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Summary

During 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. The tumor

suppressor protein and dual phosphatase Pten has been shown to be highly expressed in

developing thymocytes, but its regulatory function in thymocyte development is

incompletely understood. Pten is known to directly negatively counteract and therefore

modulate activity of the phosphatidylinositol 3 kinases (PI3Ks), which in T cells control

complex and highly branched signaling cascades involving lipids and proteins to regulate

several processes, including survival, growth, proliferation, motility, activation, adhesion,

and possibly differentiation. Given the pivotal role of PI3Ks in these processes, it is not

surpising that disregulation of the PI3K signaling pathway in thymocytes frequently gives

rise to T cell lymphomas, which display phenotypes characteristic for immature

developing thymocyte precursors. Disregulation of the PI3K pathway is frequently

caused by inactivation or deletion of Pten and leads to oncogenesis in a variety of tissues.

Indeed, Pten inactivation or deletion has been observed in a large proportion of T cell

malignancies, suggesting an important negative regulatory role of Pten in T cells with

regard to survival and proliferation. In this thesis we aim to clarify the regulatory role of

PI3K and Pten in normal and malignant �� lineage thymocyte development. In addition,

as Pten has been shown to be highly expressed in peripheral T cells and since PI3K has

been implicated in T cell migration, the regulatory role of PI3K and Pten in peripheral ��

lineage T cell motility are assessed.

In chapter 1, a general introduction is given on the normal and malignant development

of �� lineage thymocytes, in particular with regard to PI3K and Notch signaling

pathways.

In chapter 2, we describe the regulatory role of PI3K and Pten downstream of two

important receptors that are expressed at the cell surface of developing �� lineage

thymocytes to control survival, proliferation and differentiation, the interleukin-7

receptor (IL-7R) and the pre-T cell receptor (pre-TCR). The IL-7R is important for T cell

precursors to survive, proliferate and differentiate, and the pre-TCR is pivotal for �

selection, in which developing thymocytes are selected based on cell surface expression

of a functional pre-TCR. In addition, the pre-TCR is important for � selected thymocytes

to differentiate, survive and proliferate. We found that although loss of a key component

of the IL-7R, the common � cytokine receptor chain (�c), resulted in severely impaired

IL-7R-dependent survival and proliferation of thymocytes during very early stages of

development, T cell-specific loss of Pten restored IL-7R deficiency with regard to

survival and proliferation. Similarly, although lack of a functional pre-TCR by means of

deletion of several subunits of the pre-TCR, including CD3� or Rag2/TCR�, impaired �

selection and ensuing survival and proliferation, we found that T cell-specific loss of Pten

allowed developing thymocytes to bypass the need for pre-TCR mediated signaling with

regard to � selection and subsequent survival and proliferation, indicating that Pten

regulates elimination of thymocyte precursors that fail to express a functional pre-TCR.

Strikingly, T cell-specific Pten loss allowed developing thymocytes to survive, proliferate

and differentiate in an IL-7R and pre-TCR double deficient background. Taken together,
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these data show the importance of PI3K and Pten downstream of the IL-7R and the pre-

TCR to mediate survival, proliferation and differentiation.

In chapter 3, we showed that PI3K and its downstream target mammalian target of

rapamycin (mTOR) function to control peripheral T cell trafficking into secondary

lymphoid organs. We documented that the p110� isoform of PI3K (p110�-PI3K) was

necessary for TCR- and mitogen-activated protein kinase (MAPK)-mediated shedding of

the lymph node homing receptor CD62L in effector T cells. In addition, transcriptional

downregulation of both CD62L and another key lymph node homing receptor, CCR7,

was shown to be dependent on IL-2/p110�-PI3K/mTOR/Kruppel-like transcription factor

2 (KLF2)-mediated signaling. Moreover, deletion of Pten, and thus activation of PI3K

signaling was found to be sufficient to down regulate CD62L and CCR7 expression.

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, 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, 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 T cells match metabolic competence to migration patterns.

In chapter 4, we describe the role of PI3K and Pten in malignant T cell

lymphomagenesis by analysis of T cell-specific Pten deficient mice. After initial modest

thymic hyperplasia mice subsequently developed T cell lymphomas that were reminiscent

of human T cell acute lymphoblastic leukemia (T-ALL): all thymocyte and peripheral T

cell populations frequently displayed phenotypes characteristic for immature developing

thymocyte precursors that displayed a limited heterogeneity of the TCR� variable region

(TCRv�) segment. In concert, the elevated cell surface expression levels of several

proteins associated with increased expression and signaling capacity of the (pre-)TCR

reflected a constitutive state of activation. Although most T cell lymphomas had acquired

the capability to infiltrate the periphery, not all populations left the thymus and expanded

clonally exclusively in the thymus, and 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 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 an IL-7R and/or (pre-)TCR deficient background. Although PI3K-mediated

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

significantly reduced in these mice as compared to T cell-specific Pten deficient mice in a

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

thymic exit independently from PI3K. Transplantation of malignant T cell-specific Pten

deficient thymocytes in an IL-7R and (pre-)TCR double deficient background into

immunodeficient recipients confirmed that the capacity of these cells to exit the thymus,

but not the capacity of these cells to expand in the periphery, was impaired due to loss of

�c and TCR signaling. We concluded that TCR and �c signaling are positively involved
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in thymic egress of healthy and malignant Pten-deficient thymocytes, which does not

involve PI3K-mediated signaling.

In chapter 6, we assessed the importance of Notch1 and PI3K mediated signaling for

malignant Pten deficient thymocytes in a wild-type, IL-7R and/or (pre-)TCR deficient

background to survive and proliferate. Use of small molecule inhibitors that target Notch-

or PI3K-mediated signaling revealed frequent comparable importance of both PI3K and

Notch activity for survival and proliferation. In this regard, Notch and PI3K signaling

pathways were found to act independently from each other, as only PI3K specific

inhibitors, but not Notch pathway specific inhibitors, reduced abundance/activity of

several signaling molecules known to act downstream of PI3K, including

phosphatidylinositol-(3,4,5)-triphosphate (PIP3), and Akt/protein kinase B (PKB).

Reversely, only a Notch pathway specific block, but not a PI3K specific block, reduced

Notch1 nuclear localization. Importantly, forced expression of constitutive active

Akt/PKB allowed cells to survive and proliferate in the presence of the PI3K specific

blocker wortmannin, but not in the presence of the Notch pathway specific blocker

DAPT, whereas forced expression of constitutive active Notch1 allowed cells to survive

and proliferate in the presence of DAPT, but not in the presence of wortmannin.

Although in the absence of �c- and/or (pre-)TCR-mediated signaling, PI3K activity was

shown to be pivotal for survival and proliferation, lack of these signals predisposed

malignant Pten-deficient thymocytes to acquire activating Notch1 mutations to further

enhance Notch1-dependent survival and proliferation.

In conclusion, this thesis provides new insights in how PI3K and Pten regulate normal

and malignant thymocyte development and peripheral T cell motility. It is clear that

under normal circumstances, Pten functions as an essential “brake” to ensure that T cells

in the thymus do not proliferate at will, and as such, Pten regulates the size of the thymus.

In the absence of Pten, proliferating populations of T cell precursors arise which are

deleted under normal circumstances. As the absence of Pten causes aggressive and lethal

T cell lymphomas over time, it is clear that Pten functions as a strong tumor suppressor in

T cells. Because the lymphomas that are found in the mice that are described in this thesis

are higly reminiscent of human T cell lymphomas like T-ALL, the studies presented in

this thesis may very well facilitate development of improved and more specific therapies

for the treatment of human T cell malignancies. This work also shows that the Notch1

signaling pathway plays an important part in the appearance and/or maintenance of T cell

lymphomas. In the absence of factors that induce PI3K activity, activating mutations in

the NOTCH1 gene can occur, which facilitate T cell lymphomagenesis. In future studies
it will be of importance to investigate how the PI3K pathway interacts with other

signaling pathways to regulate normal and malignant T cell development.
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