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General discussion

In this thesis, we describe the role of the phosphatidylinositol 3 kinase (PI3K) signaling

pathway and its negative regulator phosphatase and tensin homologue deleted on

chromosome 10 (Pten) in normal and malignant T cell development, and in peripheral T

cel trafficking.

�� lineage thymocyte development

During normal T cell development, ��-lineage thymocytes are subjected to positive and

negative selection processes to ensure expression of a functional and specific �� T cell

receptor (TCR), deletion of T cells with high affinity TCR specific for self antigens and

persistence of cells with TCR with low affinity for self MHC antigens. CD4
+
CD8

+
double

positive (DP) thymocytes that interact with self MHC antigens with low affinity up

regulate the �� TCR and the early activation antigen CD69 (1), migrate to the thymic

medulla and further differentiate into single-positive (SP) CD4
+
and SP CD8

+
thymocytes

(2), which eventually will populate the periphery. For a more detailed overview of ��-

lineage thymocyte development, see chapter 1.

PI3K signaling in normal �� lineage thymocyte development

In chapter 2, we describe the role of PI3K- and Pten-mediated signaling in early

developing thymocytes by analysis of T cell-specific Pten deficient mice (3). It was found

that although during ontogeny Pten deficiency enhanced generation of DP thymocytes,

thymocyte development was comparable to wild-type after birth until the onset of T cell

lymphomagenesis at the age of 5 to 6 weeks (3). In addition, embryonic Pten-deficient

thymocytes were more resistant to apoptosis and expanded more efficiently as compared

to wild-type controls upon culture in vitro (3). This was in agreement with findings by

other groups which show that PI3K-mediated signaling is important for thymocyte

survival and proliferation (4-6).

To reveal a regulatory role of Pten in thymocyte development, T cell-specific Pten-

deficient mice were crossed with mice deficient for the common gamma cytokine

receptor component (�c), an essential component of the interleukin-7 receptor (IL-7R).

The IL-7R is a heterodimeric receptor comprised of IL-7R� (CD127) and �c (CD132)

(7), and is expressed at the cell surface of developing thymocytes (8). It has been shown

to regulate survival and proliferation through PI3K (9-11), and differentiation through

Janus kinase 3 (Jak3) and signal transducer and activator of transcription 5 (STAT5) (11,

12) of thymocytes during very early stages of development. Indeed, deficiencies in IL-7,

�c, IL-7R�, Jak3 and STAT5 severely impaired early thymocyte development in mice

(12-19), and in humans (11, 18, 20-23). In chapter 2 we show that Pten deficiency in a �c-

deficient background completely restored impaired �� lineage thymocyte survival and

proliferation as a result of �c loss, revealing the importance of PI3K-mediated signaling

for survival and proliferation downstream of the IL-7R (3). However, no �� lineage

thymocytes were observed in Pten �c double-deficient mice (3). IL-7 and its receptor are

required for optimal TCR� rearrangements, and thus for �� lineage differentiation (14,

24-27), and these results indicated that �� lineage thymocyte development is mediated by
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IL-7R-dependent, but PI3K-independent mechanisms. Indeed, IL-7R-mediated TCR�

rearrangements were shown to depend on STAT5 (12).

In the study described in chapter 2, T cell-specific Pten deficient mice were additionally

crossed with mice that were deficient for several components of the (pre-)TCR, including

CD3� and TCR�, which was lost as a result of Rag2 deficieny. Loss of CD3� (28) or

Rag2 (29) induces a severe, or a complete block, respectively, of thymocyte development

at the point of � selection, in which developing �� T cells are selected based on cell

surface expression of a functional pre-TCR (30). It was found that Pten loss allowed

thymocytes to bypass � selection in a CD3� deficient background with regard to

expansion and differentiation, and gave rise to two pools of DP thymocytes: TCR�
+

(~45%) and TCR�
-
(~55%) cells (3). This finding indicated that PI3K-mediated signaling

downstream of the pre-TCR regulates survival, proliferation and differentiation around

the � selection checkpoint. This was confirmed in T cell-specific Pten Rag2 double

deficient mice, in which DP thymocytes were found that did not express TCR� (Chapter

5). Importantly, blocked thymocyte development in a �c Rag2 double deficient

background was also completely restored by Pten loss, excluding the possibility that IL-

7R-mediated signaling amplified PI3K activity in T cell-specific Pten CD3�/Rag2 double

deficient mice, and that pre-TCR mediated signaling amplified PI3K activity in T cell-

specific Pten �c double deficient mice. Taken together, chapter 2 shows that the loss of

Pten allows �� lineage thymocytes to bypass IL-7 and pre-TCR–mediated signaling.

PI3K, mTOR and peripheral �� T cell trafficking

In chapter 3, we explored the signaling pathways that determine the repertoire of

adhesion and chemokine receptors expressed by peripheral T cells and control the

trafficking patterns of T cells following immune activation (Sinclair et al., Nat. Immunol.
2008 in press). The data revealed that PI3K and its downstream target mammalian target

of rapamycin (mTOR), evolutionarily conserved regulators of cell metabolism (31), have

additional functions to control peripheral T cell trafficking into secondary lymphoid

organs. It was shown by other groups that two key lymph node homing receptors, CD62L

(L-selectin) and CCR7 are highly expressed on naïve T cells but are down regulated

following immune activation (32-40), and that CD62L down regulation is mediated by

two different mechanisms: ectodomain proteolysis (shedding) and suppression of CD62L

gene transcription (41-45). In chapter 3, it is documented that the p110� isoform of PI3K

was necessary for CD62L shedding and for transcriptional downregulation of CD62L in

effector T cells. Moreover, deletion of Pten, and thus activation of PI3K signaling was

found to be sufficient to down regulate CD62L expression in T cells. Distinct PI3K-

controlled signal transduction pathways were found to mediate CD62L proteolytic

cleavage and transcription: TCR-mediated PI3K control of CD62L shedding is mediated

by mitogen-activated protein kinases (MAPKs), whereas IL2-mediated PI3K control of

CD62L gene transcription was regulated by the nutrient sensor mTOR via regulation of

Kruppel-like transcription factor 2 (KLF2). The expression of the chemokine receptor

CCR7 by peripheral T cells was also shown to be determined by KLF2 (46) and upstream

PI3K/mTOR mediated signaling, since loss of Pten, and thus activation of PI3K signaling

was sufficient to down regulate CCR7 expression, and as IL-2-induced down modulation

of CCR7 in antigen primed peripheral T cells was abrogated in the presence of specific
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small molecule inhibitors of PI3K and mTOR activity. In line with this, since the loss of

CD62L and CCR7 by activated T cells is an important mechanism that prevents effector

T cells from re-entering secondary lymphoid tissues and facilitates their redirection to

peripheral tissues (33, 37, 44, 47), pre-treatment with the mTOR inhibitor rapamycin

induced peripheral T cells to migrate towards secondary lymphoid tissues upon transfer

in vivo. As PI3K/mTOR signaling is known to be nutrient sensitive and regulates cell

metabolism and protein synthesis (31), these results showed that peripheral T cells match

metabolic and trafficking programs, since the use of common signaling pathways to

control T cell metabolism and expression of lymph node homing receptors would ensure

that during immune responses lymphocytes match metabolic competence to migration

patterns.

PI3K signaling pathway in malignant �� lineage thymocyte development

In chapter 4, we describe the role of PI3K- and Pten-mediated signaling in malignant T

cell lymphomagenesis by analysis of T cell-specific Pten deficient mice (48). Mice

initially showed modest thymic hyperplasia and subsequently developed expanding and

infiltrating T cell lymphomas, leading to a premature death within 5 to 23 weeks. All

thymocyte and peripheral T cell populations found in tumor-bearing T cell-specific Pten

deficient mice frequently displayed phenotypes characteristic for immature developing

thymocyte precursors and shared elevated levels of clonally rearranged TCR� chains. In

concert, CD2, CD5, CD3� and CD44, proteins associated with increased expression and

signaling capacity of both the immature pre-TCR and the mature �� TCR (5, 49-51),

were more abundantly expressed, reflecting a constitutive state of activation. These

findings were in agreement with previous analyses of human T cell acute lymphoblastic

leukemia (T-ALL), which showed that malignant T cells appeared to be arrested at

specific stages of normal thymocyte development (52, 53), and with previous findings

that showed that malignant and clonal T cell development was characterized by a massive

expansion of activated T cells that display a strongly restricted heterogeneity of the

TCR� variable region (TCRv�) segment (5, 54-58). Although most T cell lymphomas

found in T cell-specific Pten deficient mice had acquired the capability to infiltrate the

periphery, not all populations left the thymus and expanded clonally exclusively in the

thymus. In line with this, only transplantation of malignant thymocytes with infiltrating

capacity gave rise to lethal T cell lymphoma in immunodeficient recipients. These results

indicate that T cell-specific Pten deletion during thymocyte development gives rise to

clonally expanding T cell lymphomas that frequently infiltrate the periphery, but

originate in the thymus.

In chapter 5 we document observations that T cell-specific Pten deletion in a �c and/or

(pre-)TCR deficient background gave rise to T cell lymphomas with similar

characteristics as those found in T cell-specific Pten deficient mice in a wild-type

background, indicating that although �c- and (pre-)TCR-mediated signaling through PI3K

may have contributed to malignant transformation of Pten-deficient thymocytes in a wild-

type background, �c- and (pre-)TCR-mediated activation of PI3Ks were not required for

Pten-deficient thymocytes to transform. However, it needs to be noted that although

during the first 8 to 10 weeks after birth survival did not significantly vary by genotype,

survival time was thereafter significantly shorter in T cell-specific Pten deficient mice in

a �c, CD3� and �c x Rag2 deficient background as compared to T cell-specific Pten
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deficient mice in a wild-type or Rag2 deficient background, whereas single Rag2 loss in a

Pten deficient background did not alter survival kinetics. Although these results were

statistically significant, biological significance may not have been revealed due to the low

number of T cell-specific Pten deficient mice analyzed in a �c and/or TCR deficient

background. More mice need to be analyzed to validate findings with regard to survival

kinetics.

�� TCR, �c and PI3K in thymic exit of normal and malignant thymocytes

In chapter 5, we assessed the contribution of the TCR, �c cytokines and PI3K signaling to

thymic exit of thymocytes in healthy and tumor-bearing T cell-specific Pten deficient

mice in a �c, CD3�, Rag2 or �c x Rag2 deficient background. Although PI3K-mediated

signaling was constitutively active due to Pten loss, the number of peripheral T cells was

reduced in healthy and tumor-bearing T cell-specific Pten deficient mice in a �c or CD3�

deficient background, indicating that �c- and TCR-mediated signaling positively regulate

thymic exit independently from PI3K. In addition, a complete absence of peripheral T

cells was observed in healthy T cell-specific Pten deficient mice in a Rag2 and �c x Rag2

deficient background, and only few thymocytes “leaked” to the periphery upon

lymphomagenesis, reflecting the dominant requirement of PI3K-independent TCR-

mediated regulation of thymic exit. Transplantation of malignant T cell-specific Pten x

�c x Rag2 triple deficient thymocytes into immunodeficient recipients confirmed that

thymic exit, but not peripheral expansion of these cells, was impaired due to loss of �c

and TCR signaling. We concluded that TCR and �c signaling are involved for thymic

egress of healthy and malignant Pten-deficient thymocytes, which does not involve PI3K-

mediated signaling.

The data presented in chapter 5 contradict previous indications that TCR-mediated PI3K

activity has an enhancing effect on thymic exit. Several reports indicate that PI3K

pathway activity is required for thymic exit (59-63). A functional link between the TCR

and PI3K is supported by the observations that the TCR activated the PI3K pathway (64),

that loss of PI3K or Rho activity, or loss of PI3K, Akt/PKB, PDK1 or the GEFs Vav-1, -2

and -3 impaired (pre-)TCR-dependent development of thymocytes (11, 59-61, 63, 65-72),

and that Pten loss or constitutive activation of PI3K and PKB/Akt bypassed (pre-)TCR-

dependent signaling in thymocytes (3-6, 66, 73-75) and peripheral T cells. In contrast to

these studies, findings by another group indicated that PI3K activity impairs thymic exit

(76). In addition, recent findings showed that Lck-Cre-mediated Pten deficiency resulted
in accumulation of CD24

low
SP CD4

+
and CD24

low
SP CD8

+
thymocytes (Sinclair et al.,

Nat. Immunol. 2008 in press, chapter 3). Low expression levels of CD24 by SP

thymocytes has been shown to be a hallmark of full maturity (77), and therefore these

findings reflected impaired thymic exit. Although peripheral T cell populations were not

found to be significantly decreased in a Pten-deficient background (48), it is possible that

in a �c- and/or (pre-)TCR deficient background, Pten deficiency, and thus constitutive

active PI3K, may have played a negative regulatory role in thymic exit, resulting in

decreased numbers of peripheral T cells.

PI3K- and Notch1-mediated regulation of survival and proliferation of malignant

�� lineage Pten-deficient thymocytes

In chapter 6, we investigated the role of PI3K activity and Notch1-mediated signaling in
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T cell lymphomas that arise as a result of Pten deletion in thymocytes in a wild-type, �c,

CD3�, Rag2 or �c x Rag2 deficient background, which are described in chapter 4 and 5

(48). Results showed that Pten deficient T cell lymphomas require PI3K activity to drive

survival and proliferation, even in the absence of �c- and/or (pre-)TCR-mediated

signaling, as small molecular inhibitors that specifically block PI3K activity inhibited

survival and proliferation ex vivo and in vitro, and this was reminiscent of reports that

showed that Pten-deficient tumors are hypersensitive to inhibition of the PI3K signaling

pathway (78, 79). These results suggested that PI3K activity was mediated by other

receptors that �c-containing cytokine receptors and the (pre-)TCR that are expressed at

the cell surface of malignant thymocytes, including costimulatory molecules such as

CD28, and G-protein-coupled receptors such as chemokine receptors (11, 64, 80) (3, 4,

81) (82). However, it is possible that Pten loss intrinsically led to increased PI3K activity,

as Src homology 2 (SH2) domain collagen-containing protein (Shc) and Focal adhesion

kinase (FAK), proteins known to be negatively regulated by Pten (83), have been

indicated to activate PI3K (84, 85). How PI3K is activated in malignant thymocytes in a

Pten-deficient background in a wild-type, �c- and/or (pre-)TCR-deficient background

awaits further investigation.

Specific blockade of � secretase complex activity, which is essential for activation of

canonical Notch-mediated signaling (86), and for survival and proliferation of malignant

T cells (87, 88), had similar effects in the majority of analyzed malignant Pten-deficient

thymocyte samples with regard to survival and/or proliferation, indicating that in these

cells, Notch signaling was also required. In contrast with a recent report that suggested

that PI3K and Notch1 pathways cooperate in malignant T cell development (88), �

secretase complex activity-specific blockade did not affect abundance of intracellular

phosphatidylinositol-(3,4,5)-triphosphate (PIP3) and phosphorylation status of Akt/PKB,

which are both classical downstream targets of PI3K-mediated signaling. In line with

this, specific blockade of PI3K activity induced a drop in both PIP3 levels and Akt/PKB

phosphorylation. Furthermore, blockade of � secretase complex activity reduced nuclear

localization of ic-Notch1, whereas blockade of PI3K activity had a minimal effect.

Moreover, malignant Pten-deficient thymocytes that were forced to express a constitutive

active form of Akt/PKB proliferated in vitro in spite of blockade of PI3K activity, but not

upon blockade of � secretase complex activity, whereas cells that were forced to express

ic-Notch1 proliferated upon � secretase complex activity inhibition, but not upon PI3K

activity inhibition. Taken together, these results indicated that PI3K- and Notch1-

mediated signaling are simultaneously, but independently needed for survival and

proliferation of malignant Pten-deficient thymocytes.

As stated, our findings contrast with those of others who have suggested an

interdependence of PI3K and Notch1 pathways in both normal and malignant T cell

development. Akt/PKB was indicated to be specifically phosphorylated by Notch-

mediated signaling in Rag2-/- thymocytes (89), and although pre-TCR signaling and
Notch-mediated signaling have been shown to both be needed for proper � selection of

developing thymocytes (30), absence of Notch-mediated signaling could be rescued by

introduction of constitutive active Akt/PKB (89). In addition, a recent study conducted by

Palomero et al. indicated that Notch1- and PI3K-mediated signaling can be functionally
linked, as Notch1 was shown to regulate the expression of Pten and the activity of the

PI3K/Akt/PKB signaling pathway in normal and malignant T cells, and that human
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malignant T cells were shown to be resistant to inhibition of � secretase complex activity

in a Pten-deficient background (88), which contrasts directly with our observations that

Pten-deficient tumors are sensitive to � secretase inhibitors. Taken together, our data and

data provided by separate groups may indicate that Notch1- and PI3K-dependent and -

independent mechanisms exist that drive survival and proliferation of malignant T cells.

Activating mutations in the heterodimerization (HD) domain and/or PEST domain of

NOTCH1 have been detected in various murine T cell lymphoma models and in human
T-ALL (87, 90-97), and have been indicated to increase sensitivity of malignant T cells to

� secretase complex activity inhibition with regard to survival and proliferation (87). As

most malignant Pten-deficient thymocytes were found to be sensitive to � secretase

complex activity inhibition ex vivo and/or in vitro, we analyzed in chapter 6 whether

malignant Pten deficient thymocytes in a �c, CD3�, Rag2 or �c x Rag2 deficient

background had acquired activating mutations in the HD and PEST domain of NOTCH1.
Surprisingly, only malignant Pten-deficient thymocytes in a �c and/or (pre-)TCR

deficient background had acquired activating mutations in the HD and PEST domain of

NOTCH1, whereas no activating NOTCH1 mutations were found in Pten-deficient
thymocytes in a wild-type background. These findings indicated that loss of �c- and/or

(pre-)TCR-mediated signaling predisposed malignant Pten-deficient thymocytes to

further enhance Notch1-mediated signaling by introduction of activating mutations in

NOTCH1, contributing to survival and proliferation of the malignant cells. The

mechanism of this remains to be determined.

“Oncogene addiction” describes the dependence of malignant cells on specific oncogenic

pathways to induce and maintain the malignant phenotype. In malignant Pten-deficient

thymocytes, the primary oncogene addiction is represented by the PI3K signaling

pathway, as Pten deficiency inevitably gave rise to malignant transformation. Notch1-

mediated signaling was shown not to represent an oncogene addiction in several

established Pten-deficient thymocyte cell lines, as these cells were resistant to � secretase

complex inhibition. However, all freshly isolated malignant Pten-deficient thymocytes,

had acquired a second oncogene addiction represented by Notch1-mediated signaling, as

these cells were found to be sensitive to � secretase complex activity inhibition, which

was reversible by introduction of ic-Notch1. Furthermore, about half of Pten-deficient in

vitro-generated thymocyte cell lines were sensitive to inhibition of � secretase. The

difference in � secretase dependency of fresh tumors compared to cell lines may be

attributed to additional genetic alterations that overcame the requirement of Notch1. In

addition, about one in five samples were found to have acquired activating NOTCH1
mutations in either the HD domain, or in both the HD domain and PEST domain,

enhancing Notch1-mediated signaling. Intriguingly, such mutations were only found to

be acquired by malignant Pten-deficient thymocytes from �c- and/or (pre-)TCR-deficient

mice. This observation supports the notion that �c- and (pre-)TCR-mediated signaling are

primarily responsible for PI3K activation in malignant Pten-deficient thymocytes in a

wild-type background, as upon loss of one or these two cell surface receptors that

regulate survival and proliferation factors like PI3K, cells become “addicted” to Notch1-

mediated signaling. Conversely, Palomero et al. show, that when Notch1-mediated
signaling represents the primary oncogene addiction in malignant T cells, cells acquire a

second oncogene addiction represented by the PI3K signaling pathway, inducing
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resistance of these cells to inhibition of � secretase complex activity (88). This was

supported by experiments that showed that specific knockdown of Pten or introduction of

constitutive active Akt/PKB induced resistance to � secretase complex inhibition in

malignant T cells (88), and that introduction of Pten into Pten-deficient malignant T cells

that were resistant to � secretase complex activity inhibition acquired sensitivity (88, 98).

These findings together with the observations reported in chapter 6 indicate that if initial

malignant transformation of T cells is induced by abberant PI3K-mediated signaling,

cells can remain sensitive to � secretase complex inhibition, whereas if Notch1-mediated

signaling represents the primary oncogene addiction, constitutive activation of the PI3K

signaling pathway allows the malignant T cells to survive upon � secretase complex

inhibition. The molecular mechanisms underlying these apparent discrepancies remain to

be elucidated.

Clinical relevance and future prospects

The mouse models described in this thesis were designed to study the role of Pten in

normal and malignant thymocyte development, and tumors arising in these mice indeed

closely resemble human malignancies of the �� T lineage, T-ALL. T-ALL is a neoplastic

disorder of the lymphoblast committed to the T-cell lineage and represents 15% of

childhood and 25% of adult ALL (99). It is a heterogeneous disease comprising several

clinico-biological entities. Although cytogenetic analysis showed a normal karyotype in a

large proportion of T-ALL, recurrent translocations, insertions and deletions activating a

small number of oncogenes were observed in 25–50% of T-ALL, and were shown to

include SCL/Tal1, Hox11, Hox11L2, Lyl1, LMO1 and LMO2 (100-112). However,

overexpression of these oncogenes was frequently found in the absence of the

corresponding locus specific chromosomal abnormalities (52, 113-115). In addition,

microdeletions leading to the loss of tumor suppressor genes like Pten and p53 are very

frequent (116), and since Pten and p53 have been shown to interact at various levels

(117), this underlines the importance of the studies presented in this thesis: T cell-specific

Pten deletion gave rise to T cell lymphomas that closely resemble human T-ALL. In

addition, expression array and flow cytometric analysis have identified several gene

expression signatures indicative of leukemic arrest at specific stages of normal thymocyte

development (52, 53), reflective of the thymic origin of T-ALL. This is reminiscent of T

cell lymphomas observed in tumor-bearing T cell-specific Pten deficient mice (chapters 4

and 5). Finally, similar to data presented in chapter 6, mutational analysis of oncogenes

implicated in T cell development has shown activating mutations of NOTCH1 in a high
proportion of T-ALL (87, 90-97). In order to develop therapies to effectively treat human

infiltrating T cell malignancies like T-ALL that originate in the thymus, we should

understand how thymocyte development is regulated on a molecular and cellular level,

and which pathways are responsible for transformation to give rise to malignant

thymocytes that infiltrate the periphery. The mouse models described in this thesis will

significantly facilitate investigations to address these questions.

Several reports that showed that Pten-deficient tumors are hypersensitive to inhibition of

the PI3K signaling pathway (78, 79). As most human childhood and adult T-ALLs show

constitutive activation of the PI3K transduction pathway, it is important to test therapies

that target PI3K transduction pathway activity to inhibit survival and proliferation.

Furthermore, although precise molecular mechanisms underlying regulation of survival
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and proliferation of malignant thymocytes remain to be eludicated, it is apparent that

signaling pathways regulated by PI3K and Notch1 are frequently simultaneously needed

(chapter 6) (88). Future treatment of human T-ALL should therefore simultaneously

target Notch1 and PI3K signaling pathways to reach optimal efficiency. In addition, the

transplantation experiments performed in chapter 4 in 5 (48) showed that peripheral

infiltration of massively expanding malignant thymocyte populations in itself can be

responsible for progress to lethal disease. Therefore, therapies that target inhibition of

peripheral infiltration of malignant thymocytes may prove to be of importance. Since

most T cell malignancies express �c-containing cytokine receptors and the TCR,

development of therapies focusing on inhibition of �c- and TCR-mediated signaling

pathways separate from the PI3K pathway that are responsible for succesful thymic exit

may prove to be beneficial for treatment of infiltrating human T cell malignancies like T-

ALL, and the mouse models described in this thesis are valuable tools in this regard.
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