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Abstract 
The unique functional attributes possessed by T cells are initiated after 

stimulation via their T cell receptor (TCR).  Due to the T cell’s integral role in 

immune function, the regulation of signaling events downstream of the TCR 

have been, and continue to be, an area of intense research.  An effective T cell 

immune response is dependant upon the proper relaying of the signals initiated 

by the TCR-antigen-MHC interaction, whereas a disruption in the signaling 

cascades downstream of the TCR can result in the inability to control pathogen 

replication or the initiation of T cell mediated autoimmunity.  The discovery of 

specific pharmacological inhibitors and the generation of genetically modified 

mouse models have allowed investigators to take a stepwise approach in 

understanding TCR induced signaling hierarchies.  

In this study, we have utilized genetically modified mouse models, in 

which the targets of gene deletion, TSC1 and DGK, are molecules that regulate 

signals emanating from the TCR.  Additionally, we have demonstrated that both 

of these molecules negatively regulate the mammalian target of rapamycin 

(mTOR) in both naïve and activated T cells.  mTOR is a critical regulator of cell 

growth and metabolism.  By virtue of its kinase ability, mTOR has been shown to 

initiate signaling in response to a variety of extracellular signals including 

cytokines, growth factors, amino acids, and toll-like receptor (TLR) ligands.  The 

versatility with which this protein kinase interprets multiple signaling inputs 

simultaneously has led to mTOR being referred to as the “rheostat” of the cell.  

Recent investigation has begun to elucidate the role of the mTOR pathway in 

basic T cell biology, however, the mechanisms by which mTOR controls basic T 
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cell homeostasis and function is unclear, and the importance of tight control of 

the TSC-mTOR pathway in T cells is not known. 

 In the first model, mice were strategically bred so that TSC1 was deleted 

exclusively in the murine T cell lineage.  TSC1, in complex with TSC2, acts as an 

inhibitor of mTOR by inhibiting Rheb, an activator of mTORC1.  Using this 

model we found that deletion of TSC1 at the double-positive (DP) stage of 

thymocyte development has several profound effects on T cell signaling, 

homeostasis and survival.  Specifically, the loss TSC1 in T cells results in 

constitutive activation of mTORC1 and decreased activation of mTORC2.  

Reduced T cell numbers were also observed in the peripheral lymphoid organs, 

which correlated with the finding of increased cell death ex vivo as well as after 

TCR stimulation in vitro.  Furthermore, we found that TSC1 deficiency resulted 

in altered mitochondrial homeostasis and function, which could be rescued in 

vitro with co-stimulation and/or antioxidants.  These observations give us clear 

evidence that the TSC-mTOR pathway regulates T cell survival and normal 

mitochondrial homeostasis.  

 In the second model, I utilized diacylglycerol kinase (DGK) deficient mice 

in our examination of the mechanisms by which the TCR affects T cell biology. 

To date, ten DGK isoforms have been identified in mammals, with DGKα and 

DGKζ being expressed in T cells.  Immediately following TCR stimulation, PIP2 

is hydrolyzed into the secondary messengers inostitol triphosphate (IP3) and 

diacylglycerol (DAG).  By converting DAG into phosphatidic acid, DGKs 

effectively terminate signaling mediated by DAG and serve to dampen T cell 

activation.  Additionally, previous work from our lab has shown that mTOR 



 

 vi 

kinase activity is negatively regulated in T cells by DGKs, and reveals a novel 

signaling relationship between the TCR, DGKs, and mTOR kinase activation.  

Given the ability of DGKα and ζ to regulate mTOR and other signaling cascades, 

we hypothesized that DGK activity may play an important role during an anti-

viral immune response. Using DGKα- and DGKζ-deficient (germline) mice in 

conjunction with MHC class I restricted tetramers and synthetically generated 

viral antigens, we were able to enumerate the primary and memory CD8+ anti-

viral immune response in the absence of diacylglycerol (DAG) metabolism and 

enhanced mTOR activity.  In response to LCMV infection, DGK-deficient CD8+ T 

cells expand more aggressively and produce elevated amounts of anti-viral 

cytokines, which results in reduced viral titers in DGK-deficient mice 7 days after 

infection.  Additionally, we found that while DGK activity serves to suppress the 

CD8+ T cell response during the primary infection phase, it promotes the 

expansion of antigen specific CD8+ T cells during the memory phase of an 

immune response.  The diminished response by DGK-deficient memory CD8+ T 

cells highlights opposing roles for DAG metabolism during the primary and 

memory immune phases.    

 The studies reported in this dissertation provide novel insights into the 

intrinsic mechanisms that regulate T cell homeostasis and function.  
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1.  Introduction 

1.1 The identification and regulation of mTOR 

Insights into the mTOR pathway began with the purification of an anti-

fungal metabolite that would come to be referred to as rapamycin.  Ensuing 

research demonstrated that rapamycin could inhibit cell growth, proliferation, 

and could be used as an immunosuppressant.  Genetic screening performed in 

yeast identified mutations that conferred resistance to rapamycin’s inhibitory 

properties, and eventually allowed investigators to identify the target of 

rapamycin (TOR) genes (1).  Biochemical studies in mammalian cells led to the 

identification of the mammalian TOR equivalent, which would be subsequently 

referred to as mTOR (2-6). 

 mTOR is an evolutionarily conserved serine/threonine kinase that can 

simultaneously integrate multiple signaling inputs, including nutrients, amino 

acids, growth factors, and cytokines, to regulate cell metabolism, proliferation, 

and growth (7-9).  mTOR associates with a variety of proteins, and is a 

component of two unique signaling complexes referred to as mTOR complex 1 

(mTORC1) and mTOR complex 2 (mTORC2).  In mTORC1, mTOR associates 

with Raptor, and is sensitive to acute rapamycin treatment, while in mTORC2, 

mTOR is in complex with Rictor, and is less sensitive to acute rapamycin 

treatment (10, 11).  mTORC1 is activated by the GTP bound form of Ras homolog 

enriched in brain (Rheb).  The tuberous sclerosis complex (TSC), a heterodimer 

consisting of hamartin (TSC1) and tuberin (TSC2), functions as an inhibitor of 

mTOR by inactivating Rheb (12).  At the present time, the relationship between 

the TSC complex and mTORC2 is not well understood (Fig. 1).  
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Figure 1:  Basic schematic of mTOR signaling 

 

 The presence of growth factors, amino acids, or cytokines can activate the 
mTOR pathway through multiple signaling intermediates.  Signaling through 
mTORC1 proceeds through the downstream targets S6K1 and 4E-BP1, and is 
sensitive to acute rapamycin treatment.  Activation of mTORC2, which is not as 
well characterized as mTORC1, leads to the phosphorylation of Akt and PKCα, 
and activation of their downstream targets. 
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The TSC complex was originally identified as a critical regulator of 

mammalian cell homeostasis in patients bearing disruptive genetic mutations in 

the TSC1 and/or TSC2 gene.  Functioning as a tumor repressor, mutations in 

either gene often result in large non-malignant tumors that can affect the brain, 

eyes, kidneys, pancreas, and pulmonary system.  While the tumors are benign, 

they often interfere with normal organ function due to their large size, which 

compacts other vital organs in the area.  The most important mechanistic insight 

into how the TSC complex functions in normal cell homeostasis and function 

came when Rheb was identified as the target of the GAP domain of TSC2 (13, 14).  

Predictably, patients with mutations within the GAP domain of TSC2 exhibit low 

GAP activity towards Rheb, and develop multiple symptoms associated with 

tuberous sclerosis (15).   

Determining the structural motifs present on TSC1 and TSC2 have given 

researchers insight into the regulation and function of these molecules.  Sequence 

analysis has revealed multiple phosphorylation sites on TSC2 in addition to its 

GAP domain.  These target residues on TSC2 can be phosphorylated by a 

number of upstream kinases including AMPK, Akt, and Erk, amongst others.  

The variety of kinases that target TSC2 indicate a central role for the TSC 

complex in the context of nutrient metabolism and signaling.  While TSC2 has 

been the focus of significant structure-function research, the same cannot be said 

for TSC1.  The most well described domain within the TSC1 protein is its TSC2 

binding motif.  TSC1 has also been demonstrated to be a binding partner of 

multiple proteins, and could serve as a protein scaffold that dictates the sub-

cellular localization of its enzymatic partner TSC2 (8, 16).   
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Biochemical analysis has revealed that the TSC-mTOR signaling axis is 

downstream of several well known signaling pathways.  Work done primarily in 

cell lines has established the PI3K/Akt pathway as a positive regulator of the 

mTOR pathway.  In response to growth factors, Akt phosphorylates TSC2, which 

leads to the disruption of the TSC1-TSC2 complex.  The dissociation of the TSC 

complex leads to the activation of Rheb and mTORC1 (14, 17, 18).  Alternatively, 

TSC2 can be phosphorylated by Erk (18), which would put it downstream of TCR 

engagement in established models of T cell signaling.  Indeed, investigators have 

demonstrated that the mTOR pathway is robustly activated subsequent to TCR 

and DAG stimulation (19).  In addition to the mTOR pathway being activated by 

the presence of extracellular stimuli, it is also regulated by intracellular energy 

reserves.  The Amp-activated protein kinase (AMPK) is activated in response to 

low levels of intracellular ATP.  During times of nutrient deprivation, AMPK 

directly phosphorylates TSC2, which promotes the GAP activity of the TSC 

complex, ultimately resulting in the inhibition of mTORC1 (20).  

 The consideration of mTOR as a master regulator of cell metabolism 

comes from its capacity to control protein translation at a very fundamental level.  

As opposed to activating a few transcription factors that regulate a very specific 

set of genes, mTOR phosphorylates proteins that regulate the cell’s translational 

machinery itself.  As a component of two distinct signaling complexes, mTOR 

signaling proceeds through a number of downstream effector molecules.  Once 

activated by Rheb, mTORC1 phosphorylates both the 70-kDa ribosomal S6 

kinase (S6K1) and the translational repressor 4 elongation factor-binding protein 

1 (4E-BP1) (21).   
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S6K1 phosphorylation can be inhibited by both rapamycin and 

wortmannin (PI3K inhibitor), which originally led to the placement of these 

molecules in the same regulatory pathway.  However, the activation of a 

rapamycin insensitive S6K mutant can still be inhibited by wortmannin.  This 

observation suggests that the regulation of this kinase by the PI3K and mTOR 

pathways can be disassociated (22, 23).  Once activated, S6K1 phosphorylates S6 

(24).  It has been traditionally thought that phosphorylated S6 serves to promote 

the translation of 5’-TOP mRNAs, which include elongation factors and elements 

of the ribosomal translation machinery.  In this way signaling through S6K1 is 

considered to promote general protein translation by regulating the construction 

of the cell’s translational machinery (25-27).   

 The growth and proliferation of cells is an anabolic process dependant 

upon the translation of new enzymes and cellular machinery.  Like S6K, 4E-BP1 

is a direct target of phosphorylation by mTORC1 and controls protein 

translation.  4E-BP1 acts as a repressor of translation by inhibiting the translation 

initiation factor eIF4E.  Once phosphorylated by mTORC1, 4E-BP1 dissociates 

from eIF4E, where it can then initiate CAP-dependant translation (28).  The 

interaction between mTORC1 and its downstream targets, S6K1 and 4E-BP1, 

relies on the interaction of these proteins with Raptor, a component of the 

mTORC1 signaling complex, via a conserved amino acid motif referred to as 

TOR signaling (TOS) motif (29-31).  Disruption of the TOS motif inhibits S6K 

phosphorylation and mimics treatment with rapamycin (32). 

 While the identification of rapamycin as a potent inhibitor of mTORC1 has 

provided us with a invaluable tool to study the mechanisms that control 

mTORC1 signaling, no such reagent is available to study the regulation of 
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signaling exclusively associated with mTORC2.  As a result, identifying the 

upstream regulators of mTORC2 has proven more challenging. Recent findings 

have shown that the TSC complex can directly associate with and regulate 

mTORC2 in an mTORC1 independent manner (33).  Investigators have also 

demonstrated that mTORC2 is regulated by mTORC1 activity.  Specifically, S6K1 

can phosphorylate Rictor in vitro and in vivo, which can then inhibit mTORC2 

from phosphorylating its downstream target, Akt (34, 35).  Phosphorylation of 

Akt at serine 473 has been used as the canonical readout of mTORC2 activity.  It 

is interesting to note that Akt is a target of mTORC2 signaling and potently 

activates mTORC1.  This logical sequence might suggest that mTORC2 can 

activate mTORC1, however, S6K1 activity is not altered in an mTORC2 

knockdown model (36).  

 The ubiquity of the mTOR pathway in normal cell homeostasis underlies 

the complexity of its duties as a fundamental regulator of cell metabolism.  In 

addition to its ability to integrate multiple signals, both cooperative and 

antagonistic, simultaneously, another level of complexity is revealed in its 

signaling feedback regulation.  Originally, investigators thought that mTOR was 

directly phosphorylated by Akt, but phosphorylation of serine 2448 of mTOR can 

be inhibited by treatment with rapamycin.  Expression of rapamycin insensitive 

S6K1 mutants could restore serine 2448 phosphorylation in the presence of 

rapamycin, and an siRNA knockdown of S6K1 results in hypophosphorylation 

of mTOR (37), indicating that mTORC1 positively regulates its own activity.  In 

addition to regulating mTOR activity by directly phosphorylating it, S6K1 can 

phosphorylate IRS-1 to inhibit insulin receptor signaling through the IRS-PI3K-
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Akt pathway (38).  Clearly, this pathway has evolved numerous mechanisms to 

modulate its own activity in response to a wide range of signals.   

 

1.2 Inhibition of mTOR by rapamycin leads to T cell anergy 

Insights into the importance of the mTOR pathway in T cell biology 

emerged from in vitro cell cultures that included rapamycin.   While rapamycin 

had been identified as a potent immunosuppressant, the mechanisms by which it 

imposed its inhibitory capacity on mammalian T cells remained unclear for many 

years.  Initial findings demonstrated that rapamycin inhibited the ability of T 

cells to proliferate in response to IL-2, but not their ability to produce IL-2.  These 

studies also showed that rapamycin can induce anergy in CD4+ T cells even in 

the presence of co-stimulation.  T cells anergized in the presence of rapamycin 

exhibit decreased MAPK activity as well as a block from the G1 to S phase of cell 

cycle by inhibiting cyclin D3 expression (39-41).  This data led investigators to 

believe that entry into cell cycle was largely responsible for the prevention of T 

cell anergy.  Recent studies have shown, however, that the activation of the 

mTOR pathway itself can initiate the reversal of anergy, as opposed to entry into 

cell cycle (41-43).  Since rapamycin does not directly inhibit TCR signaling and 

cannot inhibit IL-2 production, it is considered a mild immunosuppressant.  

 

1.3 The TSC-mTOR pathway regulates immune cell quiescence 

 The relationship between the mTOR pathway and cell proliferation has 

been extensively studied.  The accepted dogma is that mTOR kinase activity is 
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closely associated with cell proliferation, while kinase inactivity is associated 

with cell quiescence (44).  With the development of conditional knockout mouse 

models, investigators have begun to elucidate the contribution of mTOR 

activation in the hematopoietic lineage of cells.  The two hallmark characteristics 

of hematopoietic stem cells are that they are long lived and can completely 

reconstitute the immune system of cells when transferred into a lethally 

irradiated host.  Research has demonstrated a critical link between quiescence 

and hematopoietic differentiation potential in that intentional disruption of stem 

cell quiescence leads to the impaired reconstitution abilities of HSCs.    By 

crossing the MX-Cre transgenic mice to TSC1f/f mice, investigators were able to 

ablate TSC1 in hematopoietic stem cells (HSCs) by administering polyinosine-

polycytidine (pIpC).  Presumably, the deletion of TSC1 in HSCs would result in 

enhanced metabolic activity within the stem cell and a departure from the 

metabolically quiescent state of resting HSCs.  Indeed, the ablation of TSC1 and 

activation of the mTOR kinase resulted in an HSC pool that was more 

proliferative as shown by BrdU incorporation and was actively undergoing 

apoptosis (45).  This manipulation of the mTOR pathway and metabolism in 

HSCs led to an impaired ability of TSC1-deficient HSCs to develop into a variety 

of hematopoietic lineages after being transferred into irradiated hosts.  

Furthermore, TSC1-deficient HSCs exhibited increased mitochondrial contents 

and numbers, which is consistent with increased mTOR kinase activity and 

decreased autophagic activity.  The decreased hematopoietic reconstitution 

potential of TSC1-deficienct HSCs could be rescued by treatment with 

rapamycin, indicating that the loss of quiescence in TSC1-deficient HSCs was 

dependant on increased mTORC1 activity.    
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1.4 T cell lineage commitment is regulated by mTOR 

The induction of the adaptive immune response is characterized by the 

aggressive expansion of an antigen specific T cell pool, coincident with the 

production of cytokines by said population.  Upon recognition of the 

peptide:MHC complex by the appropriate T cell receptors, T cells must integrate 

a variety of extracellular signals, both cooperative and antagonistic, to ensure 

that an appropriate immune response is initiated.  The mixture of cytokines 

present in the extracellular microenvironment sculpts the ensuing T cell response 

by initiating the activity of transcription downstream of their receptors.  Given 

the type of pathogen and route of infection, CD4+ T cells differentiate into T 

helper lineages that will be specifically suited to combat the budding infection. 

The T helper lineages are largely defined by the cytokines they secrete in 

response to antigen receptor stimulation.  The development of cytokine skewing 

in vitro culture systems have allowed investigators to begin to define the extrinsic 

and intrinsic signaling determinants that are involved in T helper lineage 

differentiation. To date, the T helper cells can be broadly differentiated into four 

distinct cell types, each with unique functional properties.  These cells have come 

to be known as the Th1, Th2, Th17, and Treg lineages (Fig. 2). 
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Figure 2:  Model of Th differentiation 

 

The presence of cytokines in the extracellular milieu drives the 
differentiation of naïve CD4+ into specialized effector T cells.  Particular cytokines 
have been shown to drive the expression of lineage specific transcription factors 
that promote gene expression associated with that lineage, while simultaneously 
suppressing the expression of intrinsic determinants associated with other Th 
lineages. 

 

 

 

 

 

 

 



 

 11 

The first two lineages identified were the Th1 and Th2 subsets.  Th1 CD4+ T 

cells have been shown to be important for the control of pathogens such as 

Toxoplasma gondii and Leishmania major.  The ability of these Th1 cells to control 

infection is, in part, reliant on their ability to produce large amounts of IFNγ.  

Subsequent work identified T-bet as a Th1 specific transcription factor that is 

downstream of T cell receptor signaling.  Its importance in controlling infection 

in vivo is clearly demonstrated in the increased susceptibility of T-bet deficient 

mice to Leishmania major (46).  Expression of T-bet can induce the expression of 

IFNγ and the receptor for IL-12 (IL-12Rβ2), which is important for the survival of 

Th1 committed CD4+ T cells (47, 48).  Furthermore, ectopic expression of T-bet in 

Th2 committed CD4+ T cells turns them into potent producers of IFNγ, 

illustrating the potency with which T-bet can direct lineage differentiation.  

Interestingly, while T-bet promotes the expression of IFNγ, IFNγ signaling 

induces T-bet expression through STAT1 in CD4+ T cells (49, 50), suggesting a 

positive feedback regulatory mechanism.   

While the production of IFNγ characterizes the Th1 lineage, Th2 cells are 

noted for their ability to produce IL-4, which mediates allergic responses and 

protection from parasitic infection.  Much like T-bet, GATA-3 was identified as a 

Th2 lineage specific transcription factor.  Using gene transduction by a retroviral 

vector, GATA-3 strongly promoted Th2 differentiation, while inhibiting Th1 

differentiation in CD4+ T cells (51, 52). While Th2 cells are noted for their ability to 

quickly produce IL-4, the inclusion of IL-4 in the Th2 skewing in vitro culture 

systems indicates an instructive role for the cytokine in T helper differentiation.  

Indeed, IL-4 has been shown to increase the expression of GATA-3 through 
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STAT6 in T cells (53).  Given the fact that IL-4 production is a consequence of Th2 

differentiation, and induces GATA-3 expression in T cells, it appears as though a 

positive feedback mechanism exists to stabilize the Th2 lineage during an 

immune response. 

While the existence of the Th1 and Th2 lineages has been established for 

some time, the emergence of a new lineage became evident during studies of 

experimental autoimmune encephalitis (EAE).  Historically, the progression of 

EAE in mice has been thought to be the consequence of an aggressive Th1 

response.  This viewpoint came primarily from observations that treatment with 

neutralizing antibodies against IL-12p40, or using mice genetically deficient for 

the p40 subunit, prevents the onset of EAE (54-56).  However, the discovery that 

the p40 subunit of IL-12 is also a component of the IL-23 heterodimer (57), led 

investigators to rethink previous observations, and to propose new research 

strategies concerning the onset of EAE.    The key observations that established 

the Th17 lineage as being separate and distinct from the Th1 and Th2 lineages 

came from a series of studies using mice deficient for particular subunits of IL-12 

and IL-23.  Mice deficient for IL-12p35 (subunit of IL-12) remained susceptible to 

autoimmune inflammation, while mice deficient for IL-12p40 (subunit of both IL-

12 and IL23) or IL-23p19 (subunit of IL-23) were rendered resistant to 

inflammation (58, 59).  These data clearly identify IL-23 as a potent determinant 

in the development of autoimmune diseases, and challenges the contention that 

EAE is driven by a Th1 immune response.  In previous studies, IL-23 was shown 

to induce the expression of IL-17 in CD4+ T cells (60).  In IL-23p19 deficient mice, 

which are resistant to certain types of autoimmune inflammation, fewer IL-17+ 

CD4+ T cells were observed in an in vivo model of arthritis.  From these 
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observations a model of IL-23 induced IL-17 production by CD4+ T cells began to 

be hypothesized as an important factor in the development of autoimmune 

inflammation (61).  Further studies demonstrate that treatment with IL-17 

neutralizing antibodies blocked autoimmune inflammatory disease progression, 

and IL-17 deficient mice were resistant to the development of joint arthritis after 

collagen immunization (62, 63).  Finally, IL-23 induced IL-17+ CD4+ T cells 

produced in in vitro cultures strongly induced EAE when transferred to a 

recipient mouse, while CD4+ T cells cultured in the presence of IL-12 (Th1 

condition) did not (64).  These observations clearly implicate a CD4+ T cell 

intrinsic role for IL-17 in promoting autoimmune inflammation.  In vitro 

differentiation of naïve CD4+ T cells into IL-17 producing Th17 cells requires TCR 

stimulation in the presence of IL-6 and TGFβ, along with the inclusion of 

blocking antibodies to Th1 inducing IFNγ and Th2 inducing IL-4 (61).  In addition 

to producing IL-17, Th17 cells produce IL-21 which signals in an autocrine loop 

through STAT3 to induce the expression of RORγt (65).  Like the T-bet in Th1 and 

GATA-3 in Th2 differentiation, RORγt was identified as a lineage specific 

transcription factor for Th17 cells.  The importance of RORγt in the differentiation 

of IL-17 producing CD4+ T cells, and in the progression of autoimmune 

inflammation has been extensively studied. RORγt deficient mice exhibit 

impaired Th17 differentiation and are resistant to the induction of EAE (66).  The 

identification of the Th1, Th2, and Th17 effector lineages has revealed a degree of 

specialization within in the CD4+ T cell pool that was previously unappreciated, 

and has motivated investigators to search for additional lineages capable of 



 

 14 

mediating unique immune responses during infection and autoimmune 

pathogenesis. 

While the Th1, Th2, and Th17 lineages are noted for their specialized 

production of cytokines and ability to control infection and promote 

autoimmune inflammation, another lineage is noted for its ability to inhibit 

effector T cell function.  Their inhibitory properties have led them to be named 

regulatory T cells (Treg).  Like conventional T cells, Treg develop in the thymus 

before migrating to peripheral lymphoid tissues.  Once in the periphery, this T 

cell lineage is thought to be an essential mechanism of peripheral self-tolerance 

(67, 68) in addition to T cell anergy and clonal deletion.  Phenotypically, these 

cells are defined as CD4+ CD25+ Foxp3+ and are characterized by their anergic T 

cell properties.  The constitutive expression of the IL-2Rα on the Treg lineage 

indicates the crucial role IL-2 plays in the generation and maintenance of the 

lineage (69).  The function of the Treg lineage in the suppression of potentially 

harmful self-reactive T cells, and the importance of IL-2 to this lineage, is 

illustrated by the development of autoimmune disease in IL-2 and IL-2 receptor 

deficient mice (70-72).  At the molecular level, the regulatory T cell lineage is 

uniquely characterized by the expression of Foxp3.    Mutations of the Foxp3 

gene result in a total loss of the Treg lineage and the development of a fatal 

autoimmune lymphoproliferative disease in mice (73-75).  Using a strategic 

mutagenesis approach, investigators have demonstrated that Foxp3 can directly 

bind the IL-2 promoter to inhibit its transcription.  Furthermore, the amino 

terminal of the Foxp3 protein can interact with the nuclear factor of activated T 

cells (NFAT) to inhibit transcription mediated by NFAT (76-78).  Using a genetic 
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knock-in model, investigators replaced the endogenous Foxp3 gene with a non-

functional Foxp3-GFP fusion construct.  In this model, GFP+ T cells (Foxp3 

deficient) lacked suppressor function and could readily proliferate and produce 

cytokines, providing proof that Foxp3 is required for the suppressive function 

and anergic properties exhibited by regulatory T cells (73, 79, 80).  In vitro 

differentiation of the Treg lineage requires TCR stimulation in the presence of 

TGFβ.  The inclusion of TGFβ in the culture induces Foxp3 expression through 

Smad3 activation (81, 82).  Because it is considered the master regulator of the 

regulatory T cell lineage, the regulation of Foxp3 has become an intense area of 

focus for investigators and clinicians, and the mTOR pathway has emerged as a 

crucial regulatory checkpoint for the this lineage.  In an in vitro study screening a 

panel of inhibitors it was found that both PI3K inhibitors as well as rapamycin 

induced Foxp3 expression in CD4+ T cells. In a reciprocal study, another group 

demonstrated that Akt activation inhibits Foxp3 expression in conventional CD4+ 

T cells (83, 84).  These results clearly demonstrate an intimate connection 

between mTOR pathway activity, Foxp3 expression, and regulatory T cell 

induction and function.  

Taking into account that the differentiation of naïve CD4+ T cells is 

dependant on multiple signaling inputs, including TCR and cytokine 

stimulation, investigators hypothesized that the mTOR pathway may serve to 

integrate these signals to regulate the appropriate differentiation program of 

naïve CD4+ T cells.  Recently, several genetically modified mouse models have 

emerged as tools to study the role of the mTOR pathway in the differentiation of 

naïve CD4+ T cells into effector cells with highly specialized immunological 
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functions.  The emergence of genetically modified animal models represent an 

improvement over the use of pharmacological inhibitors because the specificity 

of inhibitors like rapamycin and LY294002 (PI3K inhibitor) is questionable.  As a 

result, investigators are currently using a strategic stepwise approach by 

knocking out individual components of the mTOR signaling cascade.  In 

conjunction with classical immunological assays, these models will offer 

definitive evidence of a particular gene’s contribution to a given biological 

process. 

In a model of mTOR inactivation, Delgoffe and colleagues generated a 

conditional mTOR deletion model, where the mTOR protein was specifically 

ablated in the T cell lineage (85).  It is important to note that in this model both 

mTORC1 and mTORC2 signaling pathways have been silenced as the mTOR 

protein is a component of both complexes.  In this model, no gross abnormalities 

were observed in T cell development or in the numbers of peripheral T cells.  

Despite mTOR’s pre-established role in the suppression of Foxp3, the natural Treg 

pools in the thymus and spleen appeared largely normal.  While ex vivo T cell 

analysis didn’t reveal any profound changes, in vitro differentiation cultures and 

in vivo immunizations demonstrated that mTOR signaling has a profound 

influence on T cell effector differentiation.  Specifically, in Th1 skewing 

conditions, mTOR deficient CD4+ T cells could not produce equivalent amounts 

of IFNγ when compared to wild-type T cells.  In support of this observation, 

mTOR deficient T cells showed impaired IL-12 induced STAT4 activation, and 

limited expression of the Th1 specific transcription factor T-bet in comparison to 

WT controls.  When transferred into naïve WT hosts, mTOR-deficient CD4+ T 
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cells failed to produce IFNγ after Vaccinia virus immunization, a pathogen noted 

for eliciting a Th1 immune response.  In a similar fashion, mTOR-deficient T cells 

also failed to differentiate into IL-4 producing Th2 cells under in vitro skewing 

conditions.  This inability to differentiate by mTOR deficient CD4+ T cells was 

characterized by impaired IL-4 induced STAT6 phosphorylation and low GATA-

3 expression.  This study also established mTOR activity as being crucial for Th17 

lineage commitment.  mTOR deficient CD4+ T cells exhibited impaired IL-17 

production in Th17 skewing culture conditions.  Impaired IL-6 induced STAT3 

phosphorylation was observed in mTOR deficient T cells, as well as decreased 

expression of the Th17 associated IL-21, RORγt, and IL-23R.  The decreased 

potential to differentiate into the effector T cell lineages was offset by their 

predisposition to become regulatory T cells after TCR engagement, which is 

consistent with previous work showing that rapamycin and PI3K inhibitors can 

induce Foxp3 expression.  In addition, it was determined that the increased 

percentage of regulatory T cells in cultures was due to the generation of these 

cells and not a byproduct of the selective death of the effector lineages.    

While the previous study demonstrated the crucial role that the mTOR 

pathway plays in CD4+ T cell differentiation, it fails to elucidate the individual 

and unique contributions of mTORC1 and mTORC2, as both are impaired in the 

T cell conditional mTOR knockout.  To specifically address this dilemma, 

Delgoffe and colleagues created a T cell specific Rheb knockout model (86).  In 

most accepted models of mTOR signaling, Rheb lies directly upstream of 

mTORC1, where it positively regulates the mTOR kinase.  At the present time, 

no known regulatory interaction has been shown between Rheb and mTORC2, 



 

 18 

making the conditional Rheb knockout an appropriate model to specifically 

assess the role of mTORC1 in T cell biology.  While mTORC1 mediated 

phosphorylation of S6K1 was noticeably impaired in Rheb deficient T cells, no 

dramatic changes were observed in T cell, B cell, or regulatory T cell numbers.  

However, during in vitro culture differentiation, Rheb deficient CD4+ T cells fail 

to adopt the Th1 and Th17 lineages.  Adoptively transferred Rheb deficient T cells 

fail to produce IFNγ in response to Vaccinia virus infection, and Rheb deficient 

mice exhibit decreased susceptibility to EAE.  This data establishes mTORC1 

activity as being necessary for both Th1 and Th17 differentiation in vivo.  Notably, 

the Rheb deficient mice develop “non-classical” EAE where IL-4 producing 

MOG-specific CD4+ T cells cause ataxia and can be isolated from the cerebellum 

of immunized animals.  Therefore, Rheb deficient T cells adopt a Th2 phenotype 

under Th1 and Th17 inducing conditions in vivo, and suggest a critical role for 

mTORC2 in Th2 differentiation.   

The potential impact of mTORC2 signaling on T cell differentiation was 

assessed by using a T cell conditional Rictor knockout model.  In association with 

mTOR, Rictor is a key component of the mTORC2 signaling complex and serves 

as a docking structure to bring together the mTOR kinase and its substrates.  

Therefore, knocking out Rictor selectively inhibits mTORC2 signaling, while 

leaving mTORC1 signaling intact.  In vitro differentiation of Rictor deficient CD4+ 

T cells revealed an inability of these cells to differentiate into IL-4 producing Th2 

cells and decreased expression of GATA-3 (86, 87).  Interestingly, while Delgoffe 

and colleagues report no specific inhibition of Th1 differentiation in Rictor 

deficient T cells, Lee and colleagues report a profound inability  of Rictor 
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deficient CD4+ T cells to produce IFNγ and express T-bet.  Presently, no 

satisfactory explanation has been offered to reconcile the disparate observations 

reported above.  

This collection of data clearly implicates the components of the mTOR 

pathway as being critical for the development of effector and regulatory T cell 

lineages.  Further studies using genetically altered mice will serve to refine the 

complex relationship between the interpretation of extracellular signals by the 

mTOR complexes and the development of a pathogen specific T cell response to 

infection.  

 

1.5 Negative regulation of CD8+ memory T cell development by 
mTOR 

A normal T cell immune response is characterized by two distinct phases.  

The first is the parabolic expansion of antigen specific T cells after infection.  This 

massive phase of expansion ensures that there are enough effector cells to 

efficiently combat a spreading infection.  Once the infection is resolved, the 

antigen specific T cell pool will undergo a period of contraction, where only 5-

10% of the antigen specific T cell pool will remain.  These remaining cells are 

commonly referred to as the memory T cell pool (Fig. 3).  The second phase of the 

T cell immune response is the re-exposure of antigen to the resting memory T cell 

pool.  Upon re-exposure to antigen, the memory T cell pool will proliferate and 

produce cytokines more aggressively than a naive T cell with the same antigenic 

specificity.   Memory T cells represent a distinct T cell lineage, and possess 

properties not associated with conventional naïve T cells.  They highly express 

the IL-7 receptor, CCR7, and the survival protein Bcl-2.  The expression of the IL-
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7 receptor and Bcl-2 contribute to self-renewal potential unique to memory T 

cells, while CCR7 expression likely serves to regulate the migratory potential of 

these cells (88).  

The primary expansion of a pathogen reactive T cell clone, and it 

contraction into a functional memory pool places these cells under extreme 

metabolic pressures.  Given the data indicating that the differentiation of CD4+ T 

cells into effector and regulatory lineages are largely dependant on a functional 

mTOR signaling pathway, investigators hypothesized that the mTOR pathway 

may also play a crucial role in the formation of a functional CD8+ T cell memory 

pool.  A recent report demonstrates that when used in low doses, rapamycin can 

enhance different aspects of memory T cell formation (89).  When rapamycin was 

administered during the primary expansion phase of the T cell response, an 

increased CD8+ T cell memory pool was formed after LCMV infection.  When the 

mTOR inhibitor was administered during the contraction, the conversion from 

effector to memory cell was expedited.  Furthermore, the memory CD8+ T cells 

formed in the presence of rapamycin were effective at controlling viral 

replication.  In the same study the investigators established a cell intrinsic role 

for components of the mTOR signaling complex in repressing memory T cell 

formation by retrovirally delivering RNAi constructs against mTOR into LCMV 

specific P14+ CD8+ T cells before adoptive transfer. 
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Figure 3:  Kinetics of antigen specific CD8+ T cells after acute infection 

The recognition of antigen in the context of MHC class I by the 
appropriate CD8+ T cell clones leads to their exponential expansion.  The peak of 
the expansion occurs ~7 days after infection.  At this point, the pathogen 
replication will have been controlled, and antigen specific CD8+ T cell will begin 
the contraction phase of the adaptive immune response.  After contraction only 
5-10% of the effectors cells will persist, and the remaining cells will comprise the 
long-lived memory CD8+ T cell pool.  
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In another study, IL-12 was shown to activate the mTOR pathway and the 

Th1 transcription factor T-bet, leading to the generation of effector T cells.  

However, when stimulated in the presence of rapamycin, OT-I CD8+ T cells 

exhibited curtailed expression of T-bet, and enhanced expression of 

eomesodermin (90).  Previous reports have shown a positive correlation between 

eomesodermin expression and precursor memory CD8+ T cell formation (91), 

suggesting that mTOR signaling may directly influence the expression of 

transcription factors that dictate memory versus effector lineage decisions.  

Finally, TRAF-6 deficient T cells can develop into effector T cells, but fail to 

differentiate into memory T cells (92).  This study demonstrated that TRAF-6 

deficient T cells exhibited lower AMP kinase activity, an inhibitor of mTOR.  

They showed, however, that the formation of memory T cells could be restored 

by treating the cells with metformin, an AMP kinase agonist.  By treating the T 

cells with metformin, they were activating AMP kinase and inhibiting mTOR 

pathway activation.  

Cumulatively, these results strongly suggest that the development of 

memory T cells is inhibited by mTOR signaling.  Presently, the mechanism by 

which mTOR inhibits memory T cell differentiation are not well understood.  

Further studies will determine if mTOR acts directly or indirectly to block 

memory T cell differentiation, and the creation of new genetically modified 

mouse models will allow investigators to draw a more nuanced model of mTOR 

signaling as it relates to T cell function.  These studies also revealed a previously 

unappreciated function for rapamycin.  Generally considered an 

immunosuppressant, rapamycin’s ability to promote memory T cell formation 
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and function may provide clinicians a new tool to enhance the effectiveness of 

vaccines.     

 

1.6 Inhibition of the mTOR pathway by diacylglycerol kinases 

The engagement of the TCR initiates a variety of changes within a T cell.  

Among those changes are an increase in size, proliferative capacity, and new 

protein synthesis. TCR activation results in the production of secondary 

messengers, which serve to amplify and direct unique signaling pathways in 

activated T cells.   The initiation of TCR signaling results in the activation of the 

Syk and Src family kinases.  These proteins relay their signal by phosphorylating 

the adaptor proteins SLP-76 and LAT, which serve as docking sites for additional 

molecules in the TCR signaling cascade (93, 94). PLC-γ1 is then recruited to the 

SLP-76/LAT complex, where it becomes activated, and subsequently hydrolyzes 

PIP2 into IP3 and diacylglycerol (DAG) (95, 96). Serving as potent secondary 

messenger, IP3 initiates calcium release from the endoplasmic reticulum, 

activating the calcineurin pathway, and ultimately leading the nuclear 

translocation of NFAT (97, 98). DAG binds to and activates both RasGRP1 and 

PKC-θ via their cysteine-rich C1 domains.  The result of DAG binding to 

RasGRP1 and PKC-θ is the activation of the Ras-ERK-AP1 and NF-κB pathways, 

respectively (99-104) (Fig. 4). The proximity of DAG production to the signaling 

events immediately downstream of the TCR, and its ability to activate multiple 

signaling pathways simultaneously, led investigators to hypothesize that the 

dys-regulation of DAG signaling and metabolism might perturb normal T cell 

homeostasis and function.  As a potent positive regulator of T cell activation, the 
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termination of DAG signaling is necessary to limit damage mediated by 

perpetually activated T cells.  A family of enzymes, the DAG kinases (DGKs), 

converts DAG to phosphatidic acid (PA), effectively terminating DAG mediated 

signaling (105-107). While ten DGK isoforms have been identified in mammalian 

cells, DGKα and DGKζ are expressed in T cells (108-112) (Fig. 5). In order to 

assess the functional relevance of DAG signaling in T cells in vivo, DGK deficient 

mice were created. Analysis of DGKζ-deficient T cells revealed a variety of 

abnormalities.  Enhanced activation of the Ras-MEK-Erk pathway and increased 

expression of CD25 and CD69 following anti-CD3 stimulation was observed in 

DGKζ-deficient T cells in comparison to their WT counterparts.  Additionally, 

DGKζ T cells were observed to be hyperproliferative.  In an in vivo model, DGKζ 

deficient mice infected with LCMV exhibited an enhanced ability to control 

infection (113).  In CD4+ T cells, deficiency of DGKα and DGKζ results in the 

resistance to the induction of T cell anergy both in vitro and in vivo (114). 
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Figure 4:  Activation of multiple signaling pathways downstream of the TCR 

 

 The engagement of the TCR with its cognate antigen-MHC counterpart 
initiates signaling through multiple downstream cascades.  The generation of 
secondary messengers proximal to the TCR serves to transform a single signal 
emanating from the TCR into multiple amplifying signals that diversify kinase 
activity, metabolic demands, and gene expression in activated T cells.  
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Figure 5:  DGK isoforms expressed specifically in T cells 

 

 Diacylglycerol kinases are enzymes that convert diacylglycerol into 
phospatidic acid.  As a secondary messenger diacylglycerol potently activates the 
RasGRP-MEK-Erk and NF-κB pathways, while phosphatidic acid signals 
through SHP-1 to blunt TCR signaling.  Significant structural differences 
between DGK isoforms exist, and may account for the non-redundancy in loss of 
function studies.  Recoverin homology domain (RVH), EF-hand (EF), cysteine-
rich domain (C1), catalytic domain (CA), myristoylated alanine-rich protein 
kinase C substrate (M), ankyrin-repeat (AAAA), PDZ domain binding motif 
(PBM) 
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The generation of DAG proximal to the T cell receptor, and the 

importance of mTOR during T cell activation led investigators to hypothesize 

that DGK and mTOR activity may be linear partners in the same signaling 

pathway downstream of the TCR.  Biochemical analysis has shown that Erk can 

directly phosphorylate TSC2, leading to the dissociation of the TSC complex, and 

the activation of the mTOR pathway (Fig. 6).  In a study of T cell signaling, 

Gorentla and colleagues demonstrated increased phosphorylation of S6K1 and 

4E-BP1 after direct TCR engagement, or by stimulation with phorbol 12-

myristate 13-acetate (PMA), a DAG mimic (19).  The initiation of mTOR signaling 

after TCR stimulation would suggest that DGKs and the mTOR kinase exist in a 

linear signaling network.  The question then became how would modulation of 

DGK expression affect downstream mTOR signaling?  Since DGKs promote 

DAG metabolism, they serve to terminate all signaling pathways targeted by 

DAG, which led investigators to hypothesize that DGKs negatively regulate 

TCR-induced mTOR activation.  To address this hypothesis, several models 

utilizing genetic manipulations of the molecules within the DAG-RasGRP1-Ras-

Mek1/2-Erk1/2 cascade were used to address this pathway’s role in mTOR 

activation in a stepwise manner.  In a model of gene over-expression, 2B4 cells 

were created that over-expressed WT DGKζ and DGKζ-KD (kinase dead).  

Phosphorylation of Erk1/2 was significantly decreased in 2B4 cells over-

expressing WT DGKζ after TCR stimulation, while Erk1/2 phosphorylation was 

normal in cells expressing DGKζ-KD.  Phosphorylation of S6K1 and 4E-BP1 was 

also decreased in 2B4 cells over-expressing WT DGKζ, but not in cells expressing 
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the kinase dead enzyme.  These data indicate that enhanced DGK activity serves 

to suppress mTOR activation after TCR stimulation.  
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Figure 6:  A model for Erk inactivation of the TSC1-TSC2 complex 

 

 Biochemical studies have demonstrated that mTOR activation lies 
downstream of signaling through the TCR.  Specifically, diacylglycerol activates 
the RasGRP-MEK-Erk pathway.  Erk can then activate the mTOR pathway by 
phosphorylating TSC2, which leads to the dissociation of the TSC complex, thus 
relieving its inhibition on Rheb and mTORC1.   
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In a reciprocal experiment, thymocytes and splenocytes from DGKα-/- and 

DGKζ-/- were stimulated via their TCR and S6K1 and 4E-BP1 phosphorylation 

was assessed.  Interestingly, no dramatic differences in mTOR pathway 

activation was observed.  The explanation for this observation could lie in the 

fact that in the single knockout models, the other DGK isoforms are still present, 

which could compensate for the loss of a single isoform.  To address this 

possibility, DGKα-/- and DGKζ-/- mice were crossed together to create DGKαζ 

double knockout mice.  In these mice all DGK activity should be abolished, and 

presumably, DAG should accumulate.  Indeed, increased phosphorylation of 

Erk, S6K1, and 4E-BP1 was observed in DGK double knockout mice, confirming 

the hypothesis that DAG metabolism inhibits TCR induced mTOR activity.   

In the next step down the cascade, investigators sought to determine the 

reliance of TCR induced mTOR activation on RasGRP1.  TCR induced 

phosphorylation of 4E-BP1 and S6K1 were noticeably decreased in RasGRP1 

deficient thymocytes.  Furthermore, phosphorylation of Akt, a target of mTORC2 

activity, was markedly decreased.  These results establish a pivotal role for 

RasGRP1 in TCR induced activation of both mTORC1 and mTORC2 activity.  

Activation of RasGRP1 after TCR stimulation leads to the activation of Ras.  

Therefore, in the hypothesized model of TCR induced mTOR activation, elevated 

Ras activity in T cells should initiate elevated mTOR activity.  Indeed, even in the 

absence of TCR stimulation, T cells constitutively expressing active Ras exhibit 

enhanced S6K and 4E-BP1 phosphorylation, and this phosphorylation was 

further enhanced after TCR stimulation.  Biochemical studies have established 

that Ras signaling proceeds through Mek1/2 in TCR induced T cell activation.  In 
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reciprocal models, Gorentla and colleagues demonstrated phosphorylation of 

S6K and 4E-BP1 was enhanced in 2B4 cells transfected with a constitutively 

active Mek construct, while 2B4 cells transfected with a dominant negative form 

of Mek exhibit hypophosphorylation of the mTORC1 targets after TCR 

stimulation.  All together, these studies clearly demonstrate a linear signaling 

relationship between TCR engagement and mTOR activation proceeding 

through the DAG-RasGRP1-Ras-Mek-Erk signaling cascade.   

Previous work has provided powerful evidence indicating that DGKs 

inhibit T cell activation after TCR engagement.  Therefore, the absence of these 

molecules in T cells leads to an enhanced proliferative capacity and a resistance 

to anergy both in vitro and in vivo.  Most immunological studies using genetic 

knockout are characterized by “loss of function” phenotypes, where ablation of a 

particular gene results in the loss of functions it serves to promote.  However, 

models of immunological DGK deficiency have provided us with a “gain of 

function” model in terms of DAG signaling.  Future studies using these models 

will likely provide us with new insights into the nature of T cell activation and 

autoimmunity, and may become new targets for therapeutic manipulation of 

immune cells.  

 

1.7 The role of proximal T cell signaling in the generation of 
effective T cell responses after infection 

Effective control of viral replication is dependant upon the expansion of 

antigen specific CD8+ T cells that are poised to directly kill virally infected cells, 

and are capable of producing cytokines that will help to shape the developing 
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immune response.  After infection, virally derived proteins that have been 

processed by the infected cells are presented in complex with MHC class I 

(MHCI) molecules to the naïve CD8+ T cell pool.  Clones with the appropriate T 

cell receptor (TCR) will engage the peptide:MHCI complex and become 

activated.  Once activated, the reactive CD8+ T cell pool differentiates into 

effector cytotoxic T lymphocytes (CTLs) and will migrate to the sites of infection.   

The effector phase is characterized by the aggressive expansion of the specific 

CD8+ T cell pool.  Once the infection is resolved, the reacting T cell pool 

undergoes a contraction phase, where only 5%-10% of the expanded effectors 

will persist.  Finally, the population of long-lived antigen specific memory CD8+ 

T cells pool is formed, which will protect the host against subsequent infections 

by the same virus (115, 116). 

Many experimental infection models have been used to examine T cell 

responses to invading pathogens.  One virus, LCMV, has proven to be a 

powerful infection model because it elicits robust T cell proliferation and 

cytokine production within a week post infection.  LCMV is an RNA based virus 

with two circular single stranded RNA strands, which encode the viral 

polymerase and glycoproteins necessary for viral fusion.  The nature of the 

progressing infection is largely dependant upon the strain of virus used to infect 

the mice.  Several variants of the LCMV virus exist, where certain strains result in 

acute infections that are completely   resolved within 1-2 weeks, while other 

strains initiating chronic infections that can persist for many months.  It should 

be noted that sustained exposure of T cells to viral antigens can result in the 

development of T cell exhaustion or immunologic tolerance to foreign viral 
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antigens, which can ultimately compromise the overall ability of a host to clear 

the pathogen.   

Immunization of mice with the Armstrong strain of LCMV results in an 

acute infection characterized by the massive expansion of the antigen specific 

CD8+ T cell pool.  These LCMV-specific T cells produce large amounts of IFNγ 

and TNFα, and exhibit enhanced cytotoxicity capabilities ex vivo (117).   In 

addition to CD8+ T cell expansion, the virus specific CD4+ T cells also undergo 

proliferation and are potent producers of IL-2.  At the present time a consensus 

has not been reached regarding whether or not CD4+ T cells are necessary for the 

generation of effector and memory CD8+ T cells after LCMV infection.  What is 

clear, however, is that the clearance of this pathogen is largely dependant upon 

the development of a large cytotoxic CD8+ T cell pool.  Any manipulation of 

mouse genetics that may have deleterious effects on T cell development, 

signaling, proliferation, or protein production will likely render these mice 

immuno-compromised and susceptible to viral infection.  

In another model of LCMV infection, wild type mice immunized with the 

clone 13 strain exhibit elevated viral titers for a protracted period of time.  This 

strain is known to target dendritic cells in the secondary lymphoid organs. A 

single mutation of phenylalanine to leucine at residue 260 results in an altered 

viral glycoprotein that binds to the target cell’s α-dystroglycan receptor with 

enhanced affinity (118-121).  The inability of the host to resolve clone 13 infection 

in the time frame associated with acute infections would seem to indicate that the 

CD8+ T cell response is somehow attenuated during chronic infections.  One 

week after infection, LCMV specific CD8+ T cells can be identified with MHC 
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class I restricted tetramers.  Closer analysis has revealed, however, that the 

magnitude and quality of the CD8+ T cell response is diminished when compared 

to the response elicited during an acute infection.  Further analysis has revealed 

that LCMV specific CD8+ T cells possess little to no cytotoxic activity or cytokine 

production even though they can be physically enumerated in the secondary 

lymphoid organs of mice infected with clone 13.  

The original studies that examined the T cell responses to infection relied 

on assessment of bulk T cell cultures after infection.  Specifically, the number of 

CD4+ and CD8+ T cells in the peripheral lymphoid organs were counted after 

infection and cytokine production was enumerated by stimulating the 

splenocytes from infected mice and then measuring the presence of a particular 

cytokine in the culture by ELISA.  While these techniques were informative to the 

original investigators, the limitations of these bulk T cell studies were obvious.  

Specifically, within a given mouse only few T cells clones will express the 

appropriate receptor for a viral antigen.  After those few T cell clones undergo 

exponential expansion, they can represent up to 50% of all the T cell’s within the 

hosts secondary lymphoid organs (122).  However, the remaining 50% are T cell 

clones that are not reactive to the infecting pathogen, and therefore “water-

down” the results obtained by assessing bulk T cell cultures.  Due to these 

limitations, investigators sought to develop reagents that would make tracing the 

expansion and cytokine production of a single T cell clone possible during an 

immune response. 

In 1996, Altman and colleagues reported the use of MHC class I tetramers 

(122).  Tetramers are a complex of MHC class I molecules bound to antigens 

specific to a particular pathogen.  These MHC-antigen complexes would 
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therefore bind to the T cell clones with the appropriate TCR specificity.  By 

connecting the tetramers with a fluorochrome, investigators could determine the 

frequency of pathogen specific CD8+ T cell clones before, during, and after 

infection with flow cytometry.  This technology provided scientists with a 

powerful tool to assess T cell expansion on a per cell basis in response to 

infection.   

Another technology developed to assess pathogen responsive T cells on a 

clonal level is the generation of TCR transgenic mice.  In these mice all of the T 

cells express the same T cell receptor.  This strategy allows researcher to choose 

the T cell receptor expressed in vivo based on the identity of the pathogen they 

are interested in studying.  For example, P14 mice have a TCR specific for the 

GP33 epitope derived from LCMV in complex with MHC class I molecules.  

Therefore, in the presence of enough antigen, most CD8+ T cells in a P14 

transgenic mouse would become activated when the mouse was infected with 

LCMV.  The development of the TCR transgenic model has become a very useful 

and common tool for investigators studying in vivo T cell responses to pathogens.  

First, since all of the T cells in a TCR transgenic mouse are clonally identical, a 

homogenous population of naïve T cells can be readily sorted from transgenic 

mice.  Once sorted, these cells can be adoptively transferred into congenically 

bred naïve hosts prior to infection.  After infection, the transgenic cells can be 

easily traced by immunfluorescent staining of their transgenic TCR or by staining 

of congenic markers.  The adoptive transfer of transgenic T cells also allows 

investigators to draw conclusions about the T cell intrinsic determinants in their 

infection model.  Since the TCR transgenic cells are sorted from the transgenic 

mice and transferred into a wild type naïve hosts, any factors that are extrinsic to 
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the reacting T cell that may influence the ensuing infection and cellular response 

can be excluded.  Secondly, by sorting out the transgenic T cells, an investigator 

can easily dictate the number of clones that are transferred into the naïve host 

and represent the responding T cell pool.  Depending on the nature of the 

research, and the questions being asked, modulating the number of a pathogen 

specific T cell pool can reveal crucial information about clonal competition for 

antigen, cytokines, and growth factors.   

In addition to tetramers and transgenic mice, scientist have generated 

synthetic peptides that mimic virally derived antigens.  The utility of these 

synthetic peptides is that specific T cell clones within a bulk T cell cultures can be 

specifically targeted for stimulation and recall cytokine production (123).  When 

combined with intracellular staining techniques, antigen specific cytokine 

production can be assessed on a per cell basis as opposed to the aggregate 

readouts done by examining the supernatants of bulk T cell cultures.    

The initiation of the T cell immune response begins with the recognition of 

foreign peptides, presented on MHC molecules, to the TCR.  This immediate 

interaction, along with signals proximal to the TCR, has profound effects on the 

ensuing T cell response to bacterial and viral antigens (113, 124-129).  

Additionally, many extracellular determinants, along with intracellular signaling 

molecules and enzymes have been identified as key regulators of the formation, 

function, and maintenance of the T cell response (48, 130-134).  In a recent study 

Zhen and colleagues demonstrated that the initial interaction of antigen with the 

TCR has functional consequences during the generation of a CD8+ T cell response 

to Listeria monocytogenes (124).  Specifically, weak TCR ligation by foreign antigen 

generates a qualitatively and quantitatively different response than high affinity 
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antigens.  Their data demonstrates that while low avidity T cell clones are 

recruited into the burgeoning T cell response, the high avidity T cell clones 

expand more efficiently and ultimately dominate the total polyclonal response.  

Using the OT-I transgenic mouse line, investigators were able to assay how TCR 

affinity for antigen affects clonal T cell expansion by making subtle alterations to 

the OT-I TCR peptide ligand SIINFEKL.  Furthermore, the strength of the TCR-

antigen interaction affects the migratory patterns of activated T cells.  

Interestingly, T cell clones that bear low avidity receptors are drawn out of the 

peripheral lymphoid organs quicker than clones with high avidity receptors 

(124).  The physiological relevance of this phenomenon in not presently 

understood, however, it may be due to the relationship between strength of TCR 

stimulation with the expression of particular chemokine receptors and adhesion 

molecules. 

Recent work has focused on the function of the adaptor protein SLP-76 in 

the generation of primary and memory CD8+ T cells (125, 126).  SLP-76 play a 

crucial role in relaying the initial signaling events immediately downstream of 

the TCR into the secondary signaling molecules which serves to diversify and 

amplify the signaling downstream of the initial TCR antigen interaction.  To 

investigate this adaptor molecules role in T cell signaling in vivo, several knock-in 

strain of mice were generated where tyrosine residues were mutated to 

phenylalanine, which result in signaling defects (125).  However, in an in vivo 

model of infection, antigen specific CD8+ T cells expanded to similar levels in 

spleens of mice infected with the Armstrong strain of LCMV.  Interestingly, 

while proliferation of antigen specific CD8+ T cells did not appear attenuated in 

the absence of normal SLP-76 signaling, the production of anti-viral cytokines 
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was diminished, particularly when re-stimulated with the sub-dominant epitope 

GP276.  Additionally, these SLP-76 mutant mice generated normal numbers of 

memory CD8+ T cells that expand in response to re-challenge with LCMV.   This 

data demonstrates that the alteration of signaling downstream of the TCR can 

disassociate T cell differentiation and effector function from T cell proliferation.  

 

1.8 Significance 

 The observations described in the previous section strongly indicate that 

normal T cell homeostasis and function is dependent upon the proper regulation 

of signals downstream of the TCR.  In the work to be described we demonstrate 

how manipulation of strategically selected signaling pathways can profoundly 

change cell survival, morphology, and ability to respond to invading pathogens.  

In the studies to be described we have utilized genetically altered models to 

demonstrate the profound effects of artificially manipulating signals normally 

initiated by TCR engagement.  The common theme to emerge from these studies 

is revealed in the sensitivity of T cell’s to changes in their basal signaling 

programs.  Specifically, the loss of quiescence via deletion of TSC1 results in a 

loss of T cell quiescence and viability, while enhanced signaling downstream of 

DAG promotes T cell expansion.  The multitude of signaling molecules and 

transcription factors that function within the T cell indicates the importance and 

complexity with which T cell quiescence and activation is regulated.  My work 

furthers strengthens our knowledge of T cell signaling, which has implications 

for vaccine design and t cell mediated diseases.   
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2.  Material and Methods 

2.1 Mice and cells (TSC1) 

The TSC1flox/flox and CD4-Cre transgenic mice were purchased from 

Jackson laboratory and Taconic Farm, Inc respectively (135, 136). All experiments 

were performed in accordance with protocols approved by the Duke University 

Institutional Animal Care and Use Committee.  Single cell suspension of 

thymocytes, splenocytes, and lymph node cells in IMDM medium supplemented 

with 10% FBS, penicillin/streptomycin, and 2-Mercaptoethanol (IMDM-10) were 

made according to standard protocols.  Purification of T cells was achieved using 

either the Mouse T Cell Enrichement Kit (STEMCELL Technologies) or the LD 

depletion columns (Miltenyi Biotech) and purities of ≥90% were achieved. 

 

2.2 Immunoblot (TSC1) 

Thymocytes, splenocytes and purified T cells (5-20 x 106 cells/ml in PBS) 

were left un-stimulated or stimulated with 5 µg/ml of anti-CD3ε (500A2; BD 

Pharmingen) for different times.  Cells were lysed in 1% Nonidet P-40 Lysis 

solution (1% Nonidet-40, 150 mM NaCl, and 50 mM Tris, pH 7.4) with freshly 

added protease and phosphatase inhibitors.  Proteins were resolved by SDS-

PAGE and were transferred to a Trans-Blot Nitrocellulose membrane (Bio-Rad 

Laboratories).  The blots were probed with specified antibodies and detected by 

ECL.   Antibodies for TSC1 (#4906), TSC2 (#3612), p-Foxo1 (#9461S), p-ERK1/2 

(#91015), p-p70 S6K (#9204S), p70 S6K (#9202), p-4EBP1 (#2855S), 4EBP1 (#9644), 

Cleaved Caspase-3 (#9661), Cleaved Caspase-9 (#9509), p-Akt T308 (#9275S), p-

Akt S473 (#9271S), Puma (#4976), Bid (#2003), Bax (#2772), Bim (#4582), Bcl-xL 
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(#2762), Mcl-1 (#4572), Akt (#2938), Foxo1a (#94545), S6K1(#9202) were 

purchased from Cell Signaling Technology.  Bcl-2 (#554087) antibody was 

purchased from BD.  Noxa (#2437) was purchased from ProSci Inc.    Anti-β-actin 

antibody was from Sigma-Aldrich (A1978).   

 

2.3 Flow cytometry (TSC1) 

Cells were stained with fluorescence conjugated antibodies specific for 

CD4, CD8, CD25, CD44, and CD69 (eBioscience and BioLegend) at 4°C for 30 

minutes.  Dying cells were identified using 7AAD, annexin V, or the Violet 

Live/Dead cell kit (Invitrogen). Mitochondria were stained with MitoTracker 

Green (M7514; Molecular Probes) in IMDM-10 for 30 minutes at room 

temperature prior to surface staining.  Mitochondrial potential was assessed via 

DiOC6 staining at a concentration of 50 nM for15 minutes prior to reading.  Data 

were collected using a BD Canto II and analyzed with FlowJo (Treestar). 

 

2.4 Real-Time PCR (TSC1) 

Mitochondrial genome copies were measured by using 1 µg total DNA 

from purified T cells as template.  The PCR reaction was performed using the 

RealMasterMix (Eppendorf) solution on a MasterCycler RealPlex2 detection 

platform.  DNA encoding mitochondrial 12S rRNA and nuclear18S rRNA was 

detected using the following primer set:  5’-ACCGCGGTCATACGATTAAC-3’ 

and 5’-CCCAGTTTGGGTCTTAGCTG-3’, and 5’-CGCGGTTCTATTTTGTTGGT-

3’ and 5’-AGTCGGCATCGTTTATGGTC-3’, respectively.  
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2.5 Proliferation and activation assays (TSC1) 

CFSE proliferation assay was done as previously described (113). CFSE-

labeled or unlabeled WT and TSC1KO splenocytes were stimulated with α-CD3 

(1 µg/mL; 2C-11) in the presence or absence of anti-CD28 (1 µg/mL; 37.51), 

rapamycin (20 nM), and NAC (2 mM) at 37oC for 72 hours for proliferation or 

overnight for CD25 and CD69 expression. 

 

2.6 Retroviral infection (TSC1) 

Akt S473D mutant was generated by converting D308 of Akt DD in Migr1 

to T308 using site-directed mutagenesis with forward primer (5’-

GGTGCCACCATGAAGACCTTTTGCGGCACACCT-3’) and reverse primer (5’-

AGGTGTGCCGCAAAAGGTCTTCATGGTGGCACC-3’) and Pfu-Turbo DNA 

polymerase.  The construct was sequenced and confirmed correct.  Retrovirus 

was made using the Phenix-eco package cell line.  For infection, one million 

purified CD4+ and CD8+ T cells were seeded in 1 mL IMDM-10 in 24-well plate 

and stimulated with plate-bound α-CD3 (1 µg/mL) overnight.  The cells were 

then spin-infected (2000 rpm for 2 hours at 22°C with retrovirus (MigR1-GFP, 

Akt DD-GFP, and Akt S473D-GFP).  Cells were left in culture for 48 more hours 

before staining and FACS analysis.  Infected cells were gated on GFP+.  
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2.7 Fluorescence microscopy to assess LC3 association (TSC1) 

Purified T cells were cultured overnight in IMDM-10 (+nutrient) or 

Hank’s Balanced Salt solution (–nutrient).  Cells were then permeabilized with 

0.1% saponin, stained with rabbit anti-LC3 (MBL International), washed, and 

stained with FITC-labeled anti-rabbit IgG.  Images were captured using a Zeiss 

Observer D1 platform furnished with Photometrics CoolSNAPHQ (Roper 

Scientific).  A 40x objective lens was used and 25 individual z-stacks (vertical) 

were captured.  3D image deconvolution was performed and individual LC3 

punctae (defined as > 10 pixels) were analyzed and enumerated with the aid of 

Metamorph (Molecular Probes) and Autoquant X2 (Media Cybernetics) software 

platforms. 

 

2.8 Statistical analysis (TSC1) 

Statistical significance was determined using the Student’s t-Test.  P 

values are defined as follows:  *p<0.05;**p<0.01; ***p<0.001. 

 

2.9 Mice (DGK) 

DGKα–/– (aKO) and DGKζ–/– (zKO) mice were generated as previously 

described (113, 114). TCR transgenic LCMV-specific P14 mice were purchased 

from Taconic and were bred to aKO or zKO to generate aKO-P14 and zKO-P14 

mice in specific pathogen free facilities at Duke University Medical Center.  The 

experiments in this study were performed according to a protocol approved by 

the Institutional Animal Care and Usage Committee of Duke University. Eight to 

twelve weeks old mice were used in this study. 
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2.10 Virus infection (DGK) 

LCMV-Armstrong (Arm) stocks were propagated on BHK-21 cells and 

quantitated as described previously (137). 2 × 105 plaque forming units (PFU) of 

LCMV-Arm were administered to mice by intraperitoneal injection (i.p.) for the 

acute viral infection. 

 

2.11 Adoptive transfers 

To assess the primary immune response, 1x104 CD8+Vα2+CD44low cells 

were sorted from the spleen of WT-P14, aKO-P14, and zKO-P14 mice and were 

transferred intravenously into WT congenic hosts, which were infected the next 

day.  For the memory response, 5x103 CD8+CD44hi cells were sorted from the 

spleen and lymph nodes of WT, aKO, and zKO mice 4 months post infection 

with LCMV-Arm, and were transferred intravenously into WT congenic hosts.  

The next day, these hosts were  infected with LCMV-Arm. 

 

2.12 Flow cytometry (DGK) 

Cells from peripheral blood (PB) and spleen (SP) were harvested, 

stimulated and stained using appropriate antibodies directly conjugated with 

fluorochrome. Tetramers of H-2DbGP33-41 (TetG) and H-2DbNP396-404 (TetN) 

specific for LCMV were conjugated with allophycocyanin.  The construction and 

purification of H-2DbGP33-41 (TetG) and H-2DbNP396-404 (TetN) have been 

described previously (122). For intracellular cytokine staining, splenocytes were 

stimulated with indicated peptides (10 µg/ml) in the presence of Golgi-Plug 
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protein transport inhibitor (1:1000, BD Biosciences). After 5 h stimulation, the 

cells were harvested and stained using Cytofix/Cytoperm 

Fixation/Permeabilization Kit (BD Biosciences). The peptides used for 

stimulation were GP33-41 (KAVYNFATM), GP276-286 (SGVENPGGYCL) and 

NP396-404 (FQPQNGQFI). All of the data were collected using BD FACSCanto II 

and were analyzed with FlowJo software (Tree Star). 

 

2.13 Real-Time PCR (DGK) 

To determine viral clearance, RNAs from spleen were extracted using 

Trizol Reagent and were reversely transcribed to cDNAs by Superscript III 

(Invitrogen). qRT-PCR was performed with Mastercycler realplex and SYBR 

Green master mix (Eppendorf). For LCMV glycoprotein (GP) RNA expression, 

forward 5'-TGC CTG ACC AAA TGG ATG ATT-3' and reverse 5'-CTG CTG TGT 

TCC CGA AAC ACT-3' primer pairs were used according to a published 

protocol (138). Relative expression of LCMV-GP mRNA were normalized with β-

actin control and were presented as arbitrary unit (a.u.) of fold change using 2–

ΔΔCT method (139). 

 

2.14 Statistical analysis (DGK) 

Two-tailed unpaired Student t-tests were performed for determining p 

values. Absolute numbers of gated groups such as CD8+ and CD4+ splenocytes 

were calculated with the percentages multiplied by total splenocyte number. All 

the graphs represent mean ± SEM. *, p<0.05; **, p<0.01; ***, p<0.001. 
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3.  Investigating the regulation of T cell survival and 
mitochondrial homeostasis by TSC1 

3.1 Effects of TSC1 deficiency on T cell numbers  

To investigate the role of TSC1 in T cells, we bred TSC1f/f mice to CD4-Cre 

transgenic mice to generate the TSC1f/f-CD4-Cre line (referred to as TSC1KO) to 

delete the TSC1 gene at CD4+CD8+ double positive stage of thymocyte 

development.  In both thymocytes and purified peripheral T cells, TSC1 protein 

is present in wild-type (WT) T cells but was barely detectable in TSC1KO T cells, 

indicating efficient deletion of the TSC1 gene (Fig. 7A).  In addition, TSC2 was 

also virtually undetectable in TSC1KO T cells, suggesting that TSC1 is crucial for 

the stability of TSC2 and confers a total functional loss of the TSC complex in 

TSC1KO T lymphocytes.  TSC1KO mice showed no significant perturbation in 

overall thymic cellularity in comparison to their WT counterparts (Fig. 7B).   The 

percentage distribution and numbers of the CD4-CD8- double negative (DN), 

CD4+CD8+ DP, CD4+single positive (SP), and CD8+SP subsets appeared similar to 

their WT counterparts (Fig. 7C and 7D).  The overall splenic cellularity in 

TSC1KO mice also appeared normal (Fig 7B).  However, significant reductions in 

proportion and absolute cell number in both the CD4+ and CD8+ T cell 

compartments was observed (Fig. 7E and 7F), indicating that TSC1 is critical for 

normal homeostasis of peripheral T cells.  While thymic T cell numbers are not 

grossly affected in the TSC1KO mice, we cannot rule out that more subtle 

abnormalities may occur in the TSC1KO thymus. 
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Figure 7.  Decrease of Peripheral T cells in TSC1-deficient mice. 

 

(A) TSC1 and TSC2 expression in WT and TSC1KO thymocytes (Thym) 
and peripheral T cells (Peri-T).  Lysates from thymocytes and purified splenic T 
cells were subjected to immunoblot analysis with the indicated antibodies.  (B) 
Total thymocyte and splenocyte numbers in WT and TSC1KO mice.  (C, E) Flow 
cytometric analysis of WT and TSC1KO thymocytes (C) and splenocytes (E) 
stained with α-CD4 and CD8 antibodies.  (D, F) Absolute numbers of thymocyte 
(D, n=6) and splenocyte (F, n=11) populations. P values are defined as follows:  
**p<0.01; ***p<0.001.  Data shown are indicative of at least three experiments. 
 

 

 



 

 47 

3.2 Constitutive activation of mTORC1 in TSC1-deficient 
thymocytes and peripheral T cells 

We further investigated whether TSC1-deficiency may affect TCR 

signaling and mTOR activation in T cells.  TCR stimulation induced 

phosphorylation of S6K1 and 4EBP1, both substrates of mTORC1 (140) in WT 

thymocytes. Elevated phosphorylation of these two proteins was observed in 

TSC1KO thymocytes before and after TCR stimulation.  Such phosphorylation 

was inhibited in the presence of rapamycin, indicating constitutive activation of 

mTORC1 in TSC1KO thymocytes (Fig. 8A).  Similar to thymocytes, TCR-induced 

S6K1 and 4EBP1 phosphorylation is enhanced in peripheral TSC1KO T cells (Fig. 

8B).  While the mTORC1 pathway is clearly hyper-activated in peripheral 

TSC1KO T cells, ERK1/2 phosphorylation is similar to WT T cells after TCR 

stimulation, suggesting that TSC1-deficiency does not globally affect T cell 

signaling.  Consistent with elevated mTORC1 activity, and observations from 

drosophila to mammalian cells (141, 142), TSC1KO peripheral T cells were 

enlarged using forward scatter as a measurement for cell size (Fig. 8C).  Clearly, 

TSC1 negatively regulates mTORC1 activity in T cells and its deficiency results in 

structurally enlarged peripheral T cells. 

While mTORC1 was constitutively active, TSC1KO T cells did not show 

obvious up-regulation of CD25 or CD69 (markers of T cell activation) ex vivo (Fig 

8D).  However, the percentages of CD44hiCD62Llow effector/memory T cells and 

CD44lowCD62Lhi naïve T cells were consistently higher and lower, respectively, in 

TSC1KO mice than in WT T cells (Fig 8E).  At present, it is unclear whether the 

increase of the CD44hiCD62Llow population in TSC1KO mice represents a 

population of homeostatically proliferating T cells due to the T cell lymphopenia 
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in these mice.  After overnight α-CD3 stimulation, both TSC1KO CD4 and CD8 T 

cells up-regulated CD25 and CD69 in a heterogeneous manner.  A portion of 

TSC1KO T cells showed decreased CD25 and CD69 up-regulation as compared 

to WT T cells (Fig. 8F), suggesting impaired early activation of T cells in the 

absence of TSC1.  α-CD3 stimulation resulted in expansion of WT CD4+ T cells in 

vitro.  Such expansion appeared blunted in the absence of TSC1 (Fig. 8G).  

However, TSC1KO CD4+ as well as CD8+ T cells underwent similar or even more 

divisions than WT T cells during the same time of α-CD3 stimulation (Fig 8H).   

Although decrease in CD4+ T cell expansion was observed, elevated levels of IL-2 

were detected in the supernatants of TSC1KO CD4+ T cells compared to that of 

WT CD4+ T cells after 48 or 72 hours of stimulation with α-CD3 (Fig. 8I), 

suggesting increased IL-2 production by TSC1KO T cells on a per cell basis.   

These results indicate that TSC1 deficiency results in constitutive activation of 

mTORC1 in thymocytes and peripheral T cells, and has complex effects on T cell 

activation manifested by decreased early activation and blunted expansion, but 

increased IL-2 production and slightly enhanced proliferation.   
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Figure 8.   Altered mTORC1 signaling in and activation status of 
TSC1KO T cells.     

 
(A) Enhanced mTORC1 signaling in TSC1KO thymocytes.   Thymocytes 

were rested in PBS with or without Rapamycin at 37° C for 30 minutes and were 
then left un-stimulated or stimulated with 5 µg/mL α-CD3 or PMA for the 
indicated times.  Lysates were subjected to immunoblot analysis with indicated 
antibodies.   (B) Enhanced mTORC1 signaling in peripheral T cells.  Purified 
peripheral T cells were used for immunoblot analysis as in (A).  (C) Increased 
sizes of TSC1KO T cells.  Mean fluorescence intensity (MFI) of forward scatter of 
TSC1KO CD4+ and CD8+ T cells relative to WT controls are shown.  (D) CD69 
and CD25 expression in TSC1KO T cells.   WT and TSC1KO splenocytes were 
stained with α-CD4, α-CD8, α-CD25, and α-CD69 antibodies ex vivo and were 
analyzed by flow cytometry.  (E) Relative increase of CD44hi T cells in TSC1KO 
mice.  Dot plots show CD44 and CD62L expression on gated CD4 and CD8 T 
cells from freshly isolated WT and TSC1KO splenocytes. (F) Impaired up 
regulation of early activation markers in TSC1KO T cells.  WT and TSC1KO 
splenocytes were left un-stimulated or stimulated overnight with α-CD3 
antibody.  Overlaid histograms show CD69 and CD25 expression on gated CD4 
and CD8 cells are shown.   
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Figure 8 (continued).   Altered mTORC1 signaling in and activation 
status of TSC1KO T cells.     

 
 
(G) Blunted expansion of TSC1KO CD4 T cells following in vitro anti-CD3 

stimulation.  Purified peripheral CD4 T cells from WT and TSC1KO mice were 
stimulated with plate-bound 1 µg/mL α-CD3 for the indicated times.  T cell 
numbers were determined via Trypan-blue exclusion.   (H) CFSE dilution assay 
to assess T cell proliferation.  WT and TSC1KO splenocytes were labeled with 
CFSE and left un-stimulated or stimulated with an α-CD3 antibody for 48 hours.  
Cultured cells were stained with CD4 and CD8 and analyzed by flow cytometry.  
CFSE intensity on CD4 and CD8 cells are shown.   (I) Production of IL-2 by 
TSC1KO T cells.  CD4 T cells were stimulated similar to (G) and IL-2 in culture 
supernatants were determined by ELISA.  Data shown represent at least three 
experiments. P values are defined as follows:  **p<0.01; ***p<0.001. 
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3.3 Increased T cell death in TSC1-deficient mice 

The decreases in both CD4+ and CD8+ peripheral T cell compartments in 

TSC1-deficient mice, and the blunted expansion concordant with normal or 

enhanced proliferation of TSC1KO T cells in vitro led us to hypothesize that TSC1 

might control T cell survival.  Indeed, an increased proportion of freshly isolated 

TSC1KO CD4+ and CD8+ T cells stained positive for 7-AAD ex vivo (Fig.  9A).  

The increase in cell death of TSC1KO T cells was not associated with the up-

regulation of Fas or FasL (Fig. 9B).  The vast majority of cell death within the T 

cell subsets is confined to the CD44hiCD62Llow population in both WT and 

TSC1KO T cells, and the death occurring in this particular subset is noticeably 

pronounced in TSC1KO T cells (Fig. 9C).  The amount of cell death seen in 

TSC1KO T cells was intensified after α-CD3 stimulation (Fig. 9D).  Collectively, 

these observations demonstrate that the absence of TSC1 in T cells renders them 

less fit for survival in the periphery, particularly during T cell activating 

conditions.  

 

 



 

 52 

 

 

Figure 9.  Increased death in TSC1KO T cells. 

 

(A) 7-AAD staining of freshly isolated T cells.  Freshly isolated, 
splenocytes were harvested from WT and TSC1KO mice and stained with α-CD4, 
α-CD8, and 7-AAD.  Plots show 7-AAD staining in gated CD4 and CD8 cells.  (B) 
Freshly isolated splenocytes were harvested and stained with α-CD4, α-CD8, α-
Fas, and α-FasL.  Fas and FasL intensity on CD4 and CD8 cells are shown.   (C) 
Freshly isolated splenocytes were harvested and stained with α-CD4, α-CD8, α-
CD44, α-CD62L, and Live/Dead marker.  Live/Dead staining is showed on 
populations pre-gated on CD4, CD8, CD44, and CD62L.  (D) Splenocytes were 
stimulated with α-CD3 for 24 and 48 hours in triplicates and then stained with α-
CD4, α-CD8 antibodies, 7-AAD, and annexin V.  Data show apoptosis rates of 
gated CD4+ and CD8+ T cells. P values are defined as follows *p<0.05; ***p<0.01.  
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3.4 Abnormal mitochondrial homeostasis and activation of the 
intrinsic death pathway in TSC1KO T cells 

The mitochondrion plays a central role in apoptosis (143). In HSCs, TSC1-

deficiency results in increased mitochondrial content and the production of 

harmful reactive oxygen species (ROS) (45). To our surprise, TSC1KO T cells 

exhibited decreased mitochondrial content compared to WT T cells based on 

MitoTracker Green staining (Fig. 10A).  Also, the ratio of mitochondrial DNA to 

nuclear DNA using the 12S rRNA gene and 18S rRNA as mitochondrial and 

nuclear DNA markers, respectively, was significantly decreased in TSC1KO T 

cells (Fig. 10B).    A decrease in the amount of mitochondrial membrane content 

and absolute number of mitochondria in TSC1KO T cells suggests that TSC1 

plays an important role for normal mitochondrial homeostasis in T cells.   

Recently, several reports have suggested that the amount of mitochondria 

in mature cells may be, in part, controlled by autophagy, a process usually 

inhibited by mTOR activity (144-146). Because of the altered mTOR activity in 

TSC1KO T cells, we sought to determine whether TSC1-deficiency in T cells 

might deregulate the normal induction of autophagy.  Using the co-localization 

of LC3 molecules within a cell as a readout of the induction of autophagy (147), 

we observed a slight increase of autophagy in TSC1KO T cells in a nutrient-

sufficient environment compared to WT T cells.  When starved, autophagy in 

both WT and TSC1KO T cells was increased.  However, there was no obvious 

difference between these two types of cells (Fig. 10C and 10D).  Thus, in the TSC1 

deficiency setting, increased mTORC1 activity does not inhibit autophagy.  

Further studies are needed to understand mechanisms that may counter-balance 

with mTORC1 signaling to regulate autophagy in TSC1KO T cells. 
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ROS is a byproduct of mitochondrial energy production and is toxic to T 

cells in excess amounts (148).  Although mitochondrial content is reduced in 

TSC1KO T cells, they produced elevated amounts of ROS, which correlated to 

their positive staining for dead cells (Fig. 10E).  The fluorescent dye DiOC6 has 

been utilized to measure mitochondrial potential. Its dilution is indicative of loss 

of mitochondrial membrane potential, which is a result of membrane 

permeabilization (149).  Both CD4+ and CD8 + TSC1KO T cells displayed diluted 

DiOC6 staining indicating increased mitochondrial membrane permeabilization 

in these cells (Fig. 10F). 

An increase of mitochondrial membrane permeability can result in the 

release of cytochrome C to the cytosol to trigger the activation of the intrinsic cell 

death pathway (143). Increased cleaved caspase-9 (initiator caspase) and casapse-

3 (effector caspase) were detected in TSC1KO T cells before and after anti-CD3 

stimulation as compared to WT T cells, demonstrating activation of the intrinsic 

cell death pathway in TSC1KO T cells (Fig. 10G).   Thus, TSC1 has a pro-survival 

function in T cells by maintaining mitochondrial membrane integrity and 

preventing the activation of the intrinsic death pathway.  
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Figure 10.  Abnormal mitochondrial homeostasis and activation of 

intrinsic cell death pathway in TSC1KO T cells.   

 
Decreased mitochondrial content TSC1KO CD4+ and CD8+ T cells 

measured by MitoTracker Green staining.   Freshly harvested splenocytes were 
stained with α-CD4 and α-CD8 antibodies as well as MitoTracker Green, and 
were analyzed by flow cytometry.  Histograms show overlay of MitoTracker 
Green intensity in gated WT and TSC1KO CD4 and CD8 T cells.  (B) Decreased 
mitochondria numbers in TSC1KO T cells.  The relative mitochondrial to nuclear 
genome copy numbers were determined by real-time PCR to quantify the levels 
of 12S rRNA and 18S rRNA genes in purified T cells.  (C-D) Assessment of 
autophagy in TSC1KO T cells.  Purified T cells were cultured in nutrient-
sufficient or nutrient-deficient medium overnight, permeabilized, and stained 
with anti-LC3.  Images of LC3 colocalization in individual cells were captured 
via fluorescent microscopy.  (C). Representative microscopic images; (D). 
Number of distinct LC3 punctae per cell enumerated from multiple cells.  
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Figure 10 (continued).  Abnormal mitochondrial homeostasis and 

activation of intrinsic cell death pathway in TSC1KO T cells.   

 

(E) Increased ROS production in TSC1KO T cells.  Splenocytes were 
harvested from WT and TSC1KO mice.  Cells were stained ex vivo with α-CD4, α-
CD8, dihydroethidium (ROS dye), and LiveDead marker.  Histograms show ROS 
staining in CD4+ and CD8+ T cells.  Contour plots show Live/Death staining of 
gated ROS- or ROS+ CD4+ and CD8+ T cells.  (F) Decreased mitochondrial 
membrane potential in TSC1KO T cells.  Freshly isolated splenocytes were 
stained with α-CD4, α-CD8 antibodies, and the fluorescent dye DiOC6, followed 
by flow cytometry.  Histograms show DiOC66 intensity in gated CD4 and CD8 T 
cells.  (G) Activation of the intrinsic death pathway in TSC1KO T cells.  Freshly 
purified WT and TSC1KO T cells were lysed immediately or following 
stimulation with a plated bound α-CD3 antibody for six hours.  Cleaved caspase 
3 and 9 were detected by immunoblotting with indicated antibodies.  Data 
shown represent at least three experiments.  P values are defined as follows:  
**p<0.01 

 



 

 57 

3.5 Decreased mTORC2-Akt activity in TSC1KO T cells 

To investigate the mechanisms that promote death in TSC1KO T cells, we 

measured expression of several key pro-apoptotic and pro-survival proteins.  No 

obvious decreases of pro-survival molecules, Bcl-2, Bcl-XL, Mcl-1, or increases of 

pro-apoptotic proteins, Bim, Puma, Bid, or Bax were observed in TSC1KO T cells 

(Fig. 5A).  Noxa, another pro-apoptotic molecule was actually decreased in 

TSC1KO T cells.  Whether the decreased Noxa expression contributes to TSC1KO 

T cell death remains to be investigated.  Akt is downstream of both PI3K and 

mTORC2, and plays critical roles for cell survival.  mTORC2 phosphorylates Akt 

at serine 473 (S473) to promote Akt activation (35).  In freshly isolated TSC1KO T 

cells, Akt phosphorylation at S473 and Foxo1a phosphorylation at S256, an Akt-

mediated reaction (150), were decreased (Fig. 11A).  Following resting, TCR 

stimulation can induce phosphorylation of Akt at S473 and Foxo1a at S256 in WT 

T cells.  Such phosphorylation was decreased in TSC1KO thymocytes and 

peripheral T cells (Fig. 11B).   However, TCR-induced Akt phophorylation at 

T308 was similar between WT and TSC1KO T cells (data not shown).  Thus, 

while mTORC1 signaling is enhanced, mTORC2 signaling and Akt activities are 

impaired in TSC1-deficient T cells. 

Akt is activated by phosphorylation at T308 and S473 by PI3K/PDK1 and 

mTORC2 respectively (35, 151, 152). To determine if the decreased Akt activity 

observed in TSC1KO T cells may contribute to the increased death subsequent to 

T cell receptor stimulation, we transduced these cells with retrovirus expressing 

either the constitutively active (ca) form of Akt (Akt-DD) or Akt-S374D mutant.  

Death of the GFP+ Akt-DD expressing TSC1KO T cells was significantly reduced 
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in comparison to the MigR1-GFP+ vector control cells in both CD4+ and CD8+ T 

cell subsets after TCR stimulation (Fig. 11C).  However, Akt-S473D manifested 

minimal effects in preventing death of TSC1KO T cells.  Thus, although 

enhanced Akt activity can promote TSC1KO T cell survival, relief of the 

requirement of mTORC2-mediated Akt activation is not sufficient to rescue 

TSC1KO T cells from death, suggesting complex regulation of T cell survival by 

TSC1. 
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Figure 11.  Impaired mTORC2 and Akt activities in TSC1KO T cells.   

 

(A) Expression of pro-apoptosis and pro-survival proteins in purified 
TSC1KO T cells determined by immunoblot analysis.  (B) Impairment of TCR-
induced mTORC2 signaling and Akt activation in TSC1KO T cells.  WT and 
TSC1KO thymocytes and purified peripheral T cells were rested at 37°C for 30 
minutes and were then left un-stimulated or stimulated with α-CD3 antibody for 
the indicated times.  Phosphorylation of Akt and Foxo1a was determined by 
immunoblotting with the indicated antibodies.  Data shown represent three 
experiments. 
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Figure 11 (continued).  Impaired mTORC2 and Akt activities in 

TSC1KO T cells. 

 

(C) Differential effects of AKT-DD and AKT-S473D on activation induced 
cell death of TSC1KO T cells.  WT and TSC1KO T cells were stimulated overnight 
and then retrovirally infected with a control construct (MigR1-GFP), Akt-DD, or 
Akt-S473D.  Cells were stimulated with α-CD3 for an additional 48 hours and 
then stained with α-CD4, α-CD8, and Live/Dead marker.  Percentages collected 
via flow cytometry were enumerated for CD4 and CD8 cells in graphs. 
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3.6 Contribution of increased reactive oxygen species to the 
death of TSC1KO T cells 

CD28 costimulatory receptor promotes PI3K/Akt activation during T cell 

activation.  Stimulation of TSC1KO CD4+ T cells through the TCR and CD28 

reduced TSC1KO CD4+ T cell death, correlated with decreased ROS production, 

and improved mitochondrial integrity as compared with stimulated by TCR 

alone.  However, the protective effect of CD28 was not observed in TSC1KO 

CD8+ T cells (Fig. 11D).  In addition, CD28 costimulation was not able to restore 

Akt phosphorylation at S473 in TSC1KO T cells (Fig. 11E), suggesting that CD28 

promotes TSC1KO T cell survival through an mTORC2-independent mechanism.  

We asked further whether the increased in ROS production may contribute to the 

death of TSC1KO T cells.  Treatment with N-acetylcysteine (NAC), a ROS 

scavenger, resulted in decreased death of TSC1KO CD4+ T cells but not CD8+ T 

cells, suggesting that increased ROS production contributes to increased death of 

TSC1KO CD4+ T cells.  Inhibition of mTOR activity has been reported to enhance 

survival and reduce contraction of viral specific CD8 T cells (87).  However, 

rapamycin treatment could not prevent increased ROS production, restore 

mitochondrial membrane integrity, and rescue the cells from death of TSC1KO T 

cells.  In fact, it made TSC1KO T cells more prone to death (Fig. 11D).  Similarly, 

rapamycin treatment could not restore early activation of TSC1KO T cells, 

although CD28 co-stimulation can slightly increase CD25 and CD69 expression 

(Fig. 11F).  Together, these results suggest that increased ROS production 

contributes to the elevated death of TSC1KO T cells, particular CD4+ T cells.   
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Figure 11 (continued).  Impaired mTORC2 and Akt activities in 

TSC1KO T cells. 

 

(D) Rescue of TSC1KO abnormalities with CD28 stimulation.  Splenocytes 
were harvested from WT and TSC1KO mice.  Cells were then stimulated 
overnight with conditions identified in figure.  Cells were then stained with α-
CD4, α-CD8, and ROS (top panel), or DiOC6 (middle panel), or Live/Dead 
marker (bottom panel).  Percentages are enumerated in graphs. 
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Figure 11 (continued).  Impaired mTORC2 and Akt activities in 

TSC1KO T cells. 

 

(E).  Effects of CD28 costimulation on mTORC2 activation. Cell lysates 
from purified T cells stimulated or unstimulated with plate-bound a-CD3 or a-
CD3 + a-CD28 for 6 hours were used for immunoblotting analysis.   P values are 
defined as follows:  *p<0.05, **p<0.01, ***p<0.001 
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3.7 Summary 

The mammalian target of rapamycin (mTOR) is a key regulator of cell 

growth and metabolism.  It associates with multiple proteins and forms two 

distinct signaling complexes, mTORC1 and mTORC2.  Accumulating evidence 

has revealed critical roles for intact mTOR signaling during T cell activation and 

responses to microbial infection.  However, the importance of mTOR activation 

in T cells has yet to be explored.  The TSC1/TSC2 complex has been shown to 

inhibit mTORC1 signaling in cell line models.  We show here that deletion of 

TSC1 in the murine T cell lineage resulted in a dramatic reduction of the 

peripheral T cell pool, correlating with increased cell death.  While mTORC1 is 

constitutively activated, mTORC2 signaling, reflected by Akt phosphorylation 

and activity, is decreased in TSC1-deficient T cells.  Furthermore, TSC1-deficient 

T cells exhibit decreased mitochondrial content and membrane potential, which 

is correlated with the activation of the intrinsic death pathway.  Together, our 

results demonstrate that TSC1 differentially regulates mTORC1 and mTORC2 

activity, promotes T cell survival, and is critical for normal mitochondrial 

homeostasis in T cells.  
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4.  Investigating the role of diacylglycerol metabolism in 
the anti-viral CD8+ T cell immune response 

4.1 Increased CD8+ T cell expansion in DGKα and DGKζ-deficient 
mice infected with LCMV 

In order to assess the physiological role for DAG metabolism during T cell 

expansion in vivo, we infected WT, aKO, and zKO mice with LCMV-Arm.  Seven 

days after infection, peripheral blood (PB) and spleens (SP) were harvested for 

analysis.  Similar to wild-type (WT) mice, splenic cellularities were increased in 

aKO and zKO mice following LCMV infection (Figure 12B).  The expansion of 

CD4+ T cells was not obviously different between WT and aKO or zKO mice 

(Figure 12A, 12C, 12E).  Although the percentages of CD8+ T cells in the 

peripheral blood were similarly increased between WT and DGK-deficient mice, 

the increase of the percentages and absolute numbers of CD8+ cells in aKO or 

zKO spleens were 2-3 fold greater than WT control (Figure 12A, 12D, 12F).  Thus, 

deficiency of either DGKα or ζ results in enhanced expansion of CD8 T cells 

following LCMV infection.  One feature of the CD8+ T cell mediated responses to 

viral infection during the effector phase is the expansion of viral specific T cell 

pool. Using MHC class I tetramers with two unique LCMV derived peptides we 

were able to determine the frequency of LCMV specific T cell clones within the 

bulk CD8+ T cell population.  We observed a small increase in the frequency of 

CD8+ T cells reactive to the NP396-404 epitope and equivalent frequencies for the 

GP33-41 epitope in DGK-deficient mice as compared with WT mice (Figure 12G, 

12H).  However, because of the increase in total CD8+ T cells in the spleen, the 

number of Tetramer+ CD8+ T cells is higher in the spleen of DGK-deficient mice 

infected with LCMV (Figure 12I).  Collectively, these data reveal that deficiency 
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of either DGKα or ζ promotes the expansion of LCMV specific CD8+ T cell clones 

in vivo.   
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Figure 12:  LCMV-induced CD8+ T cell expansion in DGKα and DGKζ KO 

mice 

 

Peripheral blood (PB) and spleen (SP) were collected from WT, aKO or 
zKO mice on day 7 after LCMV-Arm infection and were analyzed by flow 
cytometry. (A) Analysis of CD4 and CD8 T cell population after mock or LCMV 
Arm-infection. (B) Total splenocyte number (mean ± SEM). Percentages of (C) 
CD4+ and (D) CD8+ splenocytes were calculated by flow cytometry. Total 
numbers of (E) CD4+ and (F) CD8+ T cells were analyzed (mean ± SEM). 
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Figure 12 (contimued):  LCMV-induced CD8+ T cell expansion in DGKα and 

DGKζ KO mice 

 

(G) Cells from PB and SP on day 7 infection were harvested and were stained 
with tetramer GP33-41 (TetG) or NP396-404 (TetN).  Plots shown were pre-gated on 
CD8+ cells. (H) Percentages of CD8+ and TetG+ or TetN+ T cells (mean ± SEM). (I) Total 
cell number of CD8+ and TetG+ or TetN+ from spleen (mean ± SEM). *, p<0.05 as 
determined by Student t-test.  All statistical significance is in comparison to WT controls. 
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4.2 Enhanced functionality of LCMV-reactive CD8+T cells in the 
absence of DGKα or ζ 

Another feature of CD8+ T cell-mediated anti-viral immune responses is 

differentiation of naïve CD8+ T cells into viral specific cytokine producing CTLs.  

In response to LCMV infection, CD8+ T cells are known to produce large amounts 

of IFNγ and TNFα that are important for control of the infection (117). In order to 

determine if LCMV specific DGK-deficient CD8+ T cells developed into cytokine 

producing effector cells after infection, we harvested splenocytes from WT and 

DGK-deficient mice 7 days after immunization, and cultured them with MHC 

class I restricted LCMV specific peptides GP33-41, GP276-286, and NP396-404.  

IFNγ and TNFα production was determined by intracellular staining and FACS 

analysis. As shown in figure 13A, higher percentages of DGKα or ζ deficient 

CD8+ T cells produce IFNγ, TNFα, or both than WT controls.  Because the total 

number of CD8+ T cells as well as the proportion of overall number of cytokine 

producing CD8+ T cells was increased in the DGK-deficient mice, the overall 

number of cytokine producing effector T cells was dramatically enhanced (Figure 

13B, 13C).  Consistent with increased LCMV-specific and LCMV-specific IFNγ 

producing CD8+ T cells, lower LCMV viral RNA was detected in DGKα or ζ 

deficient as compared to WT controls, indicating that viral clearance was more 

effective in the absence of DGKα or ζ (Figure 13D). 
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Figure 13:  Increased cytokine production of CD8+ T cells and enhanced viral 

clearance in the absence of DGKα or DGKζ 

 

(A-C) Measurement of IFNγ and TNFα production by splenocytes 
following LCMV infection. Virus specific splenocytes were isolated from mock or 
Arm-infected mice on day 7 post-infection and were incubated with the 
indicated MHC-I restricted LCMV derived-peptides in the presence of Golgi 
plug.  After 5 h, the cells were stained, fixed and analyzed by flow cytometry for 
intracellular cytokine production. (A) Representative dot plots showed IFNγ and 
TNFα producing cells gated on CD8+ T cells. (B, C) Absolute numbers of (B) IFNγ 
and (C) TNFα producing CD8+ T cells in the spleen (mean ± SEM). 
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Figure 13 (continued):  Increased cytokine production of CD8+ T cells and 

enhanced viral clearance in the absence of DGKα or DGKζ 

 
(D) Enhanced viral clearance in the absence of either DGKα or ζ.  RNAs 

were extracted from splenocytes on day 7 post-infection and reversely 
transcribed.  LCMV specific GP RNA were measured by qRT-PCR (mean ± 
SEM).  *, p<0.05; **, p<0.01; ***, p<0.001 determined by Student t-test. All 
statistical significance is in comparison to WT controls. 
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4.3 A T cell intrinsic role for DGKζ-mediated DAG metabolism in 
anti-viral CD8+T cell expansion 

The infection of the aKO and zKO mice revealed a crucial role for DAG 

metabolism in regulating the CD8+ T cell response to viral infection.  Because 

these mice are germ-line knockout models, we cannot rule out the contribution of 

extrinsic factors (i.e. cytokines, growth factors, co-stimulatory molecules) 

produced by cells other than T cells that may influence CD8+ T cells during 

LCMV infection.  To investigate whether the enhanced anti-viral response due to 

DGKα or ζ deficiency involves a T cell intrinsic mechanism, we bred aKO and 

zKO mice with P14 TCR transgenic mice to generate aKO-P14 and zKO-P14 

mice.  P14 mice have an MHC class I restricted Vα2+Vβ8.1+ TCR specific to the 

GP33-41 epitope derived from LCMV (153).  Sorted transgenic CD8+Vα2+CD44low 

naïve T cells from C57B6/J (WT)-P14, aKO-P14, and zKO-P14 mice (Thy1.2+) 

were adoptively transferred into congenic Thy1.1+ or Thy1.1+Thy1.2+ WT hosts.  

The recipient mice were infected by LCMV-Arm one day after adoptive transfer 

and analyzed 7 days after the infection (Figure 14A).  Comparing recipients 

injected with zKO-P14 or WT-P14 CD8+ T cells, there was no obvious difference 

of total number of splenocytes between these two groups (Figure 14B).  

However, the percentage and absolute numbers of the CD8+Vα2+ T cell were 

increased in the zKO-P14 CD8+ T cell group compared with the WT-P14 CD8+ T 

cell group (Figure 14C-E).  Using the Thy1.1, we analyzed donor-derived (Thy1.1-

) and host-derived (Thy1.1+) CD8+Vα2+ T cells.  As shown in figure 14F and 14G, 

WT-P14 T cells accounted for about 50% of CD8+Vα2+ T cells with the remaining 

50% being host-derived.  In contrast, zKO-P14+ T cells accounted for about 75% 

of the CD8+Vα2+ T cells with about 35% being host-derived.  Together, these 
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observations suggest that zKO-P14 T cells possess an advantage in clonal 

expansion over WT-P14 T cells in competing with the endogenous LCMV-

specific T cells.  In contrast to zKO-P14 cells, aKO-P14 cells did not show 

enhanced clonal expansion in the recipients as compared with WT-P14 cells 

(Figure 14H-14K).  Collectively, data from the adoptive transfer experiments 

demonstrate that the enhanced anti-viral immunity by DGKζ deficient, but not 

DGKα deficient T cells is cell intrinsic.   
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Figure 14:  Effects of DGKα or ζ deficiency in T cells on anti-LCMV 

immune responses 

 

(A) Schematic diagram of adoptive transfer experiment. CD8+ naïve T cells 
from WT-P14, aKO-P14, or zKO-P14 mice were transferred into WT recipient 
mice (Thy1.1+ or Thy1.1+1.2+) at 1 day before infection and were analyzed on day 
7 post-infection. (B-G) Comparison of recipients with WT-P14 and zKO-P14 
donor T cells.  (B) Total splenocyte numbers. (C) Representative dot-plots of 
peripheral blood and spleen assessing CD8+Vα2+ cells in mice receiving WT- and 
zKO-P14 CD8+ T cells.  (D) Enumeration of the percentages of CD8+Vα2+ cells 
represented in (C).  Each data point represents 1 mouse.  (E) Total number of 
CD8+Vα2+ cells in recipient mice.  (F) The representative dot-plots of donor-
derived CD8+Vα2+ cells (Thy1.1-).  (G) Enumeration of the donor (Thy1.1-) 
CD8+Vα2+ T cell percentages represented in F.  
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Figure 14 (continued):  Effects of DGKα or ζ deficiency in T cells on 

anti-LCMV immune responses 

 
(H-K) Comparison of recipients with WT-P14 and aKO-P14 donor T cells.  

(H) Total splenocyte numbers. (I) Absolute numbers of CD8+Vα2+ splenocytes 
and (J) the percentages of CD8+Vα2+ cells in PB and SP. (K) The percentages of 
donor-derived CD8+Vα2+ cells. *, p<0.05. All statistical significance is in 
comparison to WT controls. 
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4.4 DGK-deficient mice generate fewer antigen-specific memory 
CD8+ T cells 

The experiments described above have revealed important roles of DGKα 

and ζ as negative regulators in CD8+ T cells during primary antiviral immune 

responses.  The question then became could DGK-deficient CD8+ T cells 

differentiate into long-lived antigen specific memory cells?  In order to assess this 

WT, aKO, and zKO germ-line knockout mice were infected with LCMV-Arm.  At 

3 months post infection, LCMV specific CD8+ T cells were identified using the 

H2Db-GP33 tetramer.  Both aKO and zKO mice showed around a two-fold 

reduction of LCMV-specific CD8+ memory T cells in the spleen of infected mice 

(Figure 15B, 15C).  Recent data has suggested that after recognition of antigen, 

the antigen specific CD8+ T cells can be subdivided into distinct subsets with 

differing memory potential.  Phenotypically, these cells are differentiated by 

their expression of IL-7Rα (115).  The short-lived effector cells (SLECs) are 

KLRG1hiIL7Rαlo, while the memory precursor cells (MPECs) are KLRG1loIL7Rαhi.  

We observed that while the proportion of MPECs within the LCMV-specific 

CD8+ T cell pool was comparable between the DGK-deficient mice and WT mice, 

the overall number of MPECs was substantially reduced in the aKO and zKO 

mice (Figure 15D).  Cumulatively, this data demonstrates that the generation and 

maintenance of an antigen specific memory CD8+ T cells is impaired in the 

absence of DAG metabolism. 
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Figure 15:  Reduced CD8+ memory T cell pool in DGK-deficient mice 

 

(A) Total splenocyte number in WT, aKO, and zKO mice 3 months after 
infection with LCMV-Arm.  (B) Total number of CD8+TetG+ LCMV-specific T 
cells 3 months after infection.  (C) Representative FACS plot depicting 
percentages of CD8+TetG+ LCMV-specific T cells 3 months after infection.  CD44 
and CD62L staining of CD8+TetG+ cells.  (D) Percentage and total number of 
KLRG1loIL7Rαhi cells within the CD8+TetG+ LCMV-specific T cells 3 months after 
infection. 
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4.5 Impaired expansion of DGK-deficient memory CD8+ T cells 
after re-exposure to antigen 

To assess any possible differences in the function of DGK-deficient CD8+ 

memory T cells, we sorted CD8+CD44+ T cells from WT, aKO, and zKO mice 

infected with LCMV-Arm for 4 months.  5x103 LCMV specific memory T cells 

(Thy1.2+), normalized for the number of CD8+TetG+ within the sorted population, 

were adoptively transferred into naïve hosts (Thy1.1+).  Recipient mice were 

infected with LCMV-Arm one day later and analyzed seven days after infection.  

The overall splenic cellularity was subtly reduced amongst hosts receiving DGK-

deficient memory CD8+ T cells over a 3-day time course (Figure 16A).  

Additionally, the percentage and overall number of transferred CD8+Thy1.2+ and 

antigen specific CD8+Thy1.2+TetG+ was significantly reduced in hosts receiving 

DGK-deficient CD8+ memory T cells as compared to hosts receiving WT memory 

cells (Figure 16B, 16C).  Using IL-7Rα as a marker for memory precursor cells, we 

observed that the overall number of antigen specific memory precursor cells was 

diminished amongst hosts receiving DGK-deficient T cells as compared to hosts 

receiving memory WT cells (Figure 16D).    The data above clearly demonstrates 

that DGK-deficient memory T cells do not differentiate into memory precursor 

cells as efficiently as WT CD8+ T cells after encountering antigen, and that those 

precursor cells exhibit an impaired proliferative capacity after re-exposure to 

antigen.  The mechanisms that control the formation and function of memory T 

cells is an area of intense investigation because of its ramifications for future 

vaccine design.  Recently, a report was published demonstrating that treatment 

of mice with rapamycin during the expansion or contraction phase of antigen 

specific T cell immune response can increase the overall number and 
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functionality of LCMV-specific memory T cells (154).  The implication is that 

increased mTOR activity negatively impacts developing and expanding memory 

CD8+ T cells.  A previous study from our lab has clearly demonstrated that 

mTOR kinase activity is significantly increased in T cells in the absence of DAG 

metabolism (19).  In order to assess any possible role for mTOR in the impaired 

development and proliferation of DGK-deficient memory CD8+ T cells, we 

measured, by intracellular staining, the phosphorylation status of S6 (target of 

mTOR kinase activity) in adoptively transferred DGK-deficient memory CD8+ T 

cells.  Indeed, 7 days after re-exposure to antigen, the phosphorylation of S6 was 

noticeably higher in DGK-deficient T cells (Figure 16E). 
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Figure 16:  Impaired expansion and enhanced mTOR activity in DGK-deficient 

CD8+ T cells 

 

 (A) Total splenocyte cell number 7 days after infection of host mice.  (B) 
Percentage and total cell number of CD8+Thy1.2+ transferred memory T cells in 
spleens of infected hosts.  (C) Percentage and total cell number of 
CD8+Thy1.2+TetG+ transferred memory T cells in spleens of infected hosts.  (D) 
Percentage and total cell number of KLRG1loIL-7Rαhi of CD8+Thy1.2+TetG+ 
transferred memory T cells in spleens of infected hosts.  (E) Phosphorylation 
status and average MFI of pS6 in transferred CD8+ memory T cells 7 days after 
re-exposure to antigen.  
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4.6 Diminished control of viral replication by DGK-deficient 
memory CD8+ T cells  

The impaired proliferation of DGK-deficient memory CD8+ T cells after 

LCMV infection led us to investigate whether DGKs may also regulate the 

production of anti-viral cytokines by re-activated memory T cells.  In contrast to 

enhanced production of anti-viral cytokines by DGK-deficient CD8+ T cells 

during the primary response, we found that a slightly lower percentage of aKO 

and zKO CD8+ memory T cells produced IFNγ and TNFα in comparison to WT 

CD8+ memory T cells following in vitro stimulation with LCMV-derived peptides 

(Figure 17A).  However, when combined with the total number of transferred 

memory cells after infection, a 5-6 fold reduction in both IFNγ
+ and TNFα+ Thy1.2+ 

cells were observed (Figure 17B).  Given the fewer number of cytokine producing 

memory CD8+ T cells after re-exposure to LCMV antigens, we determined 

whether or not this diminished response had any impact on the replication of 

LCMV within the infected hosts.  Using the technique described in previous 

sections for measuring the number of LCMV viral genomes in the spleen of 

infected mice, we found more viral genome copies in the spleen of mice receiving 

DGK-deficient memory CD8+ T cells (Figure 17C).  We measured the titer of 

virus within the infected host over a timeline to rule out the possibility that the 

lower number of DGK-deficient memory cells at day 7 was the consequence of 

the DGK-deficient memory cells expanding faster, clearing the virus in a shorter 

amount of time, and contracting to a seemingly smaller pool as compared to the 

WT at day 7.  However, because the viral titer was higher in recipient mice 

receiving DGK-deficient memory cells at day 3, 5, and 7, we can rule out the 

possibility of different CD8+ memory T cell kinetics.  Thus, DGKα and ζ exert 
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differential effects on memory CD8+ T cells expansion and effector cytokine 

production than they do during the primary response.  
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Figure 17:  DGK-deficient CD8+ T cells produce less anti-viral cytokines and 

are less efficient at controlling viral replication 

 

 Spleens from recipient mice were harvested 7 days post infection.  
Splenocytes were stimulated with the GP33 peptide in the presence of Golgi Plug 
in vitro for 5-6 hours before cell surface antigens were stained with anti-CD8, 
anti-Thy1.1, anti-Thy1.2, and intracellular stained with anti-IFNγ and anti-TNFα.  
(A) Percentage of IFNγ

+ and TNFα+ within the adoptively transferred Thy1.2+ 

cells.  (B) Total number of Thy1.2+ IFNγ
+ and Thy1.2+TNFα+ in the spleens of 

infected mice.  (C) RNAs were extracted from splenocytes of LCMV-Arm 
infected mice and reverse transcribed.  GP RNA was measured by qRT-PCR. 
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4.5 Summary 

The manipulation of signals downstream of the T cell receptor (TCR) can 

have profound consequences for T cell development, function, and homeostasis.  

Diacylglycerol (DAG) produced following TCR stimulation functions as a 

secondary messenger and mediates the signaling to Ras-MEK-Erk and NF-κB 

pathways in T cells.  DAG kinases (DGKs) converts DAG into phosphatidic acid 

(PA), resulting in termination of DAG signaling.  In this study, we explored that 

DAG metabolism by DGKs can serve a crucial function in viral clearance upon 

lymphocytic choriomeningitis virus (LCMV) infection.  Antigen-specific CD8+ T 

cells from DGKα–/– and DGKζ–/– mice show enhanced expansion and increased 

cytokine production following LCMV infection, yet DGK-deficient memory CD8+ 

T cells exhibit impaired expansion and cytokine production after re-challenge.  

Thus, DGK activity plays opposing roles in the expansion and anti-viral cytokine 

production of CD8+ T cells during the primary and memory phases of the 

immune response. 
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5.  Discussion 

5.1 Concluding remarks on the TSC-mTOR pathway in T cells 

The mechanisms that control normal T cell homeostasis are not well 

understood.  In this study, we demonstrate that TSC1 plays a critical role in 

maintaining peripheral T cell numbers by promoting T cell survival and normal 

mitochondrial homeostasis. 

We have shown that TSC1 inhibits mTORC1 activity, but promotes 

mTORC2 signaling in T cells.  TSC1 may affect mTORC2 signaling through 

several potential mechanisms.  In cell line models, the TSC1/TSC2 complex can 

directly associate with mTORC2 to promote mTORC2 signaling (33).  In HEK293 

cells, it has been demonstrated that Rictor, a component of mTORC2, is directly 

phosphorylated at Thr1135 by S6K1 after growth factor stimulation, and that this 

phosphorylation is sensitive to rapamycin.  In cells that express a Rictor T1135A 

mutant, which cannot be phosphorylated by S6K1, mTORC2 dependant Akt 

phosphorylation was markedly increased, strongly suggesting that mTORC1 

activation can directly suppress mTORC2 activity (34).  In our model, TSC1-

deficient T cells exhibit highly phosphorylated S6K1 and decreased 

phosphorylation of Akt and its downstream targets.  Whether or not the 

regulation of mTORC2 by mTORC1, through Rictor, is physiologically important 

during the activation of primary T cells remains to be determined.  It has also 

been reported that elevated S6K1 activity can trigger a negative feedback 

mechanism to inhibit growth factor induced mTOR activation.  For example, 

S6K1 can phosphorylate IRS-1 to inhibit insulin receptor signaling (38). Elevated 

S6K1 activity in TSC1-deficient T cells may illicit similar negative feedback 
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inhibition on mTOR dependant signaling.  The exact mechanism by which TSC1-

deficiency leads to mTORC2 inhibition in T cells will require further 

examination. 

Our studies indicate that the TSC1/TSC2 complex is paramount for 

mature T cell survival.  mTORC2 and Akt activities are decreased in TSC1KO T 

cells. Since only expression of Akt-DD but not Akt-S473D can rescue these cells 

from death, it suggests that the increased death of TSC1KO T cells is not solely 

due to decreased mTORC2 activity.  The lack of survival defects in Rictor-

deficient T cells also supports that mTORC2 is not essential for T cell survival 

(87).  Increased mTORC1 signaling has been reported to promote cell death.  In 

hepatocyte cell lines, S6K1-deficiency led to down-regulation of caspase-8, 

caspase-3 activation, cytochrome c release, and protected against the onset of 

apoptosis (155).  S6K1 may promote cell death by inhibiting BAD 

phosphorylation (156). Since rapamycin cannot rescue TSC1KO T cells from 

death, enhanced mTORC1 may not directly cause death of these cells.  However, 

this result does not completely rule out a role for increased mTORC1 activity in 

the death of TSC1KO T cells.  The death prone property of TSC1KO T cells could 

be caused by a chronic increase of mTORC1 signaling, which could program 

these cells to a pro-death fate that can not be reverted by acute rapamycin 

treatment.   

It is known that ROS causes mitochondrial damage and contributes to the 

death of activated T cells (148).  TSC1KO T cells display increased ROS 

production, but decreased mitochondrial content, number, and membrane 

potential.  Since the ROS scavenger, NAC, can reduce the death of TSC1KO T 

cells and can increase mitochondrial membrane potential, it suggests that TSC1 
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may promote T cell survival mainly through the inhibition of ROS production to 

maintain mitochondrial integrity.  Of note, CD28 mediated co-stimulation, but 

not rapamycin treatment, can reduce TSC1KO T cell death correlated with 

reduced ROS production and increased mitochondrial potential, but without an 

obvious increase of Akt activity.   Thus, TSC1 may inhibit ROS production in T 

cells and promote T cell survival through mTOR-independent mechanisms.  

Further studies are needed to determine the mechanisms by which TSC1 

regulates ROS production and mitochondrial homeostasis. 

T cells are noted for their ability to produce large amounts of cytokines 

and to proliferate in response to foreign antigen.  The conversion of a naïve T cell 

into an effector cell is coordinate with fundamental changes in T cell metabolism.  

During times of activation, T cells rely on energy produced during glycolysis, 

even in oxygen rich environments.  In accordance with an activated T cell’s need 

to grow in size, replicate, and produce cytokines, the cell switches from a 

catabolic to anabolic metabolism profile.  Past research has established the TSC-

mTOR pathway as an important regulator of glycolysis and an important 

interpreter of extracellular signaling determinants.  Since T cell activation 

requires such a dramatic change in their metabolic profile, investigators have 

recently hypothesized that proper regulation of the TSC-mTOR pathway may 

play a crucial role in maintaining naïve T cell quiescence in vivo.   While it is an 

area of intense study, naïve T cell quiescence is still poorly understood, with 

several transcription factors being implicated as active enforcers of T cell 

quiescence (157-159).  In order to address the relationship between the TSC-

mTOR pathway and naïve T cell quiescence in vivo, a TSC1 conditional T cell 

ablation was utilized.  Both our group and others found that the deletion of TSC1 
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in T cells resulted in increased cell size.  Furthermore, by using the DNA 

incorporating nucleotide BrdU, TSC1-deficient T cells were found to be actively 

cycling, whereas wild-type naïve T cells were not actively synthesizing new 

DNA (44, 160, 161).  Since TSC1KO T cells exhibited increased cell size and were 

actively incorporating BrdU, it is not currently known if these two phenomenon 

are independent or related processes in the absence of TSC1.   These TSC1-

deficient T cells also displayed the effector memory T cell phenotype of 

CD44hiCD62Llo, which was at the expense of the naïve quiescent CD44loCD62Lhi 

population.  It is not currently understood whether the up-regulated CD44 

expression is controlled directly by the TSC-mTOR pathway, or if it is a 

secondary result of enhanced homeostatic proliferation in the TSC1f/f-CD4-Cre 

mice, which exhibit pronounced T cell lymphopenia.  This phenomenon could be 

addressed by adoptively transferring WT T cells into a naïve TSC1f/f-CD4-Cre 

mouse to determine if the lymphopenia in the TSC1KO mice can drive increased 

CD44 expression.   

In agreement with TSC1-deficient T cells entry into cell cycle as measured 

by BrdU incorporation ex vivo, microarray analysis revealed up-regulation of 

several cell cycle associated genes including cyclin A2 and cyclin B2 (44).  

Interestingly, this observed phenotype of hyper-proliferation in TSC1-deficient T 

cells somewhat conflicts with the finding of a reduced peripheral T cell pool.  

However, because of the enhanced cell death phenotype observed in these cells, 

investigators surmised that crossing their TSC1 knockout lines to Bcl-2 transgenic 

mice may rescue the cell death phenotype.  They observed that TSC1f/f-CD4-Cre-

Bcl2TG mice had normal numbers of peripheral T cells and underwent apoptosis 

comparable to wild-type mice (44).  As an anti-apoptotic molecule, Bcl-2 
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antagonized the activity of the pro-apoptotic molecule Bim, which was 

substantially up-regulated in TSC1-deficient T cells.  Notably, the loss of 

quiescence in the TSC1f/f-CD4-Cre mice was not restored when crossed to the 

Bcl-2 transgenic mice, indicating that the apoptotic program in TSC1-deficient T 

cells is not a causative factor in their apoptotic phenotype.  Additional 

experiments will be able to determine whether or not loss of quiescence leads to 

T cell apoptosis.  While crossing the experimental mice to the Bcl-2 transgene 

rescued the apoptotic phenotype in TSC1-deficient T cells, mechanistic insights 

are not readily revealed because the addition of Bcl-2 into any pro-death 

program is typically viewed as a “cure-all” since it is so far downstream in the 

intrinsic cell death pathway.  In our studies, rapamycin was unable to rescue T 

cell death, suggesting that the TSC complex inhibits cell death by a mechanism 

independent of mTORC1 activity.  At the present time very little work has been 

done to determine the activity of the TSC complex independent of the mTOR 

kinase.  Biochemical studies including co-immunoprecipitation and mass 

spectrometry could determine additional signaling partners for TSC1 and TSC2, 

and may provide valuable clues that would broaden our understanding of this 

tumor suppressor complex.   

 Given the aforementioned phenotype, the question then becomes does the 

spontaneous conversion of quiescent TSC1-deficient T cells into cycling activated 

T cells affect their ability to mount an effective adaptive immune response in 

vivo.  To investigate T cell expansion and cytokine production in vivo, TSC1f/f-

CD4-Cre mice were infected with Ovalbumin expressing Listeria monocytogenes.  

In response to bacterial infection, TSC1-deficient T cells exhibit impaired 

expansion and cytokine production, which could not be rescued by the 
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introduction of the Bcl-2 transgene.  We have shown that TSC1-deficiency in T 

cells does not globally affect TCR signaling as illustrated by normal Erk 

phosphorylation.  However, the heterogeneous expression of early T cell 

activation markers after in vitro stimulation with α-CD3 suggests that TSC1 

promotes T cell activation.  Since the TSC complex is an inhibitor of mTOR 

kinase activity, the TSC1f/f-CD4-Cre model should serve as the complementary 

model to the mTORf/f-CD4-Cre line.  Interestingly, both models exhibit an 

impaired ability to respond to invading pathogens, and suggests that mTOR 

activity is neither “all good” nor “all bad,” but that an intermediate amount of 

activity is appropriate for normal T cell responses in vivo.  Determining the 

proper spectrum of mTOR kinase activity during a T cell immune response will 

be a critical focus in this particular area of study. 

 The re-emergence of the microenvironment as a powerful force in shaping 

a quiescent or activated T cell’s behavior has inspired investigators to design new 

animal models.  These models will identify T cell intrinsic factors that function 

both upstream and downstream of the TSC-mTOR pathway, and may provide 

new insights into how mTOR activity is regulated.  Another focus of study 

should be to determine what the mTOR-independent functions of the TSC 

complex are.  Evidence collected in our lab has demonstrated that certain aspects 

of TSC function can be disassociated from mTORC1 activity.  As a multi-protein 

complex, the TSC complex may serve as an important docking station for other 

proteins and enzymes that regulate functions outside the realm of T cell 

metabolism.  Finally, very little work has been done regarding TSC-mTOR 

dependant gene transcription.  Large-scale functional genomics studies will be 
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able to simultaneously identify genes that are repressed by TSC1 and those that 

are promoted by TSC1.  These genetic studies will provide investigators with 

more evidence regarding the precise mechanisms by which the TSC-mTOR 

pathway influences T cell biology.  
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5.2 Concluding remarks on DGK-activity and T cell function 

CD8+ T cells play crucial roles in anti-viral immunity.  Understanding how 

CD8+ T cells are regulated during viral infection is instrumental for treatment of 

infectious diseases and for enhancing the efficacy of vaccination.  Engagement of 

CD8+ T cells with antigen presenting cells through the interaction between viral 

specific TCRs and viral peptide:MHC-I complex is critical for the initiation of 

CD8+ T cell mediated anti-viral immunity.  The signal strength from viral specific 

TCRs can influence the effector and memory CD8+ T cell differentiation, 

maintenance, and activation (124-126, 128, 162).  We demonstrate that both 

DGKα and ζ are important regulators for CD8+ T cell-mediated anti-viral 

immune responses and that DGK activity plays differential roles in primary and 

memory CD8+ T cell responses.   

Our data has revealed that DGKα and ζ negatively control CD8+ T cell-

mediated anti-viral responses during primary infection.  These observations are 

consistent with the role of DGKs as negative regulators of T cell activation in vitro 

by their ability to terminate DAG-mediated signaling.  As a potent secondary 

messenger, DAG promotes signaling in both the NFκB and Ras-Erk pathways.  In 

the absence of either DGKα or ζ, TCR-induced activation of the Ras-Erk1/2 

pathway and the PKC-NFκB pathway are enhanced (113, 163), which likely 

contributes to DGK-deficient T cells enhanced response to primary LCMV 

infection.  Under the control of a T cell specific promoter, expression of a 

dominant form of IκB (NFκB repressor) severely impairs T cell proliferation 

(164).  Furthermore, RelB-/- (component of NFκB signaling complex) mice show 

increased susceptibility to LCMV infection, which is characterized by impaired 
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expansion of the CD8+ T cell pool.  In addition, RelB has also been shown to 

associate with the TNFα promoter (165).  Proper signaling through the Ras-Erk 

pathway has also been shown to be critical during an immune response.  

RasGRP1-/- mice show impaired antigen specific CD8+ T cell expansion, and fail 

to generate LCMV specific IFNγ producing CD8+ T cells during infection.  This 

impaired response results in higher viral titers in the spleen of infected mice 

(166).  The increased expansion and cytokine production observed in DGK-

deficient CD8+ T cells after LCMV infection could be directly related to the 

accumulation of DAG and enhanced activation of the Ras-Erk1/2 and NFκB 

signaling in vivo.  Although these data support that proper regulation of the 

signaling cascades downstream of DGK activity is crucial for the generation of an 

effective adaptive immune response, we cannot rule out that DGKs may regulate 

CD8+ T cell mediated immune responses through the generation of PA.   

Similar to DAG, PA binds to and regulates multiple signaling molecules. 

DGK-derived PA has been implicated in several signaling pathways that 

modulate cellular functions and the development of different cell lineages.  

Furthermore, while our study focuses on the role of DGKs in mature T cells after 

infection, we must note that DGKs and the Ras-Erk and NFκB pathways have 

been shown to be critical during immune cell development (167, 168). Although 

we could not rule out that that DGKα or ζ deficiency may directly or indirectly 

affect generation of LCMV specific T cells in the thymus, DGKα and ζ are likely 

to regulate mature CD8+ T cells during viral infection.  The P14 adoptive transfer 

experiment suggests DGKζ functions in mature T cells to dampen anti-viral 
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immune responses, and does not function in development to profoundly distort 

the T cell receptor repertoire. 

DGKα and ζ play a redundant role in T cell maturation in the thymus 

(168).  Although both DGKα and ζ exert similar roles in CD8+ T cells during anti-

LCMV responses, some differences between these two DGK isoforms have been 

noted.  DGKζ appears to play a stronger role than DGKα, because the enhanced 

anti-LCMV response seen in aKO mice appears to rely, at least partially, on 

extrinsic T cell factors.  The different anti-viral effectiveness between DGKα and 

DGKζ deficiency is not surprising since there are important differences in the 

structure and activation of these proteins.  DGKα, which contains two EF hand 

motifs, requires the binding of Ca++ to achieve full enzymatic activity, while 

DGKζ is not sensitive to such regulation.  Furthermore, DGKζ contains a nuclear 

localization sequence within its myristoylated alanine-rich C-kinase substrate 

domain, which may give DGKζ regulatory functions not associated with DGKα.  

Finally, these enzymes may serve important non-enzymatic functions by acting 

as protein docking substrates, where differences in primary and tertiary protein 

structure determine the components of multi-protein signaling complexes (169). 

Our data indicates that naive and memory CD8+ T cells can be 

differentially regulated by DGK activity during anti-viral immune responses.  In 

contrast to inhibiting primary anti-viral immune responses, DGKα and ζ appear 

to promote expansion of viral specific memory CD8+ T cells during secondary 

infection.  The mechanisms underlying such differential roles of DGK activity in 

primary and memory anti-viral immunity are unclear at present.  It is known 

that the mammalian target of rapamycin (mTOR) promotes primary, but inhibits 
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memory CD8+ T cell responses during LCMV infection (154).  Recently, we have 

found that the RasGRP1-Ras-Erk1/2 pathway is critical for TCR-induced mTOR 

activation in T cells, and that DGKα and ζ synergistically inhibit TCR-induced 

mTOR activation by down-regulating this pathway (19).  Thus, the opposing 

roles of DGKs and mTOR in primary and memory CD8+ T cells during LCMV 

infection suggests that in addition to regulating Ras-Erk1/2 and NFκB signaling, 

DGKα and ζ may differentially control primary and memory CD8+ T cell 

responses during LCMV infection by inhibiting mTOR activation. 

While our understanding of how DGK activity influences T cell 

development and function has dramatically improved in the past 10 years, much 

remains to be studied.  My studies have identified a level of non-redundant 

function between the DGK isoforms in T cells, particularly during viral 

infections.  Genetic deletion models that target specific regions within the DGK 

isoforms of interest will help to dissect the functional relevance of each particular 

motif within the functioning enzymes.  Additionally, because of the difference in 

primary and tertiary protein structure, the protein complexes that contain these 

different isoforms in T cells are likely to be very different.  A combination of co-

immunoprecipitation and mass spectrometry can identify unique binding 

partners between the isoforms, which may help to explain their seemingly 

different T cell intrinsic functions.  It must be noted that while these studies 

focused on the role of DAG initiated signaling during T cell responses to virus, in 

physiological settings DGKs convert DAG into PA, which functions as a 

secondary messenger itself.  Generally speaking, PA is thought to limit 

lymphocyte responses to antigen, but more recently it has been found to 
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associate with, and promote the activity of a variety of molecules, including 

mTOR.  The appropriate ratio of DAG to PA signaling during an immune 

response is still a matter of interpretation.  Finally, very little is known about the 

localization and temporal regulation of DGKs.  Understanding the precise 

mechanisms by which DGKs are regulated is critical for our understanding of T 

cell receptor signaling, and should help investigators to develop new strategies 

for modulating T cell function during an immune response or T cell mediated 

disease. 

 

 

 

 



 

 97 

Bibliography 
 

1. Heitman, J., N. R. Movva, and M. N. Hall. 1991. Targets for cell cycle 
arrest by the immunosuppressant rapamycin in yeast. Science 253:905-909. 

2. Brown, E. J., M. W. Albers, T. B. Shin, K. Ichikawa, C. T. Keith, W. S. Lane, 
and S. L. Schreiber. 1994. A mammalian protein targeted by G1-arresting 
rapamycin-receptor complex. Nature 369:756-758. 

3. Chen, Y., H. Chen, A. E. Rhoad, L. Warner, T. J. Caggiano, A. Failli, H. 
Zhang, C. L. Hsiao, K. Nakanishi, and K. L. Molnar-Kimber. 1994. A 
putative sirolimus (rapamycin) effector protein. Biochem Biophys Res 
Commun 203:1-7. 

4. Chiu, M. I., H. Katz, and V. Berlin. 1994. RAPT1, a mammalian homolog of 
yeast Tor, interacts with the FKBP12/rapamycin complex. Proc Natl Acad 
Sci U S A 91:12574-12578. 

5. Sabatini, D. M., B. A. Pierchala, R. K. Barrow, M. J. Schell, and S. H. 
Snyder. 1995. The rapamycin and FKBP12 target (RAFT) displays 
phosphatidylinositol 4-kinase activity. J Biol Chem 270:20875-20878. 

6. Sabers, C. J., M. M. Martin, G. J. Brunn, J. M. Williams, F. J. Dumont, G. 
Wiederrecht, and R. T. Abraham. 1995. Isolation of a protein target of the 
FKBP12-rapamycin complex in mammalian cells. J Biol Chem 270:815-822. 

7. Wullschleger, S., R. Loewith, and M. N. Hall. 2006. TOR signaling in 
growth and metabolism. Cell 124:471-484. 

8. Fingar, D. C., and J. Blenis. 2004. Target of rapamycin (TOR): an integrator 
of nutrient and growth factor signals and coordinator of cell growth and 
cell cycle progression. Oncogene 23:3151-3171. 

9. Stanfel, M. N., L. S. Shamieh, M. Kaeberlein, and B. K. Kennedy. 2009. The 
TOR pathway comes of age. Biochim Biophys Acta 1790:1067-1074. 

10. Kim, D. H., and D. M. Sabatini. 2004. Raptor and mTOR: subunits of a 
nutrient-sensitive complex. Curr Top Microbiol Immunol 279:259-270. 

11. Sarbassov, D. D., S. M. Ali, D. H. Kim, D. A. Guertin, R. R. Latek, H. 
Erdjument-Bromage, P. Tempst, and D. M. Sabatini. 2004. Rictor, a novel 
binding partner of mTOR, defines a rapamycin-insensitive and raptor-
independent pathway that regulates the cytoskeleton. Curr Biol 14:1296-
1302. 

12. Huang, J., and B. D. Manning. 2009. A complex interplay between Akt, 
TSC2 and the two mTOR complexes. Biochem Soc Trans 37:217-222. 

13. Garami, A., F. J. Zwartkruis, T. Nobukuni, M. Joaquin, M. Roccio, H. 
Stocker, S. C. Kozma, E. Hafen, J. L. Bos, and G. Thomas. 2003. Insulin 
activation of Rheb, a mediator of mTOR/S6K/4E-BP signaling, is 
inhibited by TSC1 and 2. Mol Cell 11:1457-1466. 



 

 98 

14. Inoki, K., Y. Li, T. Zhu, J. Wu, and K. L. Guan. 2002. TSC2 is 
phosphorylated and inhibited by Akt and suppresses mTOR signalling. 
Nat Cell Biol 4:648-657. 

15. Maheshwar, M. M., J. P. Cheadle, A. C. Jones, J. Myring, A. E. Fryer, P. C. 
Harris, and J. R. Sampson. 1997. The GAP-related domain of tuberin, the 
product of the TSC2 gene, is a target for missense mutations in tuberous 
sclerosis. Hum Mol Genet 6:1991-1996. 

16. Astrinidis, A., and E. P. Henske. 2005. Tuberous sclerosis complex: linking 
growth and energy signaling pathways with human disease. Oncogene 
24:7475-7481. 

17. Cai, S. L., A. R. Tee, J. D. Short, J. M. Bergeron, J. Kim, J. Shen, R. Guo, C. 
L. Johnson, K. Kiguchi, and C. L. Walker. 2006. Activity of TSC2 is 
inhibited by AKT-mediated phosphorylation and membrane partitioning. 
J Cell Biol 173:279-289. 

18. Ma, L., Z. Chen, H. Erdjument-Bromage, P. Tempst, and P. P. Pandolfi. 
2005. Phosphorylation and functional inactivation of TSC2 by Erk 
implications for tuberous sclerosis and cancer pathogenesis. Cell 121:179-
193. 

19. Gorentla, B. K., C. K. Wan, and X. P. Zhong. 2011. Negative regulation of 
mTOR activation by diacylglycerol kinases. Blood 117:4022-4031. 

20. Inoki, K., T. Zhu, and K. L. Guan. 2003. TSC2 mediates cellular energy 
response to control cell growth and survival. Cell 115:577-590. 

21. Fingar, D. C., S. Salama, C. Tsou, E. Harlow, and J. Blenis. 2002. 
Mammalian cell size is controlled by mTOR and its downstream targets 
S6K1 and 4EBP1/eIF4E. Genes Dev 16:1472-1487. 

22. Cheatham, L., M. Monfar, M. M. Chou, and J. Blenis. 1995. Structural and 
functional analysis of pp70S6k. Proc Natl Acad Sci U S A 92:11696-11700. 

23. Weng, Q. P., K. Andrabi, M. T. Kozlowski, J. R. Grove, and J. Avruch. 
1995. Multiple independent inputs are required for activation of the p70 S6 
kinase. Mol Cell Biol 15:2333-2340. 

24. Jeno, P., L. M. Ballou, I. Novak-Hofer, and G. Thomas. 1988. Identification 
and characterization of a mitogen-activated S6 kinase. Proc Natl Acad Sci U 
S A 85:406-410. 

25. Jefferies, H. B., C. Reinhard, S. C. Kozma, and G. Thomas. 1994. 
Rapamycin selectively represses translation of the "polypyrimidine tract" 
mRNA family. Proc Natl Acad Sci U S A 91:4441-4445. 

26. Jefferies, H. B., S. Fumagalli, P. B. Dennis, C. Reinhard, R. B. Pearson, and 
G. Thomas. 1997. Rapamycin suppresses 5'TOP mRNA translation 
through inhibition of p70s6k. EMBO J 16:3693-3704. 

27. Terada, N., H. R. Patel, K. Takase, K. Kohno, A. C. Nairn, and E. W. 
Gelfand. 1994. Rapamycin selectively inhibits translation of mRNAs 
encoding elongation factors and ribosomal proteins. Proc Natl Acad Sci U S 
A 91:11477-11481. 



 

 99 

28. Gingras, A. C., B. Raught, S. P. Gygi, A. Niedzwiecka, M. Miron, S. K. 
Burley, R. D. Polakiewicz, A. Wyslouch-Cieszynska, R. Aebersold, and N. 
Sonenberg. 2001. Hierarchical phosphorylation of the translation inhibitor 
4E-BP1. Genes Dev 15:2852-2864. 

29. Choi, K. M., L. P. McMahon, and J. C. Lawrence, Jr. 2003. Two motifs in 
the translational repressor PHAS-I required for efficient phosphorylation 
by mammalian target of rapamycin and for recognition by raptor. J Biol 
Chem 278:19667-19673. 

30. Nojima, H., C. Tokunaga, S. Eguchi, N. Oshiro, S. Hidayat, K. Yoshino, K. 
Hara, N. Tanaka, J. Avruch, and K. Yonezawa. 2003. The mammalian 
target of rapamycin (mTOR) partner, raptor, binds the mTOR substrates 
p70 S6 kinase and 4E-BP1 through their TOR signaling (TOS) motif. J Biol 
Chem 278:15461-15464. 

31. Schalm, S. S., D. C. Fingar, D. M. Sabatini, and J. Blenis. 2003. TOS motif-
mediated raptor binding regulates 4E-BP1 multisite phosphorylation and 
function. Curr Biol 13:797-806. 

32. Schalm, S. S., and J. Blenis. 2002. Identification of a conserved motif 
required for mTOR signaling. Curr Biol 12:632-639. 

33. Huang, J., C. C. Dibble, M. Matsuzaki, and B. D. Manning. 2008. The 
TSC1-TSC2 complex is required for proper activation of mTOR complex 2. 
Mol Cell Biol 28:4104-4115. 

34. Julien, L. A., A. Carriere, J. Moreau, and P. P. Roux. 2010. mTORC1-
activated S6K1 phosphorylates Rictor on threonine 1135 and regulates 
mTORC2 signaling. Mol Cell Biol 30:908-921. 

35. Sarbassov, D. D., D. A. Guertin, S. M. Ali, and D. M. Sabatini. 2005. 
Phosphorylation and regulation of Akt/PKB by the rictor-mTOR complex. 
Science 307:1098-1101. 

36. Jacinto, E., R. Loewith, A. Schmidt, S. Lin, M. A. Ruegg, A. Hall, and M. N. 
Hall. 2004. Mammalian TOR complex 2 controls the actin cytoskeleton and 
is rapamycin insensitive. Nat Cell Biol 6:1122-1128. 

37. Chiang, G. G., and R. T. Abraham. 2005. Phosphorylation of mammalian 
target of rapamycin (mTOR) at Ser-2448 is mediated by p70S6 kinase. J 
Biol Chem 280:25485-25490. 

38. Harrington, L. S., G. M. Findlay, A. Gray, T. Tolkacheva, S. Wigfield, H. 
Rebholz, J. Barnett, N. R. Leslie, S. Cheng, P. R. Shepherd, I. Gout, C. P. 
Downes, and R. F. Lamb. 2004. The TSC1-2 tumor suppressor controls 
insulin-PI3K signaling via regulation of IRS proteins. J Cell Biol 166:213-
223. 

39. Dumont, F. J., M. J. Staruch, S. L. Koprak, M. R. Melino, and N. H. Sigal. 
1990. Distinct mechanisms of suppression of murine T cell activation by 
the related macrolides FK-506 and rapamycin. J Immunol 144:251-258. 



 

 100 

40. Powell, J. D., C. G. Lerner, and R. H. Schwartz. 1999. Inhibition of cell 
cycle progression by rapamycin induces T cell clonal anergy even in the 
presence of costimulation. J Immunol 162:2775-2784. 

41. Zheng, Y., S. L. Collins, M. A. Lutz, A. N. Allen, T. P. Kole, P. E. Zarek, 
and J. D. Powell. 2007. A role for mammalian target of rapamycin in 
regulating T cell activation versus anergy. J Immunol 178:2163-2170. 

42. Colombetti, S., F. Benigni, V. Basso, and A. Mondino. 2002. Clonal anergy 
is maintained independently of T cell proliferation. J Immunol 169:6178-
6186. 

43. Allen, A., Y. Zheng, L. Gardner, M. Safford, M. R. Horton, and J. D. 
Powell. 2004. The novel cyclophilin binding compound, sanglifehrin A, 
disassociates G1 cell cycle arrest from tolerance induction. J Immunol 
172:4797-4803. 

44. Yang, K., G. Neale, D. R. Green, W. He, and H. Chi. 2011. The tumor 
suppressor Tsc1 enforces quiescence of naive T cells to promote immune 
homeostasis and function. Nat Immunol 12:888-897. 

45. Chen, C., Y. Liu, R. Liu, T. Ikenoue, K. L. Guan, and P. Zheng. 2008. TSC-
mTOR maintains quiescence and function of hematopoietic stem cells by 
repressing mitochondrial biogenesis and reactive oxygen species. J Exp 
Med 205:2397-2408. 

46. Szabo, S. J., B. M. Sullivan, C. Stemmann, A. R. Satoskar, B. P. Sleckman, 
and L. H. Glimcher. 2002. Distinct effects of T-bet in TH1 lineage 
commitment and IFN-gamma production in CD4 and CD8 T cells. Science 
295:338-342. 

47. Szabo, S. J., S. T. Kim, G. L. Costa, X. Zhang, C. G. Fathman, and L. H. 
Glimcher. 2000. A novel transcription factor, T-bet, directs Th1 lineage 
commitment. Cell 100:655-669. 

48. Mullen, A. C., F. A. High, A. S. Hutchins, H. W. Lee, A. V. Villarino, D. M. 
Livingston, A. L. Kung, N. Cereb, T. P. Yao, S. Y. Yang, and S. L. Reiner. 
2001. Role of T-bet in commitment of TH1 cells before IL-12-dependent 
selection. Science 292:1907-1910. 

49. Afkarian, M., J. R. Sedy, J. Yang, N. G. Jacobson, N. Cereb, S. Y. Yang, T. L. 
Murphy, and K. M. Murphy. 2002. T-bet is a STAT1-induced regulator of 
IL-12R expression in naive CD4+ T cells. Nat Immunol 3:549-557. 

50. Lighvani, A. A., D. M. Frucht, D. Jankovic, H. Yamane, J. Aliberti, B. D. 
Hissong, B. V. Nguyen, M. Gadina, A. Sher, W. E. Paul, and J. J. O'Shea. 
2001. T-bet is rapidly induced by interferon-gamma in lymphoid and 
myeloid cells. Proc Natl Acad Sci U S A 98:15137-15142. 

51. Ouyang, W., S. H. Ranganath, K. Weindel, D. Bhattacharya, T. L. Murphy, 
W. C. Sha, and K. M. Murphy. 1998. Inhibition of Th1 development 
mediated by GATA-3 through an IL-4-independent mechanism. Immunity 
9:745-755. 



 

 101 

52. Ranganath, S., W. Ouyang, D. Bhattarcharya, W. C. Sha, A. Grupe, G. 
Peltz, and K. M. Murphy. 1998. GATA-3-dependent enhancer activity in 
IL-4 gene regulation. J Immunol 161:3822-3826. 

53. Ouyang, W., M. Lohning, Z. Gao, M. Assenmacher, S. Ranganath, A. 
Radbruch, and K. M. Murphy. 2000. Stat6-independent GATA-3 
autoactivation directs IL-4-independent Th2 development and 
commitment. Immunity 12:27-37. 

54. Leonard, J. P., K. E. Waldburger, and S. J. Goldman. 1995. Prevention of 
experimental autoimmune encephalomyelitis by antibodies against 
interleukin 12. J Exp Med 181:381-386. 

55. Constantinescu, C. S., M. Wysocka, B. Hilliard, E. S. Ventura, E. Lavi, G. 
Trinchieri, and A. Rostami. 1998. Antibodies against IL-12 prevent 
superantigen-induced and spontaneous relapses of experimental 
autoimmune encephalomyelitis. J Immunol 161:5097-5104. 

56. Segal, B. M., B. K. Dwyer, and E. M. Shevach. 1998. An interleukin (IL)-
10/IL-12 immunoregulatory circuit controls susceptibility to autoimmune 
disease. J Exp Med 187:537-546. 

57. Oppmann, B., R. Lesley, B. Blom, J. C. Timans, Y. Xu, B. Hunte, F. Vega, N. 
Yu, J. Wang, K. Singh, F. Zonin, E. Vaisberg, T. Churakova, M. Liu, D. 
Gorman, J. Wagner, S. Zurawski, Y. Liu, J. S. Abrams, K. W. Moore, D. 
Rennick, R. de Waal-Malefyt, C. Hannum, J. F. Bazan, and R. A. Kastelein. 
2000. Novel p19 protein engages IL-12p40 to form a cytokine, IL-23, with 
biological activities similar as well as distinct from IL-12. Immunity 13:715-
725. 

58. Cua, D. J., J. Sherlock, Y. Chen, C. A. Murphy, B. Joyce, B. Seymour, L. 
Lucian, W. To, S. Kwan, T. Churakova, S. Zurawski, M. Wiekowski, S. A. 
Lira, D. Gorman, R. A. Kastelein, and J. D. Sedgwick. 2003. Interleukin-23 
rather than interleukin-12 is the critical cytokine for autoimmune 
inflammation of the brain. Nature 421:744-748. 

59. Murphy, C. A., C. L. Langrish, Y. Chen, W. Blumenschein, T. McClanahan, 
R. A. Kastelein, J. D. Sedgwick, and D. J. Cua. 2003. Divergent pro- and 
antiinflammatory roles for IL-23 and IL-12 in joint autoimmune 
inflammation. J Exp Med 198:1951-1957. 

60. Aggarwal, S., N. Ghilardi, M. H. Xie, F. J. de Sauvage, and A. L. Gurney. 
2003. Interleukin-23 promotes a distinct CD4 T cell activation state 
characterized by the production of interleukin-17. J Biol Chem 278:1910-
1914. 

61. Weaver, C. T., L. E. Harrington, P. R. Mangan, M. Gavrieli, and K. M. 
Murphy. 2006. Th17: an effector CD4 T cell lineage with regulatory T cell 
ties. Immunity 24:677-688. 

62. Lubberts, E., M. I. Koenders, B. Oppers-Walgreen, L. van den Bersselaar, 
C. J. Coenen-de Roo, L. A. Joosten, and W. B. van den Berg. 2004. 
Treatment with a neutralizing anti-murine interleukin-17 antibody after 



 

 102 

the onset of collagen-induced arthritis reduces joint inflammation, 
cartilage destruction, and bone erosion. Arthritis Rheum 50:650-659. 

63. Nakae, S., A. Nambu, K. Sudo, and Y. Iwakura. 2003. Suppression of 
immune induction of collagen-induced arthritis in IL-17-deficient mice. J 
Immunol 171:6173-6177. 

64. Langrish, C. L., Y. Chen, W. M. Blumenschein, J. Mattson, B. Basham, J. D. 
Sedgwick, T. McClanahan, R. A. Kastelein, and D. J. Cua. 2005. IL-23 
drives a pathogenic T cell population that induces autoimmune 
inflammation. J Exp Med 201:233-240. 

65. Ivanov, II, L. Zhou, and D. R. Littman. 2007. Transcriptional regulation of 
Th17 cell differentiation. Semin Immunol 19:409-417. 

66. Chen, Z., A. Laurence, and J. J. O'Shea. 2007. Signal transduction 
pathways and transcriptional regulation in the control of Th17 
differentiation. Semin Immunol 19:400-408. 

67. Shevach, E. M. 2000. Regulatory T cells in autoimmmunity*. Annu Rev 
Immunol 18:423-449. 

68. Maloy, K. J., and F. Powrie. 2001. Regulatory T cells in the control of 
immune pathology. Nat Immunol 2:816-822. 

69. Sakaguchi, S. 2005. Naturally arising Foxp3-expressing CD25+CD4+ 
regulatory T cells in immunological tolerance to self and non-self. Nat 
Immunol 6:345-352. 

70. Horak, I., J. Lohler, A. Ma, and K. A. Smith. 1995. Interleukin-2 deficient 
mice: a new model to study autoimmunity and self-tolerance. Immunol Rev 
148:35-44. 

71. Kramer, S., A. Schimpl, and T. Hunig. 1995. Immunopathology of 
interleukin (IL) 2-deficient mice: thymus dependence and suppression by 
thymus-dependent cells with an intact IL-2 gene. J Exp Med 182:1769-1776. 

72. Suzuki, H., T. M. Kundig, C. Furlonger, A. Wakeham, E. Timms, T. 
Matsuyama, R. Schmits, J. J. Simard, P. S. Ohashi, H. Griesser, and et al. 
1995. Deregulated T cell activation and autoimmunity in mice lacking 
interleukin-2 receptor beta. Science 268:1472-1476. 

73. Campbell, D. J., and S. F. Ziegler. 2007. FOXP3 modifies the phenotypic 
and functional properties of regulatory T cells. Nat Rev Immunol 7:305-310. 

74. Godfrey, V. L., J. E. Wilkinson, and L. B. Russell. 1991. X-linked 
lymphoreticular disease in the scurfy (sf) mutant mouse. Am J Pathol 
138:1379-1387. 

75. Brunkow, M. E., E. W. Jeffery, K. A. Hjerrild, B. Paeper, L. B. Clark, S. A. 
Yasayko, J. E. Wilkinson, D. Galas, S. F. Ziegler, and F. Ramsdell. 2001. 
Disruption of a new forkhead/winged-helix protein, scurfin, results in the 
fatal lymphoproliferative disorder of the scurfy mouse. Nat Genet 27:68-73. 

76. Wu, Y., M. Borde, V. Heissmeyer, M. Feuerer, A. D. Lapan, J. C. Stroud, D. 
L. Bates, L. Guo, A. Han, S. F. Ziegler, D. Mathis, C. Benoist, L. Chen, and 



 

 103 

A. Rao. 2006. FOXP3 controls regulatory T cell function through 
cooperation with NFAT. Cell 126:375-387. 

77. Bettelli, E., M. Dastrange, and M. Oukka. 2005. Foxp3 interacts with 
nuclear factor of activated T cells and NF-kappa B to repress cytokine 
gene expression and effector functions of T helper cells. Proc Natl Acad Sci 
U S A 102:5138-5143. 

78. Chen, C., E. A. Rowell, R. M. Thomas, W. W. Hancock, and A. D. Wells. 
2006. Transcriptional regulation by Foxp3 is associated with direct 
promoter occupancy and modulation of histone acetylation. J Biol Chem 
281:36828-36834. 

79. Gavin, M. A., J. P. Rasmussen, J. D. Fontenot, V. Vasta, V. C. Manganiello, 
J. A. Beavo, and A. Y. Rudensky. 2007. Foxp3-dependent programme of 
regulatory T-cell differentiation. Nature 445:771-775. 

80. Lin, W., D. Haribhai, L. M. Relland, N. Truong, M. R. Carlson, C. B. 
Williams, and T. A. Chatila. 2007. Regulatory T cell development in the 
absence of functional Foxp3. Nat Immunol 8:359-368. 

81. Chen, W., W. Jin, N. Hardegen, K. J. Lei, L. Li, N. Marinos, G. McGrady, 
and S. M. Wahl. 2003. Conversion of peripheral CD4+CD25- naive T cells 
to CD4+CD25+ regulatory T cells by TGF-beta induction of transcription 
factor Foxp3. J Exp Med 198:1875-1886. 

82. Tone, Y., K. Furuuchi, Y. Kojima, M. L. Tykocinski, M. I. Greene, and M. 
Tone. 2008. Smad3 and NFAT cooperate to induce Foxp3 expression 
through its enhancer. Nat Immunol 9:194-202. 

83. Sauer, S., L. Bruno, A. Hertweck, D. Finlay, M. Leleu, M. Spivakov, Z. A. 
Knight, B. S. Cobb, D. Cantrell, E. O'Connor, K. M. Shokat, A. G. Fisher, 
and M. Merkenschlager. 2008. T cell receptor signaling controls Foxp3 
expression via PI3K, Akt, and mTOR. Proc Natl Acad Sci U S A 105:7797-
7802. 

84. Haxhinasto, S., D. Mathis, and C. Benoist. 2008. The AKT-mTOR axis 
regulates de novo differentiation of CD4+Foxp3+ cells. J Exp Med 205:565-
574. 

85. Delgoffe, G. M., T. P. Kole, Y. Zheng, P. E. Zarek, K. L. Matthews, B. Xiao, 
P. F. Worley, S. C. Kozma, and J. D. Powell. 2009. The mTOR kinase 
differentially regulates effector and regulatory T cell lineage commitment. 
Immunity 30:832-844. 

86. Delgoffe, G. M., K. N. Pollizzi, A. T. Waickman, E. Heikamp, D. J. Meyers, 
M. R. Horton, B. Xiao, P. F. Worley, and J. D. Powell. 2011. The kinase 
mTOR regulates the differentiation of helper T cells through the selective 
activation of signaling by mTORC1 and mTORC2. Nat Immunol 12:295-
303. 

87. Lee, K., P. Gudapati, S. Dragovic, C. Spencer, S. Joyce, N. Killeen, M. A. 
Magnuson, and M. Boothby. 2010. Mammalian target of rapamycin 
protein complex 2 regulates differentiation of Th1 and Th2 cell subsets via 
distinct signaling pathways. Immunity 32:743-753. 



 

 104 

88. Powell, J. D., and G. M. Delgoffe. 2010. The mammalian target of 
rapamycin: linking T cell differentiation, function, and metabolism. 
Immunity 33:301-311. 

89. Araki, K., A. P. Turner, V. O. Shaffer, S. Gangappa, S. A. Keller, M. F. 
Bachmann, C. P. Larsen, and R. Ahmed. 2009. mTOR regulates memory 
CD8 T-cell differentiation. Nature 460:108-112. 

90. Rao, R. R., Q. Li, K. Odunsi, and P. A. Shrikant. 2010. The mTOR kinase 
determines effector versus memory CD8+ T cell fate by regulating the 
expression of transcription factors T-bet and Eomesodermin. Immunity 
32:67-78. 

91. Intlekofer, A. M., N. Takemoto, E. J. Wherry, S. A. Longworth, J. T. 
Northrup, V. R. Palanivel, A. C. Mullen, C. R. Gasink, S. M. Kaech, J. D. 
Miller, L. Gapin, K. Ryan, A. P. Russ, T. Lindsten, J. S. Orange, A. W. 
Goldrath, R. Ahmed, and S. L. Reiner. 2005. Effector and memory CD8+ T 
cell fate coupled by T-bet and eomesodermin. Nat Immunol 6:1236-1244. 

92. Pearce, E. L., M. C. Walsh, P. J. Cejas, G. M. Harms, H. Shen, L. S. Wang, 
R. G. Jones, and Y. Choi. 2009. Enhancing CD8 T-cell memory by 
modulating fatty acid metabolism. Nature 460:103-107. 

93. Koretzky, G. A., and P. S. Myung. 2001. Positive and negative regulation 
of T-cell activation by adaptor proteins. Nat Rev Immunol 1:95-107. 

94. Kane, L. P., J. Lin, and A. Weiss. 2000. Signal transduction by the TCR for 
antigen. Curr Opin Immunol 12:242-249. 

95. Yablonski, D., M. R. Kuhne, T. Kadlecek, and A. Weiss. 1998. Uncoupling 
of nonreceptor tyrosine kinases from PLC-gamma1 in an SLP-76-deficient 
T cell. Science 281:413-416. 

96. Zhang, W., R. P. Trible, M. Zhu, S. K. Liu, C. J. McGlade, and L. E. 
Samelson. 2000. Association of Grb2, Gads, and phospholipase C-gamma 
1 with phosphorylated LAT tyrosine residues. Effect of LAT tyrosine 
mutations on T cell angigen receptor-mediated signaling. J Biol Chem 
275:23355-23361. 

97. Berridge, M. J., J. P. Heslop, R. F. Irvine, and K. D. Brown. 1984. Inositol 
trisphosphate formation and calcium mobilization in Swiss 3T3 cells in 
response to platelet-derived growth factor. Biochem J 222:195-201. 

98. Crabtree, G. R. 1999. Generic signals and specific outcomes: signaling 
through Ca2+, calcineurin, and NF-AT. Cell 96:611-614. 

99. Tognon, C. E., H. E. Kirk, L. A. Passmore, I. P. Whitehead, C. J. Der, and R. 
J. Kay. 1998. Regulation of RasGRP via a phorbol ester-responsive C1 
domain. Mol Cell Biol 18:6995-7008. 

100. Isakov, N., and A. Altman. 2002. Protein kinase C(theta) in T cell 
activation. Annu Rev Immunol 20:761-794. 

101. Ebinu, J. O., S. L. Stang, C. Teixeira, D. A. Bottorff, J. Hooton, P. M. 
Blumberg, M. Barry, R. C. Bleakley, H. L. Ostergaard, and J. C. Stone. 
2000. RasGRP links T-cell receptor signaling to Ras. Blood 95:3199-3203. 



 

 105 

102. Dower, N. A., S. L. Stang, D. A. Bottorff, J. O. Ebinu, P. Dickie, H. L. 
Ostergaard, and J. C. Stone. 2000. RasGRP is essential for mouse 
thymocyte differentiation and TCR signaling. Nat Immunol 1:317-321. 

103. Coudronniere, N., M. Villalba, N. Englund, and A. Altman. 2000. NF-
kappa B activation induced by T cell receptor/CD28 costimulation is 
mediated by protein kinase C-theta. Proc Natl Acad Sci U S A 97:3394-3399. 

104. Sun, Z., C. W. Arendt, W. Ellmeier, E. M. Schaeffer, M. J. Sunshine, L. 
Gandhi, J. Annes, D. Petrzilka, A. Kupfer, P. L. Schwartzberg, and D. R. 
Littman. 2000. PKC-theta is required for TCR-induced NF-kappaB 
activation in mature but not immature T lymphocytes. Nature 404:402-407. 

105. Topham, M. K., and S. M. Prescott. 1999. Mammalian diacylglycerol 
kinases, a family of lipid kinases with signaling functions. J Biol Chem 
274:11447-11450. 

106. van Blitterswijk, W. J., and B. Houssa. 2000. Properties and functions of 
diacylglycerol kinases. Cell Signal 12:595-605. 

107. Kazanietz, M. G. 2002. Novel "nonkinase" phorbol ester receptors: the C1 
domain connection. Mol Pharmacol 61:759-767. 

108. Goto, K., M. Watanabe, H. Kondo, H. Yuasa, F. Sakane, and H. Kanoh. 
1992. Gene cloning, sequence, expression and in situ localization of 80 kDa 
diacylglycerol kinase specific to oligodendrocyte of rat brain. Brain Res 
Mol Brain Res 16:75-87. 

109. Sanjuan, M. A., B. Pradet-Balade, D. R. Jones, A. C. Martinez, J. C. Stone, J. 
A. Garcia-Sanz, and I. Merida. 2003. T cell activation in vivo targets 
diacylglycerol kinase alpha to the membrane: a novel mechanism for Ras 
attenuation. J Immunol 170:2877-2883. 

110. Bunting, M., W. Tang, G. A. Zimmerman, T. M. McIntyre, and S. M. 
Prescott. 1996. Molecular cloning and characterization of a novel human 
diacylglycerol kinase zeta. J Biol Chem 271:10230-10236. 

111. Goto, K., and H. Kondo. 1996. A 104-kDa diacylglycerol kinase containing 
ankyrin-like repeats localizes in the cell nucleus. Proc Natl Acad Sci U S A 
93:11196-11201. 

112. Zhong, X. P., E. A. Hainey, B. A. Olenchock, H. Zhao, M. K. Topham, and 
G. A. Koretzky. 2002. Regulation of T cell receptor-induced activation of 
the Ras-ERK pathway by diacylglycerol kinase zeta. J Biol Chem 277:31089-
31098. 

113. Zhong, X. P., E. A. Hainey, B. A. Olenchock, M. S. Jordan, J. S. Maltzman, 
K. E. Nichols, H. Shen, and G. A. Koretzky. 2003. Enhanced T cell 
responses due to diacylglycerol kinase zeta deficiency. Nat Immunol 4:882-
890. 

114. Olenchock, B. A., R. Guo, J. H. Carpenter, M. Jordan, M. K. Topham, G. A. 
Koretzky, and X. P. Zhong. 2006. Disruption of diacylglycerol metabolism 
impairs the induction of T cell anergy. Nat Immunol 7:1174-1181. 



 

 106 

115. Williams, M. A., and M. J. Bevan. 2007. Effector and memory CTL 
differentiation. Annu Rev Immunol 25:171-192. 

116. Harty, J. T., and V. P. Badovinac. 2008. Shaping and reshaping CD8+ T-
cell memory. Nat Rev Immunol 8:107-119. 

117. Harty, J. T., A. R. Tvinnereim, and D. W. White. 2000. CD8+ T cell effector 
mechanisms in resistance to infection. Annu Rev Immunol 18:275-308. 

118. Sevilla, N., S. Kunz, A. Holz, H. Lewicki, D. Homann, H. Yamada, K. P. 
Campbell, J. C. de La Torre, and M. B. Oldstone. 2000. 
Immunosuppression and resultant viral persistence by specific viral 
targeting of dendritic cells. J Exp Med 192:1249-1260. 

119. Matloubian, M., S. R. Kolhekar, T. Somasundaram, and R. Ahmed. 1993. 
Molecular determinants of macrophage tropism and viral persistence: 
importance of single amino acid changes in the polymerase and 
glycoprotein of lymphocytic choriomeningitis virus. J Virol 67:7340-7349. 

120. Evans, C. F., P. Borrow, J. C. de la Torre, and M. B. Oldstone. 1994. Virus-
induced immunosuppression: kinetic analysis of the selection of a 
mutation associated with viral persistence. J Virol 68:7367-7373. 

121. Cao, W., M. D. Henry, P. Borrow, H. Yamada, J. H. Elder, E. V. Ravkov, S. 
T. Nichol, R. W. Compans, K. P. Campbell, and M. B. Oldstone. 1998. 
Identification of alpha-dystroglycan as a receptor for lymphocytic 
choriomeningitis virus and Lassa fever virus. Science 282:2079-2081. 

122. Murali-Krishna, K., J. D. Altman, M. Suresh, D. J. Sourdive, A. J. Zajac, J. 
D. Miller, J. Slansky, and R. Ahmed. 1998. Counting antigen-specific CD8 
T cells: a reevaluation of bystander activation during viral infection. 
Immunity 8:177-187. 

123. Khanolkar, A., M. J. Fuller, and A. J. Zajac. 2002. T cell responses to viral 
infections: lessons from lymphocytic choriomeningitis virus. Immunol Res 
26:309-321. 

124. Zehn, D., S. Y. Lee, and M. J. Bevan. 2009. Complete but curtailed T-cell 
response to very low-affinity antigen. Nature 458:211-214. 

125. Smith-Garvin, J. E., J. C. Burns, M. Gohil, T. Zou, J. S. Kim, J. S. Maltzman, 
E. J. Wherry, G. A. Koretzky, and M. S. Jordan. 2010. T-cell receptor 
signals direct the composition and function of the memory CD8+ T-cell 
pool. Blood 116:5548-5559. 

126. Wiehagen, K. R., E. Corbo, M. Schmidt, H. Shin, E. J. Wherry, and J. S. 
Maltzman. 2010. Loss of tonic T-cell receptor signals alters the generation 
but not the persistence of CD8+ memory T cells. Blood 116:5560-5570. 

127. Lefrancois, L., A. Marzo, and K. Williams. 2003. Sustained response 
initiation is required for T cell clonal expansion but not for effector or 
memory development in vivo. J Immunol 171:2832-2839. 

128. Teixeiro, E., M. A. Daniels, S. E. Hamilton, A. G. Schrum, R. Bragado, S. C. 
Jameson, and E. Palmer. 2009. Different T cell receptor signals determine 
CD8+ memory versus effector development. Science 323:502-505. 



 

 107 

129. Prlic, M., G. Hernandez-Hoyos, and M. J. Bevan. 2006. Duration of the 
initial TCR stimulus controls the magnitude but not functionality of the 
CD8+ T cell response. J Exp Med 203:2135-2143. 

130. Sandau, M. M., J. E. Kohlmeier, D. L. Woodland, and S. C. Jameson. 2010. 
IL-15 regulates both quantitative and qualitative features of the memory 
CD8 T cell pool. J Immunol 184:35-44. 

131. Takemoto, N., A. M. Intlekofer, J. T. Northrup, E. J. Wherry, and S. L. 
Reiner. 2006. Cutting Edge: IL-12 inversely regulates T-bet and 
eomesodermin expression during pathogen-induced CD8+ T cell 
differentiation. J Immunol 177:7515-7519. 

132. Badovinac, V. P., B. B. Porter, and J. T. Harty. 2004. CD8+ T cell 
contraction is controlled by early inflammation. Nat Immunol 5:809-817. 

133. Prlic, M., and M. J. Bevan. 2008. Exploring regulatory mechanisms of 
CD8+ T cell contraction. Proc Natl Acad Sci U S A 105:16689-16694. 

134. Rahman, A. H., W. Cui, D. F. Larosa, D. K. Taylor, J. Zhang, D. R. 
Goldstein, E. J. Wherry, S. M. Kaech, and L. A. Turka. 2008. MyD88 plays 
a critical T cell-intrinsic role in supporting CD8 T cell expansion during 
acute lymphocytic choriomeningitis virus infection. J Immunol 181:3804-
3810. 

135. Kwiatkowski, D. J., H. Zhang, J. L. Bandura, K. M. Heiberger, M. 
Glogauer, N. el-Hashemite, and H. Onda. 2002. A mouse model of TSC1 
reveals sex-dependent lethality from liver hemangiomas, and up-
regulation of p70S6 kinase activity in Tsc1 null cells. Hum Mol Genet 
11:525-534. 

136. Lee, P. P., D. R. Fitzpatrick, C. Beard, H. K. Jessup, S. Lehar, K. W. Makar, 
M. Perez-Melgosa, M. T. Sweetser, M. S. Schlissel, S. Nguyen, S. R. Cherry, 
J. H. Tsai, S. M. Tucker, W. M. Weaver, A. Kelso, R. Jaenisch, and C. B. 
Wilson. 2001. A critical role for Dnmt1 and DNA methylation in T cell 
development, function, and survival. Immunity 15:763-774. 

137. Ahmed, R., A. Salmi, L. D. Butler, J. M. Chiller, and M. B. Oldstone. 1984. 
Selection of genetic variants of lymphocytic choriomeningitis virus in 
spleens of persistently infected mice. Role in suppression of cytotoxic T 
lymphocyte response and viral persistence. J Exp Med 160:521-540. 

138. Roberts, T. J., Y. Lin, P. M. Spence, L. Van Kaer, and R. R. Brutkiewicz. 
2004. CD1d1-dependent control of the magnitude of an acute antiviral 
immune response. J Immunol 172:3454-3461. 

139. Livak, K. J., and T. D. Schmittgen. 2001. Analysis of relative gene 
expression data using real-time quantitative PCR and the 2(-Delta Delta 
C(T)) Method. Methods 25:402-408. 

140. Thomson, A. W., H. R. Turnquist, and G. Raimondi. 2009. 
Immunoregulatory functions of mTOR inhibition. Nat Rev Immunol 9:324-
337. 



 

 108 

141. Gao, X., and D. Pan. 2001. TSC1 and TSC2 tumor suppressors antagonize 
insulin signaling in cell growth. Genes Dev 15:1383-1392. 

142. Fingar, D. C., C. J. Richardson, A. R. Tee, L. Cheatham, C. Tsou, and J. 
Blenis. 2004. mTOR controls cell cycle progression through its cell growth 
effectors S6K1 and 4E-BP1/eukaryotic translation initiation factor 4E. Mol 
Cell Biol 24:200-216. 

143. Kurokawa, M., and S. Kornbluth. 2009. Caspases and kinases in a death 
grip. Cell 138:838-854. 

144. Kim, I., S. Rodriguez-Enriquez, and J. J. Lemasters. 2007. Selective 
degradation of mitochondria by mitophagy. Arch Biochem Biophys 462:245-
253. 

145. Pua, H. H., J. Guo, M. Komatsu, and Y. W. He. 2009. Autophagy is 
essential for mitochondrial clearance in mature T lymphocytes. J Immunol 
182:4046-4055. 

146. Diaz-Troya, S., M. E. Perez-Perez, F. J. Florencio, and J. L. Crespo. 2008. 
The role of TOR in autophagy regulation from yeast to plants and 
mammals. Autophagy 4:851-865. 

147. Mizushima, N., Y. Ohsumi, and T. Yoshimori. 2002. Autophagosome 
formation in mammalian cells. Cell Struct Funct 27:421-429. 

148. Hildeman, D. A., T. Mitchell, T. K. Teague, P. Henson, B. J. Day, J. 
Kappler, and P. C. Marrack. 1999. Reactive oxygen species regulate 
activation-induced T cell apoptosis. Immunity 10:735-744. 

149. Jacquel, A., M. Herrant, L. Legros, N. Belhacene, F. Luciano, G. Pages, P. 
Hofman, and P. Auberger. 2003. Imatinib induces mitochondria-
dependent apoptosis of the Bcr-Abl-positive K562 cell line and its 
differentiation toward the erythroid lineage. FASEB J 17:2160-2162. 

150. Brunet, A., A. Bonni, M. J. Zigmond, M. Z. Lin, P. Juo, L. S. Hu, M. J. 
Anderson, K. C. Arden, J. Blenis, and M. E. Greenberg. 1999. Akt promotes 
cell survival by phosphorylating and inhibiting a Forkhead transcription 
factor. Cell 96:857-868. 

151. Hresko, R. C., and M. Mueckler. 2005. mTOR.RICTOR is the Ser473 kinase 
for Akt/protein kinase B in 3T3-L1 adipocytes. J Biol Chem 280:40406-
40416. 

152. Hennessy, B. T., D. L. Smith, P. T. Ram, Y. Lu, and G. B. Mills. 2005. 
Exploiting the PI3K/AKT pathway for cancer drug discovery. Nat Rev 
Drug Discov 4:988-1004. 

153. Pircher, H., K. Burki, R. Lang, H. Hengartner, and R. M. Zinkernagel. 
1989. Tolerance induction in double specific T-cell receptor transgenic 
mice varies with antigen. Nature 342:559-561. 

154. Araki, K., B. Youngblood, and R. Ahmed. 2010. The role of mTOR in 
memory CD8 T-cell differentiation. Immunol Rev 235:234-243. 



 

 109 

155. Gonzalez-Rodriguez, A., J. Alba, V. Zimmerman, S. C. Kozma, and A. M. 
Valverde. 2009. S6K1 deficiency protects against apoptosis in hepatocytes. 
Hepatology 50:216-229. 

156. Djouder, N., S. C. Metzler, A. Schmidt, C. Wirbelauer, M. Gstaiger, R. 
Aebersold, D. Hess, and W. Krek. 2007. S6K1-mediated disassembly of 
mitochondrial URI/PP1gamma complexes activates a negative feedback 
program that counters S6K1 survival signaling. Mol Cell 28:28-40. 

157. Modiano, J. F., L. D. Johnson, and D. Bellgrau. 2008. Negative regulators in 
homeostasis of naive peripheral T cells. Immunol Res 41:137-153. 

158. Yusuf, I., and D. A. Fruman. 2003. Regulation of quiescence in 
lymphocytes. Trends Immunol 24:380-386. 

159. Kuo, C. T., M. L. Veselits, and J. M. Leiden. 1997. LKLF: A transcriptional 
regulator of single-positive T cell quiescence and survival. Science 
277:1986-1990. 

160. O'Brien, T. F., B. K. Gorentla, D. Xie, S. Srivatsan, I. X. McLeod, Y. W. He, 
and X. P. Zhong. 2011. Regulation of T-cell survival and mitochondrial 
homeostasis by TSC1. Eur J Immunol. 

161. Wu, Q., Y. Liu, C. Chen, T. Ikenoue, Y. Qiao, C. S. Li, W. Li, K. L. Guan, 
and P. Zheng. 2011. The tuberous sclerosis complex-Mammalian target of 
rapamycin pathway maintains the quiescence and survival of naive T 
cells. J Immunol 187:1106-1112. 

162. Cui, W., and S. M. Kaech. 2010. Generation of effector CD8+ T cells and 
their conversion to memory T cells. Immunol Rev 236:151-166. 

163. Shen, S., J. Wu, S. Srivatsan, B. K. Gorentla, J. Shin, L. Xu, and X. P. Zhong. 
2011. Tight regulation of diacylglycerol-mediated signaling is critical for 
proper invariant NKT cell development. J Immunol 187:2122-2129. 

164. Boothby, M. R., A. L. Mora, D. C. Scherer, J. A. Brockman, and D. W. 
Ballard. 1997. Perturbation of the T lymphocyte lineage in transgenic mice 
expressing a constitutive repressor of nuclear factor (NF)-kappaB. J Exp 
Med 185:1897-1907. 

165. Weih, F., G. Warr, H. Yang, and R. Bravo. 1997. Multifocal defects in 
immune responses in RelB-deficient mice. J Immunol 158:5211-5218. 

166. Priatel, J. J., X. Chen, L. A. Zenewicz, H. Shen, K. W. Harder, M. S. 
Horwitz, and H. S. Teh. 2007. Chronic immunodeficiency in mice lacking 
RasGRP1 results in CD4 T cell immune activation and exhaustion. J 
Immunol 179:2143-2152. 

167. Caamano, J., and C. A. Hunter. 2002. NF-kappaB family of transcription 
factors: central regulators of innate and adaptive immune functions. Clin 
Microbiol Rev 15:414-429. 

168. Guo, R., C. K. Wan, J. H. Carpenter, T. Mousallem, R. M. Boustany, C. T. 
Kuan, A. W. Burks, and X. P. Zhong. 2008. Synergistic control of T cell 
development and tumor suppression by diacylglycerol kinase alpha and 
zeta. Proc Natl Acad Sci U S A 105:11909-11914. 



 

 110 

169. Zhong, X. P., R. Guo, H. Zhou, C. Liu, and C. K. Wan. 2008. Diacylglycerol 
kinases in immune cell function and self-tolerance. Immunol Rev 224:249-
264. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 111 

Biography 
 

Thomas F. O’Brien 

Date of Birth: June 16th, 1982 

Place of Birth: San Diego, California 

 

Education 

8/2006 – 12/2011 Duke University, Durham, NC 

 Department of Immunology 

Ph.D. Thesis:  Intrinsic Mechanisms that Regulate T Cell Homeostatsis and 
Function 

  
 Advisor:  Xiao-Ping Zhong, M.D., Ph.D. 
 
9/2000 – 6/2004 University of California at San Diego, CA 
 
 B.S. Biochemistry and Cell Biology 
 
 
Professional Experience 
 
1/2001 – 7/2002 Azure Institute, San Diego, CA 
 
 Assistant Scientist 
 

R&D Division:  Development of personal diagnostic instruments for 
detection of blood glucose 

 
 
 
 
 
 
 
 
 
 
 
 



 

 112 

Publications 
 

• Thomas F. O’Brien, Balachandra K. Gorentla, Danli Xie, Sruti Srivatsan, 
Ian X. McLeod, You-Wen He, Xiao-Ping Zhong (2011).  Regulation of T cell 
survival and mitochondrial homeostasis by TSC1.  European Journal of 
Immunology.  DOI:  10.1002/eji.201141411    
 
 

• Xiao-Ping Zhong, Jinwook Shin, Balachandra K. Gorentla, Thomas F. 
O’Brien, Sruti Srivatsan, Li Xu, Yong Chen, Danli Xie, Hongjie Pan (2011).  
Receptor signaling in immune cell development and function.  Immunol Res. 
49(1-3):109-23. 
 

• Motonari Kondo, Thomas F. O’Brien, Anne Y. Lai (2010).  Lymphoid and 
myeloid lineage commitment of multipotent hematopoietic progenitors.  Cell 
Determination during Hematopoiesis – Nova Publishers 

 
• Anne Y. Lai, Akiko Watanabe, Thomas F. O’Brien, Motonari Kondo 

(2009).  Pertussis toxin-sensitive G proteins regulate lymphoid lineage 
specification in multipotent hematopoietic progenitors.  Blood 113, 5757-5764. 
 

  
 

 

 

 

 

 

 

 

 

 

 


