively
express high levels of these DAG species prior to immune activation. Antigen receptors can
induce further production of polyunsaturated DAG via phospholipase C gamma (PLCγ)
mediated hydrolysis of PI-(4,5)-P2 but it has been a challenge to understand how immune
activation triggers specific DAG signaling without triggering a huge increase in intracellular
DAG concentration [1]. Some insight as to how this happens has come from studies using
eGFP-tagged high affinity DAG binding domains to visualize DAG localization in living
cells [2, 3]. DAG can thus bind with high affinity to proteins that contain a conserved
cysteine-rich domain (CRD) (H-X12-C-X2-C-X13/14-C-X2-C-X4-H-X2-C-X7-C) and eGFP-
tagged CRD domains can be used to monitor intracellular DAG distribution. In T
lymphocytes, DAG binding proteins include the Ras guanyl releasing protein (GRP) family
of nucleotide exchange factors (which activate Ras GTPases); α2- and β2-chimaerins
(which are Rac-specific GTPase activating proteins) and serine/threonine kinases of the
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Protein Kinase C (PKC) and Protein Kinase D (PKD) families. DAG kinases (DGKs), which
catalyze the phosphorylation of DAG to phosphatidic acid and thereby terminate DAG
signaling, also contain CRD domains that can weakly interact with DAG, potentially
bringing the lipid closer to the catalytic domain for phosphorylation.

The CRDs of these proteins do not have identical selectivity for different species of DAG
and accordingly they have the potential to monitor the intracellular distribution of different
pools of this lipid [4]. For example, the CRDs of PKD and PKCθ act as sensors of plasma
membrane DAG whereas the CRD domain of RasGRP1 appears more responsive to DAG
localised at Golgi membranes [2, 3]. To date there have only been a limited number of
studies that have used these CRDs to visualise DAG pools in T cells but these have been
informative. For example they have revealed that gradients of DAG can be formed at the T
cell plasma membrane to create localized increases in DAG [3]. In particular, the
immunological synapse, a structure formed at the contact point between T cells and antigen
primed Antigen Presenting Cells (APC) provides a focus for DAG signalling.

T cells are activated physiologically when their T cell antigen receptor (TCR) binds cognate
antigen/major histocompatibility complex (MHC) molecules on the surface of APCs. The
contact point between the T cell and the APC organizes into a highly ordered structure
where receptors and signaling molecules segregate into distinct zones known as
supramolecular activation clusters or SMACs. In stable immune synapses, these zones are
arranged in concentric areas, with the TCR accumulating in the central or cSMAC, whereas
integrins such as LFA-1 are segregated into a peripheral or pSMAC [5, 6]. The concept that
the immune synapse has a role in DAG mediated signal transduction stems from
experiments designed to visualise DAG metabolism by following the intracellular
distribution of an eGFP-tagged CRD domain from Protein Kinase D [3]. These studies
revealed that the high basal levels of DAG in quiescent T cells are uniformly distributed
around the plasma membrane. However, following T cell activation there is a change in the
intracellular distribution of DAG that creates a focused concentration of this lipid at the
centre of the immunological synapse. The mechanisms that create this DAG gradient are not
understood but must reflect either a localized increase in DAG production at this site or a
localized increase in the DAG half-life. Here it is relevant that the adapter proteins Linker
for Activation of T cells (LAT) and Src Homology 2 (SH2) domain-containing Leukocyte
Phosphoprotein of 76 kDa (SLP76), which recruit PLCγ to the plasma membrane, are
localized at the immune synapse in activated T cells [7, 8]. It is thus probable that there are
localized increases in DAG production at the T cell/APC contact zone. However, plasma
membrane levels of DAG in T cells are also tightly regulated by DGKα and ζ [9-13]. In
addition, antigen receptor triggering induces p56lck-mediated tyrosine phosphorylation of
DGKα, which regulates its plasma membrane localization [14]. Thus the mechanisms that
determine intracellular accumulation of DAG at the immune synapse would thus almost
certainly include a localized inactivation/exclusion of DGKs.

Is the formation of DAG gradients in activated T cells sufficient to explain how the TCR
triggers DAG signaling cascades? Possibly, but one other critical insight is that DAG
accessibility to CRD domains within proteins is also regulated. For example, an isolated
CRD domain from Protein Kinase D localizes to the plasma membrane in quiescent T cells
whereas full length PKD is cytosolic. Accordingly, there is sufficient DAG at the plasma
membrane of unstimulated lymphocytes to recruit PKD but in the inactive wild-type enzyme
the CRD is inaccessible or ‘masked’, thereby preventing DAG binding and membrane
translocation [3]. This observation is also true for PKCθ. The activation of DAG binding
proteins must therefore involve some initial conformational change that unmasks the CRD.
This change could results from protein phosphorylation and/or binding of other molecules.
For example, PKCα and PKCβ both have calcium-binding domains and increases in

Matthews and Cantrell Page 2

Immunol Rev. Author manuscript; available in PMC 2012 December 12.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



intracellular calcium and calcium binding could be the trigger to unmask the DAG binding
domain [15, 16]. Ras GRPs and PKDs can be phosphorylated by PKCs and this could also
key trigger for a conformational change.

As discussed in detail below, DAG activates several key signalling pathways that play
important roles in controlling T cell development, activation responses and effector
functions. However regulating the duration and amplitude of DAG signaling is also
important for normal T cell development and function. For example, hypo-responsiveness in
anergic T cells is linked to increased expression of DGKα and reduced DAG levels,
resulting in reduced RasGRP1 activity and impaired activation of downstream Ras/Erk
signalling [10, 11]. In contrast, DGKζ has a key role in limiting TCR signalling and T
activation [9]. Additional reduction of DGK activity in T cells, as recently observed in
DGKα/ζ double knockout mice, further enhances DAG signaling, causing defective T cell
development and development of thymic lymphomas [12].

DAG and Protein Kinase Cs in T cells
T lymphocytes express multiple PKC isoforms including PKCs α, βI, βII which are
regulated by calcium, diacylglycerol (DAG) and phospholipids; PKCs δ, ε, η and θ)which
are regulated by DAG and phospholipids. PKC activity is also regulated by a series of trans
and autophosphoylation events and one key step is phosphorylation of a conserved T-loop
motif within the catalytic domain that acts as a priming signal to enable newly synthesized
PKCs to achieve catalytic maturity via a series of subsequent autophosphorylation steps [17,
18]. The proposed priming kinase for PKC is Phosphoinositide-dependent protein kinase-1
(PDK1) [19] although there may be alternate priming kinases as PDK1-null cells retain
residual PKC T-loop phosphorylation and appear to have normal PKC functions [20, 21].
Mature phosphorylated PKCs then need only diacylglycerol, calcium, and phospholipid
binding to achieve full catalytic function. There has been some controversy about whether
the phosphorylation of the conserved T-loop motifs in the PKCs is constitutive or regulated
by immune activation [22]. There are thus many studies showing that PKCs expressed in
quiescent lymphocytes are constitutively phosphorylated on their T loop sites (e.g. Thr 538
for PKCθ and Thr505 in PKCδ) [22, 23] and others that report that TCR triggering can
further increase this phosphorylation[24]. To date, no one has addressed this issue
quantitatively and considered the stoichiometry of PKC T-loop phosphorylation under
different conditions. However, it is important to consider that the key role for T-loop
phosphorylation in PKCs is to stabilize protein expression and in the absence of T-loop
phosphorylation PKCs are unstable and protein levels are strikingly reduced [25, 26]. If
there was no basal phosphorylation of PKCs on their T-loop sites it would not be possible
for quiescent T cells to express high levels of different PKC isoforms. The high basal levels
of PKCs in quiescent T cells is thus strong evidence that T-loop phosphoryation must occur
prior to immune activation. This does not exclude that there is some further modulation of
PKC T-loop phosphorylation in activated T cells but its relevance is unclear. Hence, it
should also be emphasized that PKC T-loop phosphorylation is not a sufficient marker for
PKC activation. Nor are measurements of in vitro catalytic activity useful because the in
vivo catalytic function of T-loop phosphorylated PKCs is determined locally at membranes
or on protein scaffolds by a combination of DAG, phosphatidylserine and calcium signals.
The isolation of PKCs in detergent lysates for measurements of in vitro activity thus
destroys the membrane microenvironment that is so important for PKC activity and
function. Assays of PKC function need to quantify the phosphorylation of specific PKC
substrates and not simply extrapolate from non-quantitative measurements of PKC
phosphorylation.
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A key observation that drew the attention of immunologists to PKCs was the discovery that
PKCθ is selectively polarized in the T cell plasma membrane in the contact zone formed
between a T cell and APC [27]. The selective localisation of PKCθ to the immunological
synapse is mediated by a combination of DAG binding, changes in the T cell cytoskeleton
and the formation of protein complexes between PKCθ and adaptor proteins [28-32]. PKCθ
has many important roles in T cells but is not obligatory for many facets of T cell biology
[33, 34]. PKCθ is thus not required for antigen driven T cell activation and proliferation in
vivo nor for Th1 immune responses. However PKCθ is essential for Th2 immune responses,
for optimal differentiation of effector cytotoxic T cells and in regulating the function of
Th17 cells. In this context, it is clear that other PKC isoforms are as important as PKCθ for
T immune function. PKCα is thus required for optimal T cell-dependent IFNγ production
and controls T-dependent B cell responses [35]. PKCδ also has an essential role in effector
cytotoxic T lymphocytes (CTL), where it localizes to secretory lysosomes and is required
for antigen receptor-induced polarisation and exocytosis of the lytic granules that deliver the
‘lethal’ hit needed to kill target cells [36, 37].

One of the current big challenges in understanding the actions of PKCs in T cells is the
identification of direct substrates for these kinases that explain their immunogical functions.
Recently several substrates for PKCθ have been identified that afford some insights as to
why this kinase is important. For example, PKCθ phosphorylates the scaffolding protein
CARMA1 (Caspase recruitment domain (CARD) containing protein 11) [38], which induces
its binding to Bcl10/IKKγ, promoting the assembly of the IKK signalling complex and
activation of NFκB . PKCθ also controls the transcriptional program of effector T cells via
its substrate NR2F6, a transcriptional repressor that modulates IL-17 expression, to control
autoimmune responses [39]. Importantly, the role of PKCθ in T cells is not limited to direct
effects on gene transcription but includes control of T cell adhesion/migration.
Phosphorylation of the Rap guanine nucleotide exchange protein RapGEF2 by PKCθ thus
triggers activation of the guanine nucleotide binding protein Rap1 and hence activates the
integrin LFA-1 [40]. This adhesion molecule is crucial for T cell interactions with APCs and
also controls T cell transmigration across endothelial membranes and T cell entry into
secondary lymphoid tissues [41, 42]. The ability of PKCθ to control cellular Rap-1 activity
will therefore impact on the duration of T cell/APC contacts and control T cell migration
and positioning in secondary lymphoid organs. This could explain why PKCθ is essential to
ensure oscillations in cell migration that allow repeated transient interactions between
primary T cells and APCs [30]. PKC enzymes can also phosphorylate the β chain of LFA-1
on S745 and T758, sites that regulate the interaction of LFA-1 with cytoskeletal proteins,
adhesion to ICAM-1 and outside-in signalling [43-45]. Thus, DAG/PKC signalling may
regulate T cell adhesion and migration through multiple different mechanisms.

DAG and Protein Kinase D in T cells
One abundant subset of DAG binding proteins in lymphocytes is the Protein kinase D
(PKD) family. There are three members of this family, PKD1, PKD2, and PKD3, all of
which have a highly conserved N-terminal regulatory domain containing two cysteine-rich
diacylglycerol (DAG) binding domains and an autoinhibitory pleckstrin homology (PH)
domain [46, 47]. Most cells typically express two PKD isoforms either the combination of
PKD1 and PKD3 or, as in lymphocytes, the combination of PKD2 and PKD3. The selective
advantage of these different isoforms is not known and generally they appear have common
substrate specificities and are coordinately activated. There is the potential for PKD
isoforms to differentially localize in lymphocytes as they do in endothelial cells and other
cell lineages but this has not been explored.
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PKD activation requires binding of DAG to the its N-terminus but also requires
phosphorylation of key conserved serine residues within the PKD activation loop (Ser744/
Ser748 in murine PKD1) [48, 49]. These sites are substrates for most classical and novel
PKCs including for PKCα, δ, ε, η, and θ. Not surprisingly, elimination of a single PKC
isoform rarely prevents phosphorylation and activation of Protein kinase D and elimination
of the activity of multiple PKCs is required. PKC regulation of PKD is thus a classic
example of how the functions of different PKC isoforms can be redundant. The exact role of
Protein Kinase D in primary T cells is currently under investigation. However, one
conserved function for this family of kinases is to control gene transcription via the
regulation of class II histone deacetylases (HDACs) [50-53]. Acetylation/deacetylation of
nucleosomal histones regulates chromatin accessibility and is a fundamental mechanism that
controls gene expression, but class II HDACs can also control gene activity by directly
interacting with various transcription factors (including those of the MEF2 family) to repress
their transcriptional activity [54]. The suppressive effects of class II HDACs on gene
transcription are relieved by stimulatory signals that lead to the inducible phosphorylation of
serine residues within the N-termini of these HDACs. Phosphorylation at these regulatory
sites by PKD promotes the redistribution of class II HDACs to the cytosol, thus disrupting
repressive interactions between HDACs and histones and/or transcription factors and
allowing gene transcription to occur [54]. PKDs thus act as a critical link between antigen
receptors and epigenetic control of chromatin structure and gene expression. As discussed,
lymphocytes can express multiple isoforms of PKD and it is relevant that in the context of
HDAC regulation they appear redundant. For example, the avian DT40 B cell line co-
expresses PKD1 and PKD3 and the loss of HDAC phosphorylation only occurs following
deletion of the entire cellular PKD protein pool and not when either PKD1 alone or PKD3
alone are deleted [53].

DAG and Ras/MAP kinases in T cells
One major role for DAG signalling in T cells is to couple the TCR to p21ras guanine
nucleotide binding proteins [55, 56]. In quiescent T lymphocytes, Ras GTPases exist
predominantly in an inactive GDP bound state but switch rapidly to an active GTP bound
form following engagement of the TCR [57]. In their active GTP bound state Ras proteins
bind to the serine threonine kinase Raf-1 and activate a mitogen activated protein kinase
cascade that phosphorylates and actives Erk1 and Erk2. DAG controls Ras activity by
regulating the intracellular localisation and PKC-mediated phosphorylation of RasGRPs,
guanine nucleotide exchange proteins for Ras [58-63]. It should be emphasised that
activation of Erk1/2 is not restricted to antigen receptor signalling but is a response that is
also induced by cytokines such as Interleukin2 (IL-2) and Interleukin15 (IL-15) or via
triggering of the chemokine receptors such as the CXCR4 or CCR7. These common γc
chain cytokines do not activate Ras/MAP kinases via DAG signalling but instead recruit the
Ras guanine nucleotide exchange protein SOS (Son of Sevenless) to the plasma membrane
via regulating the localisation of two adaptors Grb2 and Shc.

It was established several years ago that the Erk1/2 play a crucial role in T cell activation, in
particular they are essential for antigen receptor control of thymocyte positive selection and
in regulating the survival of CD8 effector T cells [64, 65]. The prototypical role for Erks in
lymphocytes is to control gene transcription [66]. For example, Erk1/ kinases activate the
ternary complex factor (TCF) subfamily of ETS-domain transcription factors (Elk-1, SAP-1
and Net/SAP-2), which are known to be essential for thymocyte positive selection [67]. The
mechanism underpinning the role of Erks in T cell survival most likely reflects a role for Erk
signalling in regulating the transcription of Bcl-2 family members Bcl-2, Bcl-x(L) and Bim
[65], however the transcription factors involved in regulating their expression have not been
conclusively identified. Importantly, Erk kinases can regulate the activity of other

Matthews and Cantrell Page 5

Immunol Rev. Author manuscript; available in PMC 2012 December 12.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



transcription factors in addition to those of the TCF family, including CREB. Unlike TCFs,
which are directly phosphorylated and activated by Erks, CREB is probably regulated
indirectly via p90 RSKs, which are downstream substrates of Erk kinases that regulate
diverse cellular processes [68]. The role of CREB in regulating TCR-induced transcriptional
programs is not fully understood but it is interesting to note that in developing B cells,
Erk1/2-dependent cell survival and proliferation is mediated by specific transcriptional
programs that are co-ordinately regulated by both CREB and Elk-1 transcription factors
[69].

It should be emphasised that the importance of Erks for T cells cannot be solely ascribed to
their role as regulators of gene transcription; rather it reflects the involvement of these
kinases in multifaceted processes. For example, Erk kinases can phosphorylate newly
synthesised Bim molecules, inducing their degradation and preventing the formation of pro-
apoptotic Bim/Mcl-1 and Bim/Bcl-x(L) complexes, which may play a key role in mediating
Erk-dependent T cell survival [70, 71]. Another relatively newly recognized function for
Erk1/2 is to phosphorylate disintegrin and metalloprotease (ADAM)17, also known as
Tumor necrosis factor (TNF)-converting enzyme (TACE), and control it’s trafficking to the
plasma membrane [72]. This Erk/ADAM17 pathway regulates the proteolytic cleavage and
secretion of TNFalpha, a key proinflammatory cytokine [73] and also controls cell surface
expression of CD62L/L-Selectin, an adhesion molecule required for T lymphocyte entry into
secondary lymphoid tissues [74]. CD62L is expressed at high levels on naïve T cells but is
acutely down-regulated during immune activation following ADAM17-dependent
proteolytic cleavage of CD62L from the T cell membrane [74]. This endoproteolytic
cleavage of CD62L allows dynamic turnover of the molecule and is essential for normal T
cell recirculation and anti-viral effector function [75]. The ability of the TCR to control
ADAM17 activity and thus regulate CD62L expression via Erk signaling is only one of the
complex processes that redirects the trafficking pattern of immune activated T cells. One
other input of activated Erks to this process is to induce cell surface expression of CD69,
which can form a complex with the sphingosine 1-phosphate receptor-1 (S1P1) to negatively
regulate its function [76]. SIP1 responds to S1P gradients that are established by S1P lyase
activity to control lymphocyte egress from secondary lymphoid organs [77-79]. Increased
expression of CD69 in response to Erk signaling thus promotes retention of activated T cells
in lymphoid tissues.

PI-(3,4,5)-P3 metabolism in T cells
In T lymphocytes, phosphatidylinositol (3,4,5) triphosphate (PI-(3,4,5)-P3) is generated by
the phosphorylation of the 3′-OH position of the inositol ring of phosphatidylinositol (4,5)
biphosphate by class I phosphoinositide 3-kinases (PI3Ks). Class 1 PI3Ks comprise a p110
catalytic subunit and an adapter regulatory subunit. Four p110 isoforms exist (α,β,γ,δ) and
three adapter subunits, p85α, p85β and p55γ [80]. These different isoforms function in
distinct pathways in T cells. For example, the p110δ PI3K subunit produces the PI(3,4,5)P3
that is generated in response to TCR triggering whereas the p110γ PI3K subunit mediates
chemokine receptor signaling [81, 82]. The activity of PI3Ks, and hence cellular levels of
PI-(3,4,5)-P3, is balanced by the activity of lipid phosphatases, particularly PTEN
(phosphatase and tensin homologue deleted on chromosome 10) a lipid phosphatase with
specificity for the 3′ position of PI(3,4,5)P3 [83].

One of the first experiments to implicate PI3Ks in T cell immune responses showed that
ligation of the co-stimulatory molecule CD28 recruited PI3K to the plasma membrane via
binding of the src-homology (SH) 2 domain of the p85 adapter to a phosphorylated tyrosine
residue in the CD28 cytoplasmic tail [84]. This observation has resulted in the
misconception that PI3K is solely and selectively activated by CD28. However, recruitment
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of PI3K to a receptor complex does not equate to enzyme activation and before making
conclusions about the ability of an receptor to activate PI3K it is necessary to understand
whether triggering of that receptor can induce PI(3,4,5)P3 generation in T cells. Here
confocal imaging based assays using eGFP-tagged high affinity PI(3,4,5)P3 binding domains
(pleckstrin homology (PH) domains) have been a sensitive and quantitative tool to track
inositol lipid metabolism as T cells respond to a specific immune stimulus. T cells are seen
to produce PI-(3,4,5)-P3 within seconds of contacting an antigen pulsed APC and to sustain
this response for 6-9 hours if they maintain contact with the APC. In the immediate response
to antigen/APC engagement there is an initial accumulation of PI-(3,4,5)-P3 in the immune
synapse but this soon changes so that in the sustained T cell activation response PI-(3,4,5)-
P3 is uniformly distributed around the T cell plasma membrane in a prolonged dynamic
process that requires constant PI3K activity and TCR engagement [85-87].

The initial trigger for PI-(3,4,5)-P3 accumulation is mediated by the antigen receptor and
does not need any co-stimulation [85]. There is a requirement for both antigen receptor and
CD28 co-stimulatory signals in order for T cells to sustain PI(3,4,5)P3 levels but strikingly
this does not require tyrosine phosphorylation of CD28 on its Y170 residue originally
identified as the PI3K binding site [88]. Importantly, disruption of TCR/antigen/MHC
interactions or downstream signalling at any time causes loss of PI-(3,4,5)-P3 [85, 87].
CD28 signaling is thus not sufficient to induce PI-(3,4,5)-P3 production but it can promote
sustained PI-(3,4,5)-P3 generation in TCR activated T cells [88].

It is not known how TCR signalling induces PI-(3,4,5)-P3 accumulation. Possible
mechanisms include p85-SH2-mediated binding to phosphorylated tyrosine residues in
adapters such as LAT (Linker of Activated T cells) or direct activation of the p110δ
catalytic subunit by GTP loaded p21ras. One other possibility is that the TCR induces PI-
(3,4,5)-P3 accumulation by acute inhibition of the catalytic activity of PTEN via the
production of reactive oxygen species. PTEN can be transiently inactivated as a result of
oxidation of essential cysteine residues in its catalytic core [89] and TCR triggering is
known to induce a transient increase in cellular levels of reactive oxygen species [90].
Moreover, as PTEN deletion is sufficient to induce the accumulation of PI-(3,4,5)-P3 in T
cells transient inactivation of PTEN would have the same effect [91].

Phosphoinositide-Dependent Protein Kinase-1 (PDK1) - a mis-named
kinase?

PI(3,4,5)P3, is a high-affinity docking site for pleckstrin homology (PH) domains in a large
variety of signaling molecules and the increased levels of PI(3,4,5)P3 in the plasma
membrane of activated T cells creates a signaling platform for the assembly of molecules
such as TEC family tyrosine kinases, Rac/Rho guanine nucleotide exchange proteins and the
serine/threonine kinases, Phosphoinositide-Dependent Protein Kinase-1 (PDK1) and Protein
Kinase B (PKB)/Akt. PDK1 is an essential kinase in T cells because it activates multiple
AGC kinases including PKB, p70 Ribosomal S6 kinases (S6Ks) and p90 Ribosomal S6
kinase (RSK) by phosphorylating a specific Thr or Ser residue located within the catalytic
domain of the kinase [19, 92]. The activation of PKB is dependent on increases in cellular
levels of PI-(3,4,5)-P3 and requires the phosphorylation of PKB on Threonine 308 within the
PKB catalytic domain by PDK1. Phosphorylation of PKB on Serine 473 in the carboxy-
terminus of the molecule is also required for optimal kinase activity and can be mediated by
the mammalian target of rapamycin (mTOR) complex-2 [93] and the DNA dependent
Protein kinase [94].

PI3K/PDK1-mediated activation of PKB is important in T cells particularly during thymus
development. Hence, loss of PDK1 in T cell progenitors phenocopies loss of PI3Ks and
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PKBs and causes a block in T cell development at the pre-T cell stage [95-98]. T cell
progenitors that lack PI3K p110γ and δ subunits [99] or PDK1 or PKB isoforms fail to
develop primarily because they cannot up-regulate sufficient glucose, iron and amino acid
transport mechanisms to meet the nutrient demands of thymus differentiation [96, 97].
Despite the importance of the PDK1/PKB link, the role of PDK1 in T cell progenitors
extends beyond its ability to link PI-(3,4,5)-P3 production to PKB activation. Hence
substitution of wild type PDK1 with a PDK1 L155E mutant that supports full PKB
activation in T cells is not sufficient to restore normal thymocyte development [96]. This
L155E mutation disrupts the integrity of an important PDK1 domain termed the PIF binding
pocket. This domain is not required for PKB phosphorylation but it is essential for PDK1 to
interact with phosphorylated carboxy-terminal hydrophobic motifs present in other PDK1-
regulated AGC kinases, including S6Ks and RSKs [20, 100, 101]. This interaction then
allows PDK1 to activate these AGC kinases by phosphorylating their catalytic domains. The
role of PDK1 in T cell progenitors thus reflects that this kinase is essential for the
phosphorylation and activation of multiple members of the AGC kinase family [96].

One confusing issue about PDK1 is whether it is a direct mediator of PI-(3,4,5)-P3 signal
transduction. PDK1 does have a PH domain that binds PI-(3,4,5)-P3 with high affinity [102].
Moreover, PDK1 phosphorylation of PKB is PI-(3,4,5)-P3 dependent, which was originally
interpreted to mean that PDK1 activity was PI3K dependent; hence the naming of this
kinase as a 3-phosphoinositide-dependent protein kinase-1 (PDK1) [103]. However,
subsequent work has since shown that PDK1 is a constitutively active kinase and that
binding of PI-(3,4,5)-P3 to its PH domain is not required for its catalytic activity but instead
targets PDK1 to the plasma membrane where it can co-localise with PKB [104]. The PI-
(3,4,5)-P3 dependence of PKB activation reflects that binding of this lipid to the PKB PH
domain causes a conformational change that allows PDK1 to phosphorylate threonine 308
within the PKB catalytic domain and activate the kinase [105]. Interestingly, mutations in
the PDK1 PH domain that block PI-(3,4,5)-P3 binding do not completely compromise PDK1
function [104] (unless they also destabilize the protein, [20]) and indeed are much more
benign than mutations within the PDK1 PIF domain. Hence, mice homozygous for PDK1
deleted alleles or homozygous for PDK1-L155E alleles do not survive embryogenesis
beyond E9.5 or E13.5 respectively [101, 106], whereas mice homozygous for a knock in
mutant of PDK1 that is incapable of binding PI-(3,4,5)-P3 (PDK1 K465E) are viable and
fertile albeit significantly smaller than normal mice and prone to insulin resistance [104].
The loss of PI-(3,4,5)-P3 binding to the PDK1 PH domain strongly reduces PKB
phosphorylation and activity but the viability of the mice indicates that low levels of active
PKB are sufficient for many cellular functions.

Importantly, PI-(3,4,5)-P3 binding to the PDK1 PH domain has no impact on the ability of
PDK1 to bind to and activate RSK, S6K1 or the PKCs [20, 104]. PDK1-mediated
phosphorylation of PKCs appears constitutive in most cells in accordance with the known
high basal activity of PDK1 [22]. In contrast, phosphorylation of RSK and S6K1 by PDK1
is regulated by extrinsic stimuli, which reflects that a rate-limiting step in the activation of
these kinases is the regulated phosphorylation of these enzymes on hydrophobic motifs that
create docking sites for PDK1. For S6K1 the hydrophobic motif kinase is the mTORC1
complex, which phosphorylates S6K1 on Thr389, allowing PDK1 to dock and directly
activate S6K1 via direct phosphorylation of S6K1 at its T loop site (T229) (Fig.2). PDK1
can also indirectly controls S6K1 catalytic activity by controlling the activity of the
mTORC1 complex via a PKB-dependent pathway mediated by the Tsc-1/Tsc2 complex and
the Rheb GTPases [107]. Activation of RSK by PDK1 also requires co-ordinated inputs
from multiple signals [68]. RSKs have two distinct kinase domains and the initiating step for
their activation is Erk1/2-mediated phosphorylation of Ser369, Thr365 and Thr577 in the
carboxy-terminal catalytic domain. The activated C-terminal catalytic domain of RSK then
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phosphorylates itself on Ser386 to create a docking site for PDK1, which then
phosphorylates Ser227 in the N-terminal RSK kinase domain thereby activating the enzyme
and enabling the phosphorylation of downstream substrates.

PDK1 thus integrates multiple signalling pathways to control the activity of different AGC
kinases and is at the core of PI-(3,4,5)-P3 signalling to PKB. However PDK1 is not
dependent on phosphoinositides for many of its key cellular functions and hence could be
considered to be mis-named.

PKB function in T cells
One evolutionarily conserved role for PKB is to regulate cell metabolism by controlling the
expression of glucose transporters, amino acid transporters and transferrin receptors [108].
PKB also controls the activity of the mTORC1 complex, a critical regulator of ribosomal
biogenesis and protein synthesis that controls cell growth [107]. T cell development in the
thymus and the survival and immune function of peripheral T lymphocytes requires that T
cells match energy metabolism to energy demands. In this context, PKB is an essential core
regulator of metabolism in T cell progenitors in the thymus [96, 97, 109]. Accordingly,
thymocytes that do not express PDK1 or are deleted of one or all three PKB isoforms fail to
develop because they cannot up-regulate sufficient glucose, iron and amino acid transport
mechanisms to meet the nutrient demands of thymus differentiation. It is generally assumed
that PKB has an equally important role to control metabolism in peripheral T cells. Indeed,
expression of constitutively active mutants of PKB can substitute for the cytokine IL-7 and
stimulate glucose uptake and promote cell growth and survival of naïve T cells [108, 110].
PKB activation also controls peripheral T cell differentiation and can repress development
of regulatory T cell populations. However, there are studies indicating that PKB may not
work alone to regulate energy metabolism in peripheral T cells. For example, PKB-
independent signaling pathways can control glucose uptake in peripheral T lymphocytes
[111] but while glucose deprivation causes apoptosis in peripheral T cells, inhibition of PKB
suppresses antigen receptor-induced proliferation but does not cause apoptosis [112]. It has
also been described that inhibition of PKB following TCR triggering of naïve T cells
promotes the differentiation of regulatory T cell populations that function to restrain
autoimmunity [113, 114]. Premature termination of PKB activity in antigen receptor-
triggered naïve T cells thus results in expression of the transcription factor Foxp3 and
development of a transcriptional program normally associated with regulatory T cells rather
than effector Th1/Th2/Th17 profiles [113, 114]. Hence PKB signalling pathways actively
suppress Foxp3 expression. This type of cellular differentiation switch would not be possible
if there was a complete failure of glucose uptake and energy production in peripheral T cells
following PKB inhibition. At this point it would seem likely that PKB will play some role in
controlling peripheral T cell metabolic responses but other signaling pathways must make
critical contributions. What is clear is that the magnitude and kinetics of PKB activation will
determine the fate of effector T lymphocytes.

Another conserved function for PKB is to phosphorylate members of the Forkhead box O
(FOXO) family of transcription factors (Foxo1, 3A and Foxo4) [115]. Non-phosphorylated
Foxo1, 3A and 4 are found in the nuclei of quiescent cells where they drive transcription of
cell cycle inhibitors such as p27. Following activation of PKB, Foxos are phosphorylated on
multiple residues, which leads to their cytosolic sequestration via binding to 14-3-3 proteins.
In quiescent T cells, antigen receptor activation of PKB can thus promote cell cycle
progression by terminating expression of p27 [116]. Other important Foxo gene targets in
lymphocytes are pro-apoptopic members of the Bcl-2 family Bim and Noxa. For example,
the cytokines IL-2 and IL-15 stimulate PKB, promoting the nuclear exclusion and
transcriptional inactivation of Foxos and hence ensuring NK cell survival by keeping levels
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of Bim and Noxa low. Withdrawal of cytokine results in loss of PKB activity, thus inducing
expression of high levels of Bim and Noxa that cause apoptosis [117]. One more recently
identified Foxo gene target is the transcription factor KLF-2. This was first identified as a
transcription factor that maintained lymphocyte quiescence and hence was down-regulated
in immune activated cells [118]. More recently it has become apparent that the main role for
KLF2 is to control transcription of genes encoding the adhesion molecules and chemokine
receptors that control the migration of T lymphocytes [119-121].

Naïve T lymphocytes constantly circulate around the body via the blood, lymphatics and
secondary lymphoid organs. Immune responses are initiated within secondary lymphoid
organs, such as peripheral lymph nodes, when T cells encounter primed antigen presenting
cells that express cognate antigen/major histocompatibility complexes together with
appropriate co-stimulatory molecules. Entry of naïve T cells into lymph nodes from the
blood occurs in specialized high endothelial venules (HEVs) and is dependent on chemokine
receptors, such as CCR7, and molecules that mediate lymphocyte adhesion, such as CD62L
(L-selectin) and integrins. The first step of transendothelial migration is CD62L mediated
tethering and rolling of naïve lymphocytes on the endothelium of HEVs. T cell entry into
lymph nodes is then guided by a chemotactic gradient mediated by the chemokine receptor
CCR7 while T cells exit lymph nodes by responding to sphingosine-1 phosphate (S1P)
gradients [79, 122, 123]. Accordingly, the balance of CD62L/CCR7 and S1P1 expression
determines T cell entry into and retention within lymph nodes [124]. As a result of immune
activation, striking changes are induced in T cell migratory patterns: effector T lymphocytes
migrate to a greater extent to non-lymphoid tissues and sites of inflammation and have a
reduced capacity to home to peripheral lymph nodes compared to naïve and memory T cells.
Activated T cells thus down-regulate expression of CD62L/CCR7 and S1P1 and up-regulate
expression of inflammatory chemokine receptors and adhesion molecules such as CCR3,
CCR5 VLA-4 and CD44.

Changes in the expression of these trafficking molecules, and subsequent alterations in the
migratory behaviour of T cells, are vitally important for immune responses and are
controlled by a PI(3,4,5)P3/PKB/Foxo/KLF2 signalling pathway [74, 119, 121, 125]. In
naïve T cells high levels of transcriptionally active Foxos maintain expression of KLF2,
which then induces transcription of naïve T cell homing receptors (CD62L/CCR7 and S1P1)
while repressing expression of inflammatory chemokine receptors. Activation of PKB
results in phosphorylation and inactivation of Foxos and hence loss of KLF2 expression and
reduced expression of naïve T cell homing receptors. Historically, loss of these receptors is
used to distinguish naïve and antigen experienced T cells. In fact, the expression of
molecules such as CD62L/CCR7 and S1P1 levels rather report the PKB/Foxo signaling
status of a T cell. Hence PKB, a serine/threonine kinase more usually associated with the
control of cell metabolism determines the expression of lymph node homing receptors and is
a critical regulator of T cell migration.

Future perspectives
The last few years have seen quite large increases in our understanding of how the second
messengers diacylglycerol and PI(3,4,5)P3 co-ordinate networks of serine/threonine kinases
to control T lymphocyte function. Gene targeting strategies have identified key roles for
serine/threonine kinases in T lymphocytes. However, we have only uncovered a fraction of
the relevant information about how protein phosphorylation reversibly regulates key
processes in T lymphocytes. The main problem is that we do not know the full repertoire of
substrates for any of the key serine/threonine kinase. In this context there are emerging
advances in proteomics technology including developments in phosphopeptide purification,
mass spectrometry, and bioinformatics that are beginning to make analysis of the entire
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phosphoproteome of an activated T lymphocyte feasible. Advances in DNA sequencing and
microarray analysis made transcriptional profiling of T cells routine. Comparable advances
in proteomic technology will make it routine to similarly quantitate and define the pathways
of protein phosphorylation that control T cell biology.
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Figure 1.
Cartoon depicting Erkl/2 pathways which may regulate the survival and trafficking of T
cells in response to antigen receptor triggering and activation of PLCγ-DAG-RAS-RAF-
MEK signalling cascades. See main text for further details.
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Fig. 2.
Cartoon dipicting the regulation of protein kinase B (PKB) and p70 ribosomal S6 kinases
(S6Ks) by phosphoinositide-dependent protein kinase 1 (PDK1) and protein
phosphorylation.
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