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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 naive 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 DGK«& and

DGKT being expressed in T cells. Immediately following TCR stimulation, PIP,
is hydrolyzed into the secondary messengers inostitol triphosphate (IP,;) 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



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 DGKa and T to regulate mTOR and other signaling cascades,
we hypothesized that DGK activity may play an important role during an anti-
viral immune response. Using DGKa- and DGKT-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 PKCa,
and activation of their downstream targets.



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).



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 mTORCI1 (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).



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 elF4E. Once phosphorylated by mTORC1, 4E-BP1 dissociates
from elF4E, 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
mTORCI 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 mMTORC1 has
provided us with a invaluable tool to study the mechanisms that control
mTORCI 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 mTORCI independent manner (33). Investigators have also
demonstrated that mMTORC?2 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-



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



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 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 TSCl-deficienct HSCs could be rescued by treatment with
rapamycin, indicating that the loss of quiescence in TSCI-deficient HSCs was

dependant on increased mTORC1 activity.



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 T, 1, T;,2, T, 17, and T, lineages (Fig. 2).
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Figure 2: Model of T, differentiation

The presence of cytokines in the extracellular milieu drives the
differentiation of naive 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 T,
lineages.
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The first two lineages identified were the T,1 and T;2 subsets. T,1 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 T,1 cells to control
infection is, in part, reliant on their ability to produce large amounts of IFNy.
Subsequent work identified T-bet as a T,1 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
IFNY and the receptor for IL-12 (IL-12RB2), which is important for the survival of
Tl committed CD4" T cells (47, 48). Furthermore, ectopic expression of T-bet in
T,2 committed CD4" T cells turns them into potent producers of IFNYy,
illustrating the potency with which T-bet can direct lineage differentiation.
Interestingly, while T-bet promotes the expression of IFNy, IFNYy signaling
induces T-bet expression through STAT1 in CD4" T cells (49, 50), suggesting a
positive feedback regulatory mechanism.

While the production of IFNy characterizes the T,1 lineage, T;2 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
T,2 lineage specific transcription factor. Using gene transduction by a retroviral
vector, GATA-3 strongly promoted T,2 differentiation, while inhibiting T,1
differentiation in CD4" T cells (51, 52). While T, 2 cells are noted for their ability to
quickly produce IL-4, the inclusion of IL-4 in the T,2 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

11



STAT6 in T cells (53). Given the fact that IL-4 production is a consequence of T,2
differentiation, and induces GATA-3 expression in T cells, it appears as though a
positive feedback mechanism exists to stabilize the T,2 lineage during an
immune response.

While the existence of the T,1 and T2 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 T1
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 T,17 lineage as being separate and distinct from the T,1 and T,2 lineages
came from a series of studies using mice deficient for particular subunits of 1L-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 T,1 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

12



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 (T,1
condition) did not (64). These observations clearly implicate a CD4" T cell
intrinsic role for IL-17 in promoting autoimmune inflammation. In wvitro
differentiation of naive CD4" T cells into IL-17 producing T,17 cells requires TCR

stimulation in the presence of IL-6 and TGFP, along with the inclusion of
blocking antibodies to T;1 inducing IFNy and T;2 inducing IL-4 (61). In addition
to producing IL-17, T;17 cells produce IL-21 which signals in an autocrine loop
through STAT3 to induce the expression of RORYt (65). Like the T-bet in T;1 and
GATA-3 in T,2 differentiation, RORyt was identified as a lineage specific
transcription factor for T, 17 cells. The importance of RORYt in the differentiation
of IL-17 producing CD4" T cells, and in the progression of autoimmune
inflammation has been extensively studied. RORyt deficient mice exhibit
impaired T,17 differentiation and are resistant to the induction of EAE (66). The
identification of the T,1, T,2, and T, 17 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
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mediating unique immune responses during infection and autoimmune
pathogenesis.

While the T,1, T2, and T,17 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 (T,,). Like conventional T cells, T, develop in the thymus

reg
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-2Ra on the T, lineage
indicates the crucial role IL-2 plays in the generation and maintenance of the
lineage (69). The function of the T,, 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 T,, 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 T,, lineage requires TCR stimulation in the presence of
TGFB. The inclusion of TGEp 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 naive 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
naive 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

naive CD4" T cells into effector cells with highly specialized immunological

15



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 T,
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 T,1 skewing
conditions, mTOR deficient CD4" T cells could not produce equivalent amounts
of IFNy 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 T;1 specific transcription factor T-bet in comparison to

WT controls. When transferred into naive WT hosts, mTOR-deficient CD4* T
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cells failed to produce IFNY after Vaccinia virus immunization, a pathogen noted
for eliciting a T, 1 immune response. In a similar fashion, mTOR-deficient T cells
also failed to differentiate into IL-4 producing T,2 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 T},17
lineage commitment. mTOR deficient CD4" T cells exhibited impaired IL-17
production in T,17 skewing culture conditions. Impaired IL-6 induced STAT3
phosphorylation was observed in mTOR deficient T cells, as well as decreased
expression of the T,17 associated IL-21, RORYt, 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 mTORC?2, 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
mTORCI, where it positively regulates the mTOR kinase. At the present time,

no known regulatory interaction has been shown between Rheb and mTORC2,
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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 T,1 and T,17 lineages. Adoptively transferred Rheb deficient T cells
fail to produce IFNY 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 T,1 and T, 17 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 T;2 phenotype
under T,1 and T,17 inducing conditions in vivo, and suggest a critical role for
mTORC2 in T, 2 differentiation.

The potential impact of mTORC?2 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 mTORC?2 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 T2
cells and decreased expression of GATA-3 (86, 87). Interestingly, while Delgoffe
and colleagues report no specific inhibition of T,1 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 IFNy 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 naive T cells. They highly express
the IL-7 receptor, CCR7, and the survival protein Bcl-2. The expression of the IL-

19



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
Tyl 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-y1 is then recruited to the
SLP-76/LAT complex, where it becomes activated, and subsequently hydrolyzes
PIP, into IP; and diacylglycerol (DAG) (95, 96). Serving as potent secondary
messenger, IP; 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-0 via their cysteine-rich C1 domains. The result of DAG binding to
RasGRP1 and PKC-9 is the activation of the Ras-ERK-AP1 and NF-kB 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, DGKa and DGK( 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 DGKC-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
DGK¢-deficient T cells in comparison to their WT counterparts. Additionally,
DGK({ T cells were observed to be hyperproliferative. In an in vivo model, DGK(
deficient mice infected with LCMV exhibited an enhanced ability to control
infection (113). In CD4" T cells, deficiency of DGKa and DGKC 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 amphfymg signals that diversify kinase
activity, metabolic demands, and gene expression in activated T cells.

25



Typel
paa CLom JCer o (@ J(a (@

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-kB 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 DGKT and DGKT-KD (kinase dead).
Phosphorylation of Erkl/2 was significantly decreased in 2B4 cells over-
expressing WT DGKT after TCR stimulation, while Erk1/2 phosphorylation was

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

also decreased in 2B4 cells over-expressing WT DGKT, 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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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 mTORC]1.
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In a reciprocal experiment, thymocytes and splenocytes from DGKa”" and
DGKT' 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, DGKa”/~ and DGKT' mice were crossed together to create DGKaT
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 naive CD8" T cell pool. Clones with the appropriate T
cell receptor (TCR) will engage the peptideeMHCI 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 LCMYV 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 IFNy

and TNFo, 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 LCMYV 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 o-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 naive T cells can be readily sorted from transgenic
mice. Once sorted, these cells can be adoptively transferred into congenically
bred naive 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 naive 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 naive 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 TSC1%/"* 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 290% were achieved.

2.2 Immunoblot (TSC1)
Thymocytes, splenocytes and purified T cells (5-20 x 10° cells/ml in PBS)

were left un-stimulated or stimulated with 5 ug/ml of anti-CD3e (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-Foxol (#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), Foxola (#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-f-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
DiOC; staining at a concentration of 50 nM forl5 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 ug total DNA
from purified T cells as template. The PCR reaction was performed using the
RealMasterMix (Eppendorf) solution on a MasterCycler RealPlex’ detection
platform. DNA encoding mitochondrial 125 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 a-CD3
(1 ug/mL; 2C-11) in the presence or absence of anti-CD28 (1 pg/mL; 37.51),
rapamycin (20 nM), and NAC (2 mM) at 37°C for 72 hours for proliferation or

overnight for CD25 and CD69 expression.

2.6 Retroviral infection (TSC1)
Akt 5473D mutant was generated by converting D308 of Akt DD in Migrl

to T308 wusing 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 o-CD3 (1 pg/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 CoolSNAP,, (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)

DGKa '~ (aKO) and DGKZ '~ (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 x 10° 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, 1x10* CD8Va2'CD44"" 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, 5x10° CD8'CD44" 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-2D°GP33-41 (TetG) and H-2D"NP396-404 (TetN)
specific for LCMV were conjugated with allophycocyanin. The construction and
purification of H-2D°GP33-41 (TetG) and H-2D°NP396-404 (TetN) have been
described previously (122). For intracellular cytokine staining, splenocytes were

stimulated with indicated peptides (10 ug/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 (FQPQNGQEFI). 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 -
actin control and were presented as arbitrary unit (a.u.) of fold change using 2

ACT 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 TSC1"* mice to CD4-Cre
transgenic mice to generate the TSC1"-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
TSCIKO T lymphocytes. TSCIKO 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 TSCIKO thymocytes (C) and splenocytes (E)
stained with a-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.
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3.2 Constitutive activation of mTORC1 in TSC1-deficient
thymocytes and peripheral T cells

We further investigated whether TSCl-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
mTORCI 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, TSC1IKO 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 CD44"CD62L"" effector/ memory T cells and
CD44"°“CD62L" naive 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 CD44™CD62L"" 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 a-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. o-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 a-CD3 stimulation (Fig 8H).
Although decrease in CD4" T cell expansion was observed, elevated levels of IL-2
were detected in the supernatants of TSC1IKO CD4" T cells compared to that of
WT CD4" T cells after 48 or 72 hours of stimulation with o-CD3 (Fig. 8I),
suggesting increased IL-2 production by TSCIKO T cells on a per cell basis.
These results indicate that TSC1 deficiency results in constitutive activation of
mTORCI 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 ug/mL o-CD3 or PMA for the
indicated times. Lysates were subjected to immunoblot analysis with indicated
antibodies. (B) Enhanced mTORCI1 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 TSC1IKO T cells. WT and TSC1KO splenocytes were
stained with a-CD4, o-CD8, a-CD25, and a-CD69 antibodies ex vivo and were
analyzed by flow cytometry. (E) Relative increase of CD44" 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 TSCIKO T cells. WT and TSC1KO
splenocytes were left un-stimulated or stimulated overnight with o-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 mTORCI1 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 pug/mL o-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 0-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
TSCIKO 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 CD44"CD62L"" 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 a-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.
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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 a-CD4,
a-CD8, and 7-AAD. Plots show 7-AAD staining in gated CD4 and CD8 cells. (B)
Freshly isolated splenocytes were harvested and stained with a-CD4, 0-CDS8, a-
Fas, and a-FasL. Fas and FasL intensity on CD4 and CDS8 cells are shown. (C)
Freshly isolated splenocytes were harvested and stained with a-CD4, a-CD8, o-
CD44, 0-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 0-CD3 for 24 and 48 hours in triplicates and then stained with -

CD4, a-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, TSCIKO 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 125 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 mTORCI1 activity does not inhibit autophagy.
Further studies are needed to understand mechanisms that may counter-balance

with mTORCT 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 DiOC, 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
DiOC; 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 TSCIKO CD4" and CD8" T cells
measured by MitoTracker Green staining. Freshly harvested splenocytes were
stained with a-CD4 and a-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 125 rRNA and 18S rRNA genes in purified T cells. (C-D) Assessment of
autophagy in TSCIKO 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 TSCIKO T cells. Splenocytes were
harvested from WT and TSC1KO mice. Cells were stained ex vivo with a-CD4, a-
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 TSCIKO T cells. Freshly isolated splenocytes were
stained with a-CD4, 0-CD8 antibodies, and the fluorescent dye DiOC,, followed
by flow cytometry. Histograms show DiOC6; intensity in gated CD4 and CD8 T
cells. (G) Activation of the intrinsic death pathway in TSC1KO T cells. Freshly
purified WT and TSCIKO T cells were lysed immediately or following
stimulation with a plated bound o-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
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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
TSCIKO T cells. Whether the decreased Noxa expression contributes to TSC1KO
T cell death remains to be investigated. Akt is downstream of both PI3K and
mTORC?2, and plays critical roles for cell survival. mTORC2 phosphorylates Akt
at serine 473 (S473) to promote Akt activation (35). In freshly isolated TSC1IKO T
cells, Akt phosphorylation at 5473 and Foxola phosphorylation at 5256, an Akt-
mediated reaction (150), were decreased (Fig. 11A). Following resting, TCR
stimulation can induce phosphorylation of Akt at 5473 and Foxola at 5256 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 mTORCT 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 TSCIKO T cells. Thus, although
enhanced Akt activity can promote TSCIKO 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
TSCIKO T cells determined by immunoblot analysis. (B) Impairment of TCR-
induced mTORC2 signaling and Akt activation in TSC1IKO T cells.
TSC1KO thymocytes and purified peripheral T cells were rested at 37°C for 30
minutes and were then left un-stimulated or stimulated with o-CD3 antibody for
the indicated times. Phosphorylation of Akt and Foxola 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

TSCI1KO T cells.

(C) Differential effects of AKT-DD and AKT-5473D 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-5473D. Cells were stimulated with a-CD3 for an additional 48 hours and
then stained with a-CD4, 0-CD8, and Live/Dead marker. Percentages collected
via flow cytometry were enumerated for CD4 and CDS8 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 TSCIKO 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 TSCIKO 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 TSCIKO 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 TSCIKO mice. Cells were then stimulated
overnight with conditions identified in figure. Cells were then stained with ao-

CD4, a-CD8, and ROS (top panel), or DiOC, (middle panel), or Live/Dead
marker (bottom panel). Percentages are enumerated in graphs.

62



P-Akt
| (S473)

- rrnrarnw | TOtal Akt

p-Foxo1la
R em - (5256)

o we e Total Foxo1
o | p-actin

oWT CD4
. mKO CD4

100, -

25

CD25+CD69* (%)
g

Unstim CD3 CD3+ CD3+
CD28 Rapa

Figure 11 (continued). Impaired mTORC2 and Akt activities in

TSCI1KO 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 mTORC]1 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 DGKa and DGK({-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 DGKa or C results in enhanced expansion of CD8 T cells
following LCMYV 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 LCMYV 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 DGKa or { promotes the expansion of LCMYV specific CD8" T cell clones

11 Viv0.
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Figure 12: LCMV-induced CD8" T cell expansion in DGK& and DGKT 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 DGKa and

DGKT 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
CDS8" 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 #-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 DGKa or {

Another feature of CD8" T cell-mediated anti-viral immune responses is
differentiation of naive CD8" T cells into viral specific cytokine producing CTLs.
In response to LCMV infection, CD8" T cells are known to produce large amounts
of IFNy and TNFa 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.
IFNy and TNFa production was determined by intracellular staining and FACS
analysis. As shown in figure 13A, higher percentages of DGKa or C deficient
CD8" T cells produce IFNy, TNFa, 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 IFNy
producing CD8" T cells, lower LCMV viral RNA was detected in DGKa or C
deficient as compared to WT controls, indicating that viral clearance was more

effective in the absence of DGKa or € (Figure 13D).
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Figure 13: Increased cytokine production of CD8" T cells and enhanced viral

clearance in the absence of DGK& or DGKT

(A-C) Measurement of IFNy and TNFo production by splenocytes
following LCMYV 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 IFNy and
TNFo producing cells gated on CD8" T cells. (B, C) Absolute numbers of (B) IFNy
and (C) TNFa 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 DGK& or DGKT

(D) Enhanced viral clearance in the absence of either DGKa or €. 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 f-test. All
statistical significance is in comparison to WT controls.
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4.3 A T cell intrinsic role for DGK{-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
LCMYV infection. To investigate whether the enhanced anti-viral response due to
DGKa or T 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 Vo2"VB8.1" TCR specific to the
GP33-41 epitope derived from LCMV (153). Sorted transgenic CD8 Va2 CD44*
naive T cells from C57B6/] (WT)-P14, aKO-P14, and zKO-P14 mice (Thy1.2*)
were adoptively transferred into congenic Thyl.1" or Thyl.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 CD8Va2" 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"Va2" T cells. As shown in figure 14F and 14G,
WT-P14 T cells accounted for about 50% of CD8 Va2" T cells with the remaining
50% being host-derived. In contrast, zZKO-P14" T cells accounted for about 75%
of the CD8'Va2" 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 DGKC deficient, but not

DGKa deficient T cells is cell intrinsic.
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Figure 14: Effects of DGK« or T deficiency in T cells on anti-LCMV

immune responses

(A) Schematic diagram of adoptive transfer experiment. CD8" naive T cells
from WT-P14, aKO-P14, or zKO-P14 mice were transferred into WT recipient
mice (Thyl.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 V2" cells in mice receiving WT- and
zKO-P14 CD8" T cells. (D) Enumeration of the percentages of CD8 Va2" cells
represented in (C). Each data point represents 1 mouse. (E) Total number of
CD8"Va2" cells in recipient mice. (F) The representative dot-plots of donor-
derived CD8'Va2" cells (Thyl.1). (G) Enumeration of the donor (Thyl.1)

CD8"Vou2" T cell percentages represented in F.

74



=
«
A

I PB SP PB SP

2m £ 5 20- = 100
< X 4 R .A‘ S Mg Aea u
- + + L]
z, y o SR I
—_ 1 S > 10y X + A ‘A
o) > 5. ¥ N 404
° H ° '© AA = A
a: o ; o . “ P 20
% . © A 87T

0- & od 0- A O o

o) o) & © o) o o)
S R RSN RN RN

Figure 14 (continued): Effects of DGK& or T deficiency in T cells on

anti-LCMYV 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"Va2" splenocytes
and (J) the percentages of CD8Va2" cells in PB and SP. (K) The percentages of
donor-derived CD8Va2" 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 DGKa
and C 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
H2D"-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-7Ra (115). The short-lived effector cells (SLECs) are

KLRGI"IL7Ra®, while the memory precursor cells (MPECs) are KLRG1"IL7Ra".
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 CD8TetG" 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

KLRG1"IL7Ra" cells within the CD8 TetG" LCMV-specific T cells 3 months after
infection.

77



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. 5x10° LCMV specific memory T cells
(Thy1.2*), normalized for the number of CD8 TetG" within the sorted population,
were adoptively transferred into naive hosts (Thyl.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-7Ra 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 56 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

CDS8'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 KLRGI"IL-7Ra"™ 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 IFNy and TNFa 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 IFN," and TNF, " 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, DGKo and { 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-IFN, and anti-TNF,,.
(A) Percentage of IFN," and TNF," within the adoptively transferred Thy1.2"

cells. (B) Total number of Thyl.2” IFN," and Thyl.2"'TNF," 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-«B
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 DGKa/~ and DGKZ '~ mice show enhanced expansion and increased
cytokine production following LCMYV 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 mTORC?2, 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 mMTORC2 by mTORC], 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 TSCl-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 TSCIKO 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 mTORC?2 is not essential for T cell survival
(87). Increased mTORCI 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 TSCIKO 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 TSCIKO T cells. The death prone property of TSC1KO T cells could
be caused by a chronic increase of mTORCI 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). TSCIKO T cells display increased ROS
production, but decreased mitochondrial content, number, and membrane
potential. Since the ROS scavenger, NAC, can reduce the death of TSCIKO 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 TSCIKO 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 naive 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 naive T cell quiescence in vivo. While it is an
area of intense study, naive 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 naive 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 naive 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
CD44"CD62L", which was at the expense of the naive quiescent CD44°CD62L"
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 TSC1"*-CD4-Cre
mice, which exhibit pronounced T cell lymphopenia. This phenomenon could be
addressed by adoptively transferring WT T cells into a naive TSC17*-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 TSC1"*-CD4-Cre-
Bcl2' 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 TSCl-deficient T cells. Notably, the loss of
quiescence in the TSC1""-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 TSCl-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 mTORCI 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, TSC1/"
CD4-Cre mice were infected with Ovalbumin expressing Listeria monocytogenes.
In response to bacterial infection, TSCl-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 «-CD3 suggests that TSC1
promotes T cell activation. Since the TSC complex is an inhibitor of mTOR
kinase activity, the TSC1!-CD4-Cre model should serve as the complementary
model to the mTOR"-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
DGKa and T 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 DGKo and { 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 NF«B and Ras-Erk pathways. In
the absence of either DGKa or {, TCR-induced activation of the Ras-Erk1/2
pathway and the PKC-NFkB 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 IkB (NFxB repressor) severely impairs T cell proliferation
(164). Furthermore, RelB”’~ (component of NF«B 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 TNFo 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 LCMYV specific IFNy 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-Erk1l/2 and NF«xB
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 NF«B pathways have
been shown to be critical during immune cell development (167, 168). Although

we could not rule out that that DGKa or  deficiency may directly or indirectly

affect generation of LCMYV specific T cells in the thymus, DGKa and ¢ are likely
to regulate mature CD8" T cells during viral infection. The P14 adoptive transfer

experiment suggests DGK( 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.

DGKa and ¢ play a redundant role in T cell maturation in the thymus
(168). Although both DGKa and ¢ exert similar roles in CD8" T cells during anti-
LCMV responses, some differences between these two DGK isoforms have been
noted. DGK( appears to play a stronger role than DGKa, 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 DGKo and
DGK( deficiency is not surprising since there are important differences in the
structure and activation of these proteins. DGKa, which contains two EF hand
motifs, requires the binding of Ca’ to achieve full enzymatic activity, while
DGKC is not sensitive to such regulation. Furthermore, DGK( contains a nuclear
localization sequence within its myristoylated alanine-rich C-kinase substrate
domain, which may give DGK( regulatory functions not associated with DGKa.
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, DGKa and { 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 DGKa and { 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 NFkB signaling,
DGKa and ¢ 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.
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