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Abstract The serine/threonine-specific protein kinase AKT is gaining recognition as a major crossroad in numerous
cellular signaling pathways through its ability to regulate cell differentiation, proliferation, survival and metabolism.
This review focuses on the recent advances in AKT signaling and downstream events in T cells, emphasizing its
contrasting role in conventional and regulatory (Treg) T cell populations. Activation of AKT has been known for many
years to be critical in the development and function of conventional Tcells. However, it has just recently been uncovered
that AKTexerts an inhibitory effect on Treg generation and suppressor function. These studies have placed AKTat the
nexus of Treg development and function, thus opening novel avenues for therapeutic manipulation.
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Introduction and historical background

To sense the changes in their surrounding microenvironment,
cells utilize a variety of specialized cell membrane receptors
that interact with molecules/ligands in the local milieu. The
ligand-receptor interaction initiates a chain of intracellular
biochemical reactions –pathways— that relay, amplify and
distribute those initial signal inputs into the cell. Cross talk
among multiple, simultaneously active pathways, together
with positive and negative feedback activation loops, produce
a complex signaling network that is tightly coordinated and
integrated to summon the adequate cell response. This
response is elaborated in the cell nucleus and mediated by
the action of transcription factors through the regulation of
gene expression and protein synthesis.

The serine/threonine-specific protein kinase AKT, also
known as protein kinase B (PKB) is gaining recognition as a
major crossroad in numerous cellular signaling pathways
involved in the regulation of vital cell functions such as
differentiation, proliferation, glucose metabolism and survi-
val. As such, dysfunctional AKT is observed in many
pathological conditions, including cancer (Staal, 1987),

autoimmune disease (Rondinone et al., 1999), neurodegen-
erative conditions (Shimoke and Chiba, 2001) and muscle
hypotrophy (Turinsky and Damrau-Abney, 1998), making it
an attractive pharmacological target in current drug discovery
programs.

The AKT research can be traced back to 1977 when Staal et
al. (1977) reported the isolation and characterization of
AKT8, a murine virus that caused a high incidence of
spontaneous lymphoma. The viral oncogene was termed v-
AKT and, later on, in 1991, the cellular homolog was
identified as c-AKT (Bellacosa et al., 1991). Additionally,
two other groups looking for members of the protein kinase C
(PKC) and protein kinase A (PKA) superfamilies, identified a
gene that encodes a serine/threonine protein kinase which
they named PKB (Coffer and Woodgett, 1991; Jones et al.,
1991). Both c-AKT and PKB were found to be the same
protein. Further studies demonstrated the critical involvement
of AKT in growth factor signaling and oncogenesis. In 1995,
it was reported that the lipid kinase phosphatidylinositol 3-
kinase (PI3K) is directly upstream of AKT (Burgering and
Coffer, 1995; Franke et al., 1995) which established the
linkage of the PI3K-AKT pathway to metabolic functions
such as protein and lipid synthesis, carbohydrate metabolism
and transcription. As the field evolved, a new prospective on
the role of AKT in growth, survival and metabolism became
established and, with it, the foundation for the current
compelling interest in the molecular regulation of AKT
activity.
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Overview of AKT activation

Protein structure of AKT

AKT belongs to the cAMP-dependent protein kinase A/
protein kinase G/protein kinase C (AGC) superfamily of
protein kinases. Each AGC member exhibits similar enzy-
matic function and structural homology within their catalytic
domains (Song et al., 2005). Three different AKT genes have
been identified in mammalian cells: AKT1/PKBα, AKT2/
PKBβ and AKT3/PKBγ (Jones et al., 1991; Cheng et al.,
1992; Altomare et al., 1995; Konishi et al., 1995; Brodbeck et
al., 1999; Nakatani et al., 1999). Although AKTs are
expressed in all eukaryotes, the specific isoforms and level
of expression varies depending on the tissue type. AKT1 is
the dominant isoform in the majority of tissues and is critical
during embryonic development (Hanada et al., 2004; Yang et
al., 2004; Dummler and Hemmings, 2007), AKT2 is
expressed mostly in insulin-responsive tissues and has non-
redundant functions in glucose homeostasis (Altomare et al.,
1995) and AKT3 is restricted to testis and brain and is
required for postnatal brain development (Konishi et al.,
1995; Brodbeck et al., 1999; Nakatani et al., 1999).

The three AKT isoforms share a high degree of amino acid
identity (~85%) and a common structural pattern that includes
an N-terminal pleckstrin homology (PH) domain, a central
kinase domain and a C-terminal regulatory domain with a
hydrophobic motif (HM) (Fig. 1). The PH domain is a protein
module of approximately 120 amino acids best known for its
ability to bind to cell membrane phosphoinositides. The AKT
PH domain preferentially recognizes phosphatidylinositol-
3,4,5-triphosphate (PtdIns (3,4,5)P3) and, with threefold
lower affinity, PtdIns (3,4)P2 (Rong et al., 2001; Thomas et
al., 2002). Unlike PtdIns (4,5)P2 and PtdIns-4P, which are
constitutively produced in cells, PtdIns (3,4,5)P3 and PtdIns
(3,4)P2 are detected only in stimulated cells (Carpenter and
Cantley, 1996) thus providing an additional mechanism to
regulate the recruitment of proteins such as AKT to the
membrane. Next to the PH, the kinase domain shares a high

similarity with other AGC kinases and contains the catalytic
function of AKT that exhibits a preference to phosphorylate
the canonical consensus sequence RXRXX(S/T) (Obata et al.,
2000). It contains the regulatory Threonine 308 (T308) which
phosphorylation is required for AKT activation. AKT
possesses a C-terminal regulatory domain characteristic of
the AGC kinase family with an FXX(F/Y)(S/T)(Y/F)
hydrophobic motif. This sequence contains Serine 473
(S473), the second regulatory residue which phosphorylation
is necessary for full activation of the kinase. Together these
regions make up a protein of approximately 56kDa (Alessi
and Cohen, 1998).

Activation of AKT

Activation of AKT is a multi-step process that requires the
receptor-ligand dependent activation of PI3K. PI3K is the
lipid regulator that phosphorylates PtdIns (4,5)P2 and, with
lower efficiency, PtdIns 4P, at the 3′-OH position of the
inositol ring to produce PtdIns (3,4,5)P3 and PtdIns (3,4)P2,
respectively (Fig. 2). In the initial step of its sequential
activation, AKT translocates to the cell membrane through
the PH-mediated binding to PtdIns (3,4,5)P3. This binding
generates a conformational change in AKT that exposes the
two regulatory phosphorylation sites, T308 and S473. The
fact that PH domains of Phosphoinositide-Dependent Kinase-
1 (PDK1) and AKT share their high affinity for PtdIns (3,4,5)
P3 favors their physical close proximity and enhances the
efficiency of the PDK1-mediated phosphorylation of T308 in
AKT. Phosphorylation of T308 only partially activates AKT
and it is not yet clear whether it is a necessary prior event for
phosphorylation of S473 (Yung et al., 2011). To reach full
activation though, AKT must be phosphorylated at both T308
and S473. The identity of the kinase responsible for
phosphorylation of S473 remains still controversial and
several candidates have been reported, including PDK1/2 and
the mammalian target of rapamycin (mTOR) associated
within the mTOR complex-2 (mTORC2) (Balendran et al.,
1999; Hill et al., 2001; Sarbassov et al., 2005; Peifer and
Alessi, 2008; Alessi et al., 2009). The same kinase mTOR that
is upstream of AKT as mTORC2, assembles within
mTORC1, which is a direct AKT substrate. Phosphorylation
by AKT of another member of both mTORC1 and mTORC2
results in opposite effects on the AKT pathway: while
phospho-TSC1-2 sustains a positive feedback loop between
mTORC2 and AKT (Huang and Manning, 2009), in some
instances (for example, in the insulin receptor pathway, it
mediates the inhibitory feedback loop of PI3K-AKT-
mTORC1 axis (Harrington et al., 2005). This complex
interplay between mTOR and AKT, mediated by mTORC1
and mTORC2 coordinates and diverts the AKT signaling to
specific sets of downstream pathways that will define the
functional response of the cell.

Overactivation of AKT can lead to the loss of proliferative
and cell survival control that occurs in a wide array of solid

Figure 1 Structure of AKT. Depicted is the structure of AKT1.
AKTconsists of three domains: the PH domain, the kinase domain
and the C-terminal regulatory domain with a hydrophobic motif
(HM). The kinase domain contains T308, one of two residues that
need to be phosphorylated in order for AKT to become active. The
second residue, S473, is located in the hydrophobic motif of AKT.
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tumors and hemopoetic malignancies. To maintain proper
physiologic function, AKT activity needs to be exquisitely
balanced. Cells counterregulate AKT function via distinct
mechanisms, including the degradation of PtdIns (3,4,5)P3 by
inositol phosphatases. Phosphatase and tensin homolog
deleted on chromosome 10 (PTEN) antagonizes PI3K activity
and dephosphorylates the 3′-OH position, generating PtdIns
(4,5)P2 (Stambolic et al., 1998). The SH2-containing inositol
polyphosphate 5-phosphatase (SHIP1) exhibits 5′-OH phos-
phatase activity to produce PtdIns (3,4)P2 (Cantley and Neel,
1999; Roget et al., 2008). Both events lead to the formation of
inositol lipids whose binding affinity for AKT is significantly
lowered. The PH domain-only protein PH-like domain family
A member 3 (PHLDA3) competes with AKT for binding to
both PtdIns (3,4,5)P3, and PtdIns (3,4)P2, and the over-
expression of PHLDA3 may block the localization of AKT to

the membrane (Kawase et al., 2009). In addition, AKT can be
directly targeted by the action of phosphatases such as protein
phosphatase 2 (PP2A) and the PH domain leucine-rich repeat
protein phosphatase (PHLPP). While PP2A preferentially
dephosphorylates AKT at T308 and, under certain conditions,
also targets phospho-S473 (Andjelković et al., 1996; Liao and
Hung, 2004; Pim et al., 2005; Rocher et al., 2007;
Padmanabhan et al., 2009), PHLPP dephosphorylates AKT
specifically at S473 (Fig. 2) (Gao et al., 2005; Brognard et al.,
2007; Mendoza and Blenis, 2007).

Pharmacological targeting of the AKT pathway

The physiologic relevance of AKT and the potential
involvement of the AKT pathway in numerous pathological
conditions have attracted major interest in AKT as a

Figure 2 Regulation of AKT Activation. Upon ligand binding to receptor tyrosine kinase (RTK), PI3K is recruited to the membrane
where it phosphorylates its substrate PtdIns (4,5)P2 leading to the formation of PtdIns (3,4,5)P3. PtdIns (3,4,5)P3 will induce AKT
translocation to the membrane by binding to its PH domain and causing a conformational change that allows T308 and possibly S473 to
become accessible to PDK1 and mTOR for phosphorylation. Once phosphorylated, full activation of AKT results in the regulation of
multiple cellular events related to cell proliferation, growth and survival. AKT activity is negatively regulated by the action of PtdIns
phosphatases PTEN and SHIP which activity reduces the availability of the AKT-activating PtdIns (3,4,5)P3. Lastly, PP2A and PHLPP
directly target AKT by dephosphorylating phospho-T308 and phospho-S473, respectively and reverting AKT to an inactive conformation.
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pharmacological target. One such drug is the fungal
metabolite rapamycin, which is currently being used as an
immunosuppressant to prevent rejection following organ
transplantation. Rapamycin and its analogs rapalogs…, affect
the AKT pathway by directly binding to the FKBP12 binding
protein, which interacts preferentially with mTORC1 and
blocks its downstream signaling activity. In some instances,
inhibiting mTORC1 may result in pernicious effects by
breaking the S6K-dependent inhibitory feedback that
restrains the PI3K-induced AKT activation, i.e. eliciting the
opposite intended outcome (O’Reilly et al., 2006). Conse-
quently, alternative therapeutic strategies to rapamycin have
been proposed by combining the inhibition of mTOR
function and AKT activation. In this context, the strong
structural similarities between the catalytic domains of mTOR
and the p110 subunits of PI3K (Maira et al., 2008) facilitates
the dual inhibitory activity of new chemical compounds,
distinct from rapalogs, that are currently being tested in
clinical trials (clinicaltrial.gov ID number NCT00620594).
The most common PI3K-specific inhibitors, the synthetic
compound Ly294002 (Vlahos et al., 1994) and the fungal
metabolite wortmannin (Wiesinger et al., 1974), have been
standard reagents in the experimental characterization of
PI3K signaling, but their therapeutic use has been disregarded
(Marone et al., 2008) and the attention has been shifted to a
new generation of PI3K inhibitors that target the different
isoforms of the regulatory p110 subunit. The potential
therapeutic benefit of PtdIns analogs, has also been
postulated. Nevertheless, despite their capacity to disrupt
AKT activation, they may also generate specificity problems
with respect to other PH domain-containing proteins. In
contrast, the direct inhibition of AKT is considered a very
attractive but challenging therapeutic option, either alone or
in combination with other forms of therapy. Recently, several
ATP-competitive inhibitors and novel allosteric inhibitors
(PH domain-dependent small molecules) with selectivity for
individual AKT isoforms are being actively characterized,
some of which are in early phase of clinical trials or in clinical
development (Hoffman et al., 1996; Hirai et al., 2010;
Markman et al., 2010; Pal et al., 2010; Reid et al., 2011).

Active AKT profoundly affects cellular processes by
phosphorylating numerous substrates. Consensus motif
analyses reveal thousands of potential substrates for the
enzymatic activity of AKT which can cause positive or
negative regulation of the substrate. However, no more than
50 AKT substrates and the consequences that the phosphor-
ylation by AKT may induce on their function, localization or
protein stability have been characterized to date (Manning
and Cantley, 2007). In this review we will focus on the recent
advances in AKT signaling and downstream events in T cell
lymphocytes, emphasizing its contrasting role in conven-
tional and regulatory T cells (Tregs). For an extensive review
of downstream signaling in other cell types, readers are
referred to other excellent reviews on the subject (Kandel and
Hay, 1999; Song et al., 2005).

The role of AKT in conventional T
lymphocytes

The immune system is composed of two distinct yet
complementary subdivisions: innate immunity and adaptive
immunity. The innate arm generates the first line of defense
against an infection or insult and reacts to pathogens rapidly
but non-specifically, usually in response to pathogen-
associated molecular patterns (PAMPs) expressed on infec-
tious agents. The adaptive response, on the other hand,
requires the antigen-specific recognition of pathogens and can
take several weeks to develop. However, it generates a long-
term protective memory that enables a rapid response upon a
second encounter with the antigen-bearing pathogen. Two
types of adaptive immune response can be differentiated:
humoral, which is mediated by B cell produced antibodies,
and cell-mediated, which involves the generation and
activation of antigen specific T cells. Two major subsets of
peripheral mature T cells are identified by the mutually
exclusive expression of CD8 and CD4 surface molecules.
Most CD8+ T cells display cytotoxic effector function once
activated. Normally, CD8+ T cells recognize and lyse cells
expressing the pathogenic antigen associated with MHC class
I molecules. CD4+ T cells, on the other hand, recognize
foreign antigens in the context of class II self MHC, which
enables them to respond only to professional Antigen
Presenting Cells. Once activated, most effector CD4+ T
cells become helper T cells (TH cells) that provide essential
additional signals to activate and direct other cells to respond
aggressively to an infectious agent. A minor population of
CD4+ T cells known as Tregs specializes in suppressing the
activity of other lymphocytes and immune cells, helping to
control the immune response and preventing collateral
damage due to overactive inflammation. The development,
activation and survival of T cells are indeed a tightly regulated
and complex processes in which AKT plays a pivotal role.

AKT in T cell development

The thymic microenvironment directs the development,
education and selection of T cells through the sequential
integration of multiple extracellular cues that will ultimately
generate the mature functional pool of circulating T cells. The
first step in T cell development is the migration of early
thymic progenitors (ETPs) from bone marrow to thymus
(Penit and Vasseur, 1989). Once in the thymus, ETPs
transition through four stages as double negative (DN) T
cells (DN1-4) before becoming double positive (DP)
CD4+CD8+ T cells (Godfrey et al., 1993). The emergence
of a mature T cell requires that the developing thymocyte pass
through several pre-T cell receptor (pre-TCR)/TCR depen-
dent selection events, the first of which takes place at the DN3
stage, followed by positive and negative selection during the
DP stage (Juntilla and Koretzky, 2008). Only DN3 thymo-
cytes that express the newly created pre-TCRβ chain will
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survive, a process known as β-selection (Levelt et al., 1993a,
b). During the subsequent DP stage, additional positive and
negative selection occurs in which phenotypic allelic
exclusion at the TCRα locus is regulated and the reactivity
of mature TCR for self-peptide/MHC takes place (Starr et al.,
2003; Werlen et al., 2003; Juntilla and Koretzky, 2008).
Although widely studied, the complete picture of signaling
events and molecular mechanisms that control thymocyte
differentiation is not well characterized. Experimental
evidence suggests that AKT is essential during the transition
from DN to DP, β-selection, allelic exclusion and the
subsequent proliferation that follows DP transition, but the
identification of specific pathways in which AKT is involved
is still the focus of very active research (Sasaki et al., 2000;
Hagenbeek et al., 2004; Hinton et al., 2004; Patra et al., 2006;
Juntilla et al., 2007; Mao et al., 2007). A better understanding
of the molecular events that control thymocyte development
and T cell maturation will likely shed light upon the etiology
and onset of a plethora of T cell-related pathologies, including
autoimmune diseases and malignant transformations.

AKT in peripheral CD4+ effector T cell differentiation

Following thymic selection and education, thymocytes are
released into peripheral circulation as mature CD8+ T cells or
CD4+ T cells. CD4+ TH cells have been classified into TH1,
TH2 and TH17, among others, according to their cytokine
expression signature. TH1 cells participate in cell-mediated
immunity and are critical for the control of intracellular
pathogens such as viruses and certain bacteria through the
production of interferon (IFN)-γ and tumor necrosis factor
beta (TNF-β). TH2 cells direct B cell activation and antibody
production as well as basophilic and eosinophilic inflamma-
tion through the secretion of interleukin (IL)-4, IL-13 and IL-
5. TH17 cells are critical in protecting the surface of skin and
intestine against extracellular bacteria through the production
of IL-17. AKT signaling is involved in the peripheral
differentiation of distinct effector TH cell subsets. Arimura
et al. (Arimura et al., 2004) found that the expression of a
constitutively active form of AKT induced TH1 differentia-
tion in C57BL/6 mice; however, AKT promoted TH2
differentiation in BALB/C mice. Conversely, Kane et al.
(Kane et al., 2001) reported that, also in BALB/C mice,
CD28-induced AKT upregulated the TH1 cytokines IL-2 and
IFN-γ but not TH2 cytokines. These discrepancies were
reconciled by the findings of Lee et al. (Lee et al., 2010) who
were investigating mTORC2. These authors created mice
with a conditional deletion of rictor on C57BL/6 background,
an essential subunit in the mTORC2 complex, and reported
that both TH1 and TH2, but not TH17 differentiation, were
impaired. Additionally, they found that complementation
with constitutively active AKT rescued only TH1 differentia-
tion in mTOR deficient mice, whereas activated PKC-θ
restored TH2 cells, implying that mTOR-dependent AKT is
playing a pivotal role in the development of TH1 subset, but

not TH2. AKT has been also reported to be crucial for the
expression of TH17 cytokines in CCR6+ human memory T
cells (Wan et al., 2011).

AKT activation in conventional T cells

The plethora of stimuli and pathways that regulate AKT
function underlines its crucial role in T cells. One of the first
events was documented by Reif et al. (Reif et al., 1997),
showing that addition of IL-2 to a human T cell line lead to
stimulation of AKT in a PI3K-dependent fashion. Later on,
Lafont et al. (Lafont et al., 2000) reported that TCR ligation,
like IL-2, also promoted a sustained, PI3K-dependent
activation of AKT that lasts several hours (Lafont et al.,
2000). Co-signaling through CD28 receptor is required for
optimal TCR-dependent naïve T cell activation, cytokine
production, cell survival and proliferation (Salomon and
Bluestone, 2001). Parry et al. (Parry et al., 1997) reported that
upon CD28 co-stimulation, TCR-induced, PI3K-dependent
AKT activation increased substantially in primary human T
cells. Upon activation, AKT integrates and relays multiple
pathways that dictate downstream events that define the
outcome of the T cell function and fate. Phosphorylation of
downstream substrates of AKT leads to activation or
deactivation of a myriad of regulatory events in T cells.
Among them, glycogen synthase kinase 3 (GSK-3) modulates
the synthesis of glycogen in lymphocytes. GSK-3 is
constitutively activated in the absence of growth factors and
directly regulates the nuclear factor of activated T cells
(NFAT), a family of transcription factors involved in cytokine
gene induction (Beals et al., 1997). NFAT activity is
controlled by a nuclear import/export cycle governed by
phosphorylation/dephosphorylation (Rao et al., 1997). NFAT
is directly phosphorylated by GSK-3, and the phosphoryla-
tion and inactivation of GSK-3 by AKT indirectly promotes
NFAT-dependent synthesis of pro-inflammatory cytokines in
T cells (Fig. 3). Similar to NFAT, the eukaryotic initiation
factor 2 (eIF-2B) involved in the translational control of
protein synthesis, is another substrate of GSK-3 that is
rescued by AKT (Kleijn et al., 1998).

AKT is also functionally linked with the transcription
factor nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-κB) (Fig. 3), which is involved in T cell
development, maturation and proliferation (Livolsi et al.,
2001). Kane et al. (Kane et al., 1999) found that the
catalytically active AKT is necessary for the degradation of
the NF-κB inhibitor IκB, although it is still controversial
whether AKT alone is sufficient to induce NF-κB (Ozes et al.,
1999; Romashkova and Makarov, 1999) and whether IκB is a
direct target of AKT (Madrid et al., 2000; Sizemore et al.,
2002). Regardless of the precise mechanism, it is currently
clear that the PI3K/AKT/NF-κB signaling axis is operative in
activated T cells.

The forkhead family of transcription factors (FoxO) plays
an important role in cell proliferation and differentiation and
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is another major target of AKT kinase (Burgering and Kops,
2002). FoxO3 is involved in cell cycle regulation and survival
of T cells by inducing the IL-2-dependent expression of the
cell cycle inhibitor p27kip1 and the pro-apoptotic Bcl-2 family
member Bim (Stahl et al., 2002) (Fig. 3). Like other
transcription factors, FoxO activity is regulated by its nuclear
localization and its phosphorylation by AKT precludes its
nuclear accumulation and activity (Brunet et al., 1999;
Burgering and Kops, 2002). In addition, AKT has been
found to modulate the activity of another member of the Bcl-2
family, the pro-apoptotic BAD (Datta et al., 1997; del Peso et
al., 1997). Upon phosphorylation, BAD dissociates from Bcl-
2 and forms a very stable complex with 14-3-3 protein, which
allows the free Bcl-2 to associate with and inhibit the pro-
apoptotic effect of Bax. AKT has been found to regulate cell
survival through other pathways, including the NF-κB-
dependent upregulation of Bcl-XL (Chen et al., 2000;
Khoshnan et al., 2000), the activation of the transcription
factor cyclic adenosine 3′,5′-monophosphate (cAMP)-respon-
sive element binding protein (CREB) (Du and Montminy,
1998) and the direct inactivation of human caspase-9
(Cardone et al., 1998).

With the caveat of the functional intricacies of the

interaction between AKT and both of mTOR complexes,
the observation that AKT can regulate mTOR activity opened
the possibility that AKT can indirectly regulate protein
translation (Fig. 3) by either enhancing ribosomal-dependent
protein synthesis through the activation of p70S6 kinase
(Jefferies et al., 1997; Redpath et al., 1996) and through the
mTOR-dependent inactivation of the translation repressor 4E-
BP1. In contrast with the fundamental role of AKT in
conventional T cell function, results from recent studies are
consistent with the negative effect of AKT signaling in the
development and suppressor function of Tregs.

The role of AKT in regulatory T cell
lymphocytes

Overview of Tregs

Overactivation of the immune system can lead to an excessive
pathological inflammatory response and/or to autoimmune
disease. Maintaining a balance between effective immune
response and peripheral tolerance is achieved, in part, by
Tregs (Annacker et al., 2001; Shevach, 2001) through direct

Figure 3 Metabolic functions of AKT in conventional T cells. Schematic outline of the downstream protein targets of AKT in
conventional T cells, as discussed in the text.
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cell to cell contact, soluble factors, metabolic disruption or
indirect effect mediated by dendritic cell (DC) suppression
(Tang and Bluestone, 2008; Vignali et al., 2008; Shevach,
2009). First known as “suppressor” cells, for over a decade it
remained unclear the true identity of these anti-inflammatory
cells due to an inability to distinguish them from other
conventional T cells. The turning point of Treg research came
in 1998 with the link of the suppressor function with the cells
that expressed high levels of the IL-2 receptor alpha chain
(CD25) (Papiernik et al., 1998). Additionally, in 2003 the
identification of the forkhead winged helix transcription
factor (FoxP3) as a critical regulator of Treg development and
function helped to establish a Treg phenotype (Brunkow et
al., 2001; Fontenot et al., 2003; Hori et al., 2003; Khattri et
al., 2003). Deficiencies in FoxP3 underlie the lymphoproli-
feration and multiorgan autoimmunity of scurfy mutant mice
and human patients with Immunodysregulation Polyendocri-
nopathy and Enteropathy, X-linked syndrome (IPEX) (Zieg-
ler, 2006; Feuerer et al., 2009). IPEX usually affects males
causing them to rarely live beyond infancy and suffering from
severe enlargement of the secondary lymphoid organs,
insulin-dependent diabetes, eczema, food allergies and
concomitant infections (Workman et al., 2009). Despite
their critical involvement in immune homeostasis, Tregs
constitute only about 1%–5% of the circulating T cells in the
human body. Two main subsets have been distinguished
according to their origin: naturally occurring, thymically
selected natural Tregs (nTregs) and peripherally induced
Tregs (iTregs) differentiated from circulating conventional
CD4+ T cells. These two subsets are phenotypically
indistinguishable in the expression of CD25, cytotoxic T
lymphocyte antigen 4 (CTLA4), glucocorticoid-induced
tumor necrosis factor receptor (GITR), and FoxP3 and lack
the IL-7 receptor (CD127). Unfortunately, despite intensive
research, there is still no surface or intracellular markers
which clearly distinguish Tregs from conventional T cells in
humans, although nTregs differ from iTregs in a variety of
ways. While high affinity interactions with cognate self-
peptide-MHC complexes and strong CD28 co-stimulation
drive the development of nTreg, iTregs require weaker,
suboptimal TCR stimulation and can be generated in the
absence of CD28 co-stimulation. In addition, differentiation
of iTregs, but not nTreg development, requires IL-2 and
transforming growth factor-β (TGF-β) (Horwitz et al., 2008).
nTregs have a TCR specificity for self-antigens in the thymus
whereas the iTreg repertoire is more specific for tissue and
foreign antigens (Bluestone and Abbas, 2003). This dichot-
omy may account also for their different regulatory activities,
with nTregs preferentially involved in preserving self-
tolerance and iTregs being more functionally active at
inflammatory sites.

Careful attention must be paid to the differences between
mice and human Tregs. While FoxP3 is considered the
definitive marker for mouse Tregs, the expression of FoxP3 in
human is not confined to Tregs, but it can be also induced in

activated, conventional T cells. This observation added
further confusion as to whether circulatory FoxP3+ Tregs
are thymic in origin and persist in the periphery or whether
they were induced during antigen-specific stimulation (Akbar
et al., 2007).

Peripherally induced Tregs

Key evidence for the relevance of peripheral generation of
human Tregs came from the work of Vukmanovic-Stejic et al.
The authors proposed that antigenic persistence induces a
continuous generation of short-lived and prone to apoptosis
Tregs from a population of rapidly dividing, highly
differentiated memory CD4+ T cells (Vukmanovic-Stejic et
al . , 2006;). Since the number and function of
CD4+CD25+FoxP3+ Tregs are maintained in humans even
in senescence (Akbar et al., 2007), thymic nTregs cannot
explain the lifelong existence of human Tregs, which supports
the relevance of the peripheral development in the pool of
circulating Tregs in adult humans. Challenging the standard
paradigm of T cell lineage commitment, recent evidence
emphasizes the functional and developmental plasticity (Heri
et al., 2010) of T cells. In this context, iTregs can be generated
from TH1 (Hori et al., 2010), TH2 (zheng et al., 2009), and
TH17 (Zhou et al., 2008) effector cells as well as from naive
cells (Apostolou et al., 2002). In fact, CD103+ DCs from the
mesenteric lymph nodes can induce the differentiation of
naïve CD4+ T cells into iTregs in the mucosal environment of
the gut, providing a mechanism by which functionally
specialized gut-associated lymphoid tissue DCs can extend
the repertoire of Treg cells (Coombes et al., 2007). All these
findings are consistent with iTreg differentiation being
tailored according to specific microenvironment require-
ments, thus ensuring the physiologic ability to control
immune homeostasis when and where needed. In addition
to their critical function in maintaining immune homeostasis
after infection or inflammatory response, iTregs are also
considered major contributors to the failure of immunosur-
veillance during cancer development, as the tumor micro-
environment is especially favorable for the generation of
iTregs (Josefowicz and Rudensky, 2009).

This high degree of developmental plasticity of iTregs
makes them also functionally unstable. Xu et al. (Xu et al.,
2007) and Yang et al. (Yang et al., 2008) found independently
that a fraction of peripheral FoxP3+ T cells lost FoxP3
expression and produced IL-17 upon in vitro stimulation in
the presence of IL-6. Also, when highly purified FoxP3+ cells
were transferred into RAG – / – mice, approximately half of
the cells lost their FoxP3 expression and produced IFN-γ, IL-
2 and IL-17 (Duarte et al., 2009; Komatsu et al., 2009).
FoxP3+ T cells may acquire TH cell features without losing
FoxP3 expression. These hybrid FoxP3+RORγt+IL-17+ or
FoxP3+T-bet+IFN-γ+ cells have been characterized as in a
transitional state between Treg and TH phenotypes (Old-
enhove et al., 2009). The issue of Treg plasticity is
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controversial and it remains to be established whether it
reflects a true lineage reprogramming of committed Tregs or
is a dynamic transition of an uncommitted population of
FoxP3+ T cells (Hori, 2010). This high degree of plasticity in
the iTreg developmental program represents an additional
challenge to the inherent difficulties associated with the study
of human Tregs, such as insufficient number of cells,
heterogeneous cell population and staggering differences
between human and mouse models, which is particularly
important when thinking about using Tregs as a therapeutic
treatment for human disease. These intrinsic limitations have
prevented a comprehensive understanding of the differential
signaling events that govern the development and function of
Tregs.

Inhibitory effect of AKT on Tregs

In 2008 Sauer et al. (Sauer et al., 2008) reported that the
PI3K/AKT activity antagonized FoxP3 expression in murine
T cells. The involvement of the AKT pathway was further
suggested when a constitutively active AKT repressed the
TGF-β induction of FoxP3 in a rapamycin-sensitive manner.
In addition, the combined inhibition of both, PI3K and
mTOR, greatly augmented FoxP3 induction in CD4+ T cells
(Sauer et al., 2008). Additionally, only a moderate direct
inhibition of AKT sufficed to increase FoxP3 expression in T
cells, conveying that the blockage of AKT itself promoted
FoxP3 expression rather than an upstream regulator. In a
comparison of PI3K/mTOR inhibitor-induced cells to freshly
isolated Treg cells, more than half of the transcripts
specifically regulated in Treg cells were similarly regulated
in FoxP3-induced cells via PI3K/mTOR inhibition, suggest-
ing a substantial association between suppression of the
PI3K/AKT pathway, de novo expression of FoxP3 and Treg
signature in mouse CD4+ T cells (Sauer et al., 2008). The
involvement of AKT in Treg development was further
investigated by Haxhinasto et al. (2008), who reported that
if FoxP3 expression was already established in T cells, the
constitutive activation of AKT did not significantly decrease
its expression. The authors also investigated the role of AKT
in the development of nTregs and concluded that, like
iTregs, activation of AKT significantly impaired thymic
CD4+FoxP3+ nTreg development without altering positive
selection of conventional CD4+ and CD8+ T cells. These
results placed AKT at a nexus of signaling pathways with
broad impact on the onset of Treg specification in thymus as
well as on the differentiation of peripheral iTregs.

In addition to the critical role of AKT on Treg develop-
ment, recent reports established the negative impact of AKT
on the suppressive function of human nTregs. Crellin et al.
(Crellin et al., 2007) investigated whether hyporesponsive-
ness and lack of cytokine production in Tregs compared to
conventional T cells was the result of altered TCR signaling.
The authors revealed that CD4+CD25- T cells and
CD4+CD25+ Tregs had equivalent levels of ERK1/2 and

p38 phosphorylation upon TCR stimulation. However,
CD4+CD25+ Treg cells displayed a consistent defect in
phosphorylation of AKT at S473 and T308 as well as reduced
phosphorylation of the AKT substrates FoxO and S6,
suggesting a specific blockade of the TCR-induced AKT
pathway. Moreover, constitutive activation of AKT in nTregs
led to increased proliferation and concomitant abrogated
suppressive capacity, further supporting the requirement of a
“silent” AKT to sustain Treg function. In addition, enhanced
AKT activity in CD4+CD25+ nTreg cells did not suppress
expression of FoxP3, CTLA-4 or CD25 which indicated that
the loss of function was not related to a phenotypic change
(Crellin et al., 2007). In conclusion, these seminal studies
demonstrated the connection between biologic function and
the altered AKT signaling pathway in CD4+CD25+ nTreg
cells. Unlike the AKT requirement in the conventional T cell
effector response, AKT activation in Tregs significantly
impairs their development and function. In an effort to
understand the mechanisms that regulate the transition from
conventional T cells to iTregs, our group has recently reported
that the rewiring of the TCR pathway occurring during the
iTreg differentiation also results in the specific blockade of
the TCR-dependent AKT activation and has elucidated some
of the signaling events involved in this altered TCR signaling
(Reneer et al., 2011).

The opposing role of AKT on human iTregs

We have developed an ex vivo cell culture system that mimics
in vivo human iTreg development and allows for the
discrimination and comparison of naïve, memory and iTreg
T cell populations simultaneously isolated from the same
original pool of primary T cells [Ellis G I, Reneer M C, et al.,
Generation of induced Regulatory T Cells from primary
human naïve and memory T cells. JoVE (in press)]. These
iTregs exhibit high levels of CD25, FoxP3, CTLA4, GITR,
low levels of CD127, and display strong suppressor activity.
Using this novel experimental platform, our laboratory has
identified that the differentiation of conventional T cells into
iTregs involves the reorganization of TCR-dependent AKT
activation. We have confirmed the TCR inability to activate
AKT in primary human iTregs like that of mouse Tregs, and
have further determined some of the signaling mechanisms
involved in this specific blockage (Reneer et al., 2011). In
contrast, ERK activation was remarkably effective in
response to TCR engagement, indicating that the blockade
of the AKT pathway in iTregs did not occur as a result of a
general failure of the TCR machinery. When we investigated
what was causing this defective TCR response in Tregs, we
identified the functional dissociation of the K+-channel Kv1.3
and the kinase Lck from TCR engagement. Interestingly,
Kv1.3 and Lck relocate to and participate in the signaling
pathway triggered by the highly active IL-2-Receptor (IL-2R)
complex. From these results, we propose that the competitive
crosstalk between TCR and IL2-R pathway is instrumental in
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the signaling rewiring responsible for the blockage of the
TCR-dependent AKT activation in iTregs. In addition, the
physical and functional redistribution of protein clusters may
represent a rapid and efficient mechanism of adapting the cell
signaling machinery to a new environmental context. Indeed,
the functional switch from a prevalent antigen-dependent
signaling in effector cells to cytokine-dependent responsive-
ness in iTregs is consistent with the physiologic relevance of
the suppressor activity of iTregs upon antigen clearance
(Reneer et al., 2011).

The AKT network determines effector T cell sensitivity to
Treg suppression

The AKT pathway is not only critical for Treg development
and function, but is also an essential determinant of effector T
cell sensitivity to Treg cell-mediated suppression. In several
murine models of spontaneous autoimmunity, such as the
non-obese diabetic (NOD) model of diabetes and the MRL/
Mp model of systemic lupus erythematosus, Tregs function
normally but effector T cells are resistant to Treg-mediated
suppression (Gregori et al., 2003; Monk et al., 2005; You et
al., 2005). In addition, several strains of mice with altered T
cell intracellular signaling were also refractory to iTreg
activity (Rengarajan et al., 2002; Bopp et al., 2005). But it
was not until King et al. (King et al., 2006) that a potential
mechanistic explanation for the effector T cell insensitivity to
Tregs was found in the hyperactivation of the PI3K-AKT
pathway. Concrete evidence for a causal relationship between
AKT and effector T cell resistance was confirmed in a recent
study by Wehrens et al. (Wehrens et al., 2011) in human
patients with juvenile idiopathic arthritis (JIA). Tregs from
synovial fluid and peripheral blood of patients with JIA were
fully functional when compared to healthy controls; however,
at the local site of autoimmune inflammation, proliferation
and cytokine production of effector T cells was poorly
controlled by Tregs. These T cells isolated from the site of
inflammation had increased levels of active AKT, and the
pharmacological inhibition of AKT kinase renders them
susceptible to Treg-mediated suppression. These findings
demonstrate that not only a weak Treg niche, but also a
dysfunctional effector population may account for the
attenuated suppressor activity and loss of immune home-
ostasis (Wehrens et al., 2011). Further evidence for the
importance of AKT in the effector T cell interplay with Tregs
is the homeostatic control of the maturation of Ag-primed
cytotoxic T cell (CTL) precursors to become CTL effector
cells by a mechanism that involves the inhibition of AKT, but
not of STAT5 or ZAP70 (Kojima et al., 2005).

In conclusion, the role of the AKT pathway has been
known for many years to be critical in the development and
function of conventional T cells. However, the inhibitory
effect of AKT on Treg cell generation and suppressor activity
in both mice and humans has just recently been uncovered.
Additionally, hyperactivation of AKT in effector T cells leads

to the loss of suppressive capacity of Tregs, suggesting that
AKT is also crucial for effector cells to tune up their Treg
sensitivity. Depicted in Fig. 4 is a summary of the balancing
roles that AKT plays in conventional T cells and Tregs.

Perspectives

As the central role of AKT is being characterized in different
T cell subpopulations and activation stages, the particular
complexity of its regulatory signaling pathway in Tregs is
mostly unknown. What are the mechanisms underlying the
paucity of AKT activity in Tregs? What is causing the low
TCR-dependent AKT inactivation in Tregs? Our laboratory
has reported basic differences in the early TCR signaling
machinery in iTregs compared to conventional T cells such as
the dissociation of Lck and Kv1.3 from the TCR and their
relocation to the IL-2R pathway (Reneer et al., 2011).
However, more investigation into early TCR signaling events
will be needed to fully understand the rewiring of TCR
signaling upstream of AKT activation that occurs during
iTreg differentiation. What is the contribution of phospha-
tases such as PTEN, PP2A and PHLPP? This question has
been answered partially by the finding that PHLPP is
overexpressed in murine Tregs (Patterson et al., 2011),
although the confirmation in human models remains elusive
as well as the involvement of other phosphatases. What is the
specific role of kinases such PDK1 and mTOR in Tregs?
What are the mechanisms that control their function? The
addition of rapamycin in cell culture favors the generation of
these cells. However, rapamycin preferentially inhibits
mTORC1 which is not involved in AKT activation (Sauer
et al., 2008). A deeper understanding into the activity of
kinases in Tregs will help to elucidate the singularity of the
AKT signaling in Tregs and will open novel avenues toward
therapeutic manipulation of Tregs. Interestingly, our labora-
tory has shown that the expression of AKT protein was
substantially higher in Tregs when compared with conven-
tional T cells (Reneer et al., 2011), probably because of the
increased stability of non-active AKT (Suizu et al., 2009).
Our results showed that this low-active AKT in iTregs co-
immunoprecipitated with SMAD3, as it has been previously
reported in other cell types (Conery et al., 2004; Remy et al.,
2004; Song et al., 2006), suggesting a new level of cross-talk
between the TGF-β and the TCR pathways in iTregs. We
propose a model by which the excess of AKT in Tregs may
result in the cytoplasmic sequestration of SMAD3 and the
prevention of the SMAD3-dependent upregulation of pro-
apoptotic factors (manuscript in preparation). We are
currently determining how the kinetics and balance of
SMAD3-dependent FoxP3 expression fit with AKT’s control
of SMAD3 activity in iTregs.

Likewise, the investigation into the mechanisms by which
overactivation of AKT activity in effector T cells located in
inflammatory environments precludes Treg suppression will
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shed light on potential new therapeutic targets for the
treatment of autoimmune diseases in which effector T cells
are unresponsive to Treg control. In the same context, a latent
question is how do Tregs subvert the AKT pathway in their
target cells? Several mechanisms for Treg suppression have
been described and partially characterized, but the signaling
events elicited by Treg-dependent activity in the effector cells
have not been studied, with the exception of the recognized
involvement of AKT. A better understanding of the complex-
ities of the AKT pathway regulation in T cells might help to
characterize the seemingly opposite functions it exerts in
different T cell subsets, differentiation stages or specific
patterns of activation. Answers to these questions are
necessary to design novel therapeutic strategies either
targeting AKT and/or exploiting the immense potential of
Treg manipulation.
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Figure 4 Balancing act of AKT in T cell differentiation and activation. (A): AKT in conventional T cells. Ligation of Ag-MHC to the
TCR will result in activation of AKT in conventional T cells. AKT activation will subsequently induce proliferation and production of
inflammatory cytokines. Additionally, under certain pathological conditions, effector T cells exhibit hyperactivation of the AKT pathway,
which will prevent the suppressive action of Tregs. Partial reduction of AKT activity in conventional T cells allows Treg-mediated
suppression, which further inactivates the AKT pathway in the targeted cell. (B): AKT in regulatory Tcells. Treg development and function
require reduced AKTactivity. In the periphery, the rewiring of the proximal TCR signaling network with the specific blockage of the TCR-
induced AKT pathway is a necessary event for iTreg differentiation and acquisition of suppressor capacity. These iTregs inhibit
conventional T cells through the downregulation of the AKT pathway. Concurrently, AKT activation prevents FoxP3 expression and
inhibits Treg suppressor function. Therefore, high AKT activation tilts the balance of the immune response toward optimal effector
function, while lesser AKT signaling in T cells will occur in an anti-inflammatory environment, conductive to preferential Treg
differentiation and suppressive function.
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