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Abstract

Thymocyte egress from the thymus is a tightly regulated process involving several factors

present in the thymic medulla, which interact with thymocyte cell surface receptors to

modulate downstream intracellular pathways. In this study, we assessed the contribution

of the TCR, �c cytokines and PI3K signaling to thymic exit of thymocytes in healthy and

tumor-bearing Ptenflox/flox x Lck-Cre mice in a �c-/-, CD3�-/-, Rag2-/- and �c-/- x Rag2-/-

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

Ptenflox/flox x Lck-Cre x �c-/- and Ptenflox/flox x Lck-Cre x CD3�-/- mice, 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 Ptenflox/flox x
Lck-Cre x Rag2-/- and Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/- mice, 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 Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/- 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 conclude that TCR and

�c signaling are involved for thymic egress of healthy and malignant Pten-deficient

thymocytes, which does not involve PI3K-mediated signaling.

Introduction

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. 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. How the matured thymocytes egress

from the thymus is yet incompletely understood. Thymic exit has been shown to critically

depend on Kruppel-like transcription factor 2 (KLF2), sphingosine 1-phospate1 (S1P1),

CD69 and chemokine receptors (2-8). KLF2 induces expression of �7 integrin, CD62L

and S1P1 (4, 9). S1P1 subsequently induces internalization of CD69, and allows the

mature thymocytes to exit the thymus across a S1P gradient that is established between

thymus and blood (5, 6, 8). In addition, it has been reported that several chemokines and

adhesion molecules are associated with thymic exit (2, 7, 10).

Studies using several mouse models support a positive regulatory role of

phosphatidylinositol 3 kinase (PI3K) in thymic exit (11-15). The PI3K signaling pathway

is important for thymocyte development with regard to survival, growth, proliferation,

differentiation and motility (16-20). Class 1A PI3Ks (formed by a p85�, p55�, p50�,

p85� or p55� regulatory subunit in complex with a p110�, p110� or p110� catalytic

subunit) are recruited to cytokine receptors, costimulary molecules and activated antigen

receptors and are activated through phosphorylation events (17, 18, 21). Class 1B PI3K



89

(formed by the p101 regulatory subunit in complex with the p110� catalytic subunit) is

similarly activated, albeit through G-protein-coupled receptors such as chemokine

receptors (22). Upon activation, class I PI3Ks phosphorylate cell membrane-localized

phosphatidylinositol-(4,5)-biphosphate (PIP2) to phosphatidylinositol-(3,4,5)-triphosphate

(PIP3), which co-recruits the pleckstrin homology (PH) domain-containing enzymes

phosphoinositide-dependent kinase 1 (PDK1) and Akt/protein kinase B (PKB), to ensure

full activation of multiple downstream targets that regulate apoptosis, cell cycle

progression and protein synthesis (16). Other downstream targets of PIP3 include PH-

domain containing Guanine-nucleotide exchange factors (GEFs), which regulate

cytoskeletal changes to control cell motility, and PH-domain containing members of the

Tec family of tyrosine kinases that control apoptosis, growth and proliferation (16). An

important direct negative regulator of the PI3K signaling pathway is phosphatase and

tensin homologue deleted on chromosome 10 (Pten), which dephosphorylates PIP3 to

PIP2 (23).

A positive regulatory role of PI3K in thymic exit is supported by observations that

deletion of p110� impaired thymic egress of mature SP thymocytes (15), and

simultaneous deletion of p110� and p110� resulted in severely decreased numbers of

peripheral T cells (11-13). Moreover, forced expression of a constitutive active form of

p85�, p65
PI3K
, resulted in a simultaneous decrease in the numbers of mature SP CD4

+

thymocytes and enhanced appearance of peripheral SP CD4
+
T cells (14, 15). PI3K can

be activated by various receptors, including the TCR (21), and cytokine receptors that

contain the common cytokine receptor � chain (�c) (17, 24-28).

In the present study we assessed the contribution of the TCR, �c cytokines and PI3K

signaling to thymic exit of thymocytes in healthy and tumor-bearing Ptenflox/flox x Lck-Cre
mice in a �c-/-, CD3�-/-, Rag2-/- and �c-/- x Rag2-/- background. We conclude that TCR and
�c signaling are involved in thymic egress of healthy and malignant Pten-deficient

thymocytes, which does not involve PI3K-mediated signaling.

Methods

Generation, genotyping and monitoring of mice

The conditional vector, the generation of mice carrying the Ptenflox allele by blastocyst
microinjection, and PCR detection of the Ptenflox allele have been described previously
(20, 29). To generate T cell-specific Pten-deficient mice, Ptenflox/flox mice were crossed
with proximal Lck promotor (Lck)-Cre mice (30). PCR detection of the Lck-Cre transgene
was described previously (20, 31). Ptenflox/flox x Lck-Cre mice were crossed with CD3�-/-

(32) or �c-/- x Rag2-/- (33) mice in order to generate the various double and triple deficient
mice. Mice were maintained under specific pathogen-free conditions in the animal

colonies of the Netherlands Cancer Institute (Amsterdam, The Netherlands), the

Academic Medical Center (Amsterdam, The Netherlands) and Genentech, Inc. (South San

Francisco, CA). Mice were sacrificed at different timepoints after birth to monitor T cell

development in a Pten-deficient background (20), and to monitor the onset of T cell

lymphomagenesis. Clinical signs of T cell lymphomagenesis included lethargy, hunched

posture, ruffling of fur, shallow breathing and social isolation.
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Isolation of cells

Harvested organs were homogenized using 1 ml syringe plungers and 40-70 μm cell

strainers (BD Biosciences, Bedford, MA). Cells were resuspended in Iscove’s Modified

Dulbecco’s Medium (Life Technologies, Paisley, Scotland) supplemented with 8% FCS

(ICN, Strasbourg, France). Cells were stained with 0.4% trypan blue solution (Mediatech,

Herndon, VA) and viable cells were counted.

Flow cytometric analysis
All monoclonal anti-mouse antibodies to CD2, CD3�, CD4, CD5, CD8a, CD25, CD44,

and pan-TCR�, conjugated to FITC, PE, Cy-5, PerCP, APC, and APC-Cy7 were

purchased from BD Pharmingen (San Diego, CA). Flow cytometry was performed using

a FACScan, FACSCalibur or LSRII (BD Biosciences) and CellQuest (BD Biosciences),

FACSDiva (BD Biosciences) and FlowJo (Tree Star, Inc., Ashland, OR) software.

Transfer of thymocytes
0.5 to 1 x 10

6
bulk wild-type control, malignant Ptenflox/flox x Lck-Cre and Ptenflox/flox x

Lck-Cre x �c-/- x Rag2-/- thymocytes were resuspended in 100 μl RPMI 1640 Medium

(Invitrogen, Carlsbad, CA) supplemented with 2% FCS (ICN). Cell suspensions were

injected into the orbital sinus of immunodeficient �c-/- x Rag2-/- recipient mice (33, 34).
Upon manifestation of clinical signs of T cell lymphomagenesis, mice were sacrificed.

Thymus, spleen, liver, kidney and blood were harvested, homogenized and analyzed by

trypan blue exclusion cell counts and flow cytometry as indicated.

Statistical Analysis

Time to fatal illness of Ptenflox/flox x Lck-Cre mice (35), and Ptenflox/flox x Lck-Cre mice in
a �c-/-, CD3�-/-, Rag2-/- and �c-/- x Rag2-/- background was analyzed using the Kaplan-
Meier method. Factors associated with missing cell counts were identified using logistic

regression. The association between genotype and time to fatal illness was tested in an

accelerated failure time model; a loglogistic distribution was found to fit the data best.

Thymus and spleen cell counts from healthy and tumor-bearing Pten-deficient mice were

compared to cell counts from control mice using age-adjusted log-linear regression with

Poisson distribution and are depicted in absolute cell numbers. Recognizing that subjects

belonged to genetically identical clusters, regression models of cell counts employed

Generalized Estimating Equation (GEE) solutions, with cluster included as a random

variable and specifying an exchangeable working correlation structure to avoid

underestimation of standard errors.

Results

T cell-specific Pten deficiency induces premature death of �c and/or (pre-)TCR

deficient mice

To investigate the role of Pten in T cell lymphomagenesis in a �c and/or (pre-)TCR

deficient background, Ptenflox/flox x Lck-Cre mice (n=125), Ptenflox/flox x Lck-Cre x �c-/-

mice (n=19), Ptenflox/flox x Lck-Cre x CD3�-/- mice (n=31), Ptenflox/flox x Lck-Cre x Rag2-/-

mice (n=12) and Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/- mice (n=9) were followed from
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birth. Control groups consisted of wild-type mice (n=144), �c-/- mice (n=21), CD3�-/-

mice (n=49), Rag2-/- mice (n=12) and �c-/- x Rag2-/- mice (n=2). All control mice
remained healthy during the course of the study (data not shown). Survival kinetics of

Ptenflox/flox x Lck-Cre mice were described previously (35). The first clinical signs of T
cell lymphomagenesis in Ptenflox/flox x Lck-Cre x �c-/-, Ptenflox/flox x Lck-Cre x CD3�-/-,
Ptenflox/flox x Lck-Cre x Rag2-/- and Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/- mice were
observed 58, 31, 80 and 41 days after birth, respectively, with a median time to fatal

illness of 77, 68, 127 and 70 days, respectively, and all mice died within 109, 95, 277 and

90 days, respectively (Figure 1 and data not shown).

Figure 1 Decreased survival of Ptenflox/flox x Lck-Cre mice in a wild-type, �c-/-, CD3�-/-, Rag2-/- or �c-/- x
Rag2-/- background. Kaplan–Meier plots of survival of Ptenflox/flox x Lck-Cre (n=125), Ptenflox/flox x Lck-Cre
x �c-/- (n=19), Ptenflox/flox x Lck-Cre x CD3�-/- (n=31), Ptenflox/flox x Lck-Cre x Rag2-/- (n=12) and Ptenflox/flox x
Lck-Cre x �c-/- x Rag2-/- (n=9) mice. Mice were monitored for survival for a maximum period of 180 days.
The proportion of mice without fatal illness is plotted against animal age in days. The |, �, +, * and x

symbols indicate Ptenflox/flox x Lck-Cre, Ptenflox/flox x Lck-Cre x �c-/-, Ptenflox/flox x Lck-Cre x CD3�-/-,

Ptenflox/flox x Lck-Cre x Rag2-/- and Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/- mice, respectively, whose age at
fatal illness could not be determined because they were healthy at time of sacrifice or close of study.

The first 8 to 10 weeks after birth, survival did not significantly vary by genotype.

Thereafter, survival time was significantly shorter in Ptenflox/flox x Lck-Cre mice in a �c-/-,
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CD3�-/- and �c-/- x Rag2-/- background as compared to Ptenflox/flox x Lck-Cre and Ptenflox/flox

x Lck-Cre x Rag2-/- mice (Figure 1). However, single Rag2 loss in a Ptenflox/flox x Lck-Cre
background did not alter survival kinetics. Although these results are 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 (pre-)TCR-deficient

background.

T cell lymphomas in Ptenflox/flox x Lck-Cre mice in �c and/or (pre-)TCR deficient

backgrounds originate in the thymus

Previous analyses showed that T cell-specific Pten loss compensated for the loss of �c,
CD3�, or �c and Rag2 with regard to thymic cellularity and thymocyte population
distribution (20). Thymocyte counts of 62 of 86 wild-type control mice, 47 of 78

Ptenflox/flox x Lck-Cre mice (35), 21 of 21 �c-/- mice and 19 of 19 Ptenflox/flox x Lck-Cre x
�c-/- mice, 40 of 49 CD3�-/- mice and 25 of 31 Ptenflox/flox x Lck-Cre x CD3�-/- mice, 12 of
12 Rag2-/- mice and 12 of 12 Ptenflox/flox x Lck-Cre x Rag2-/- mice and 2 of 2 �c-/- x Rag2-/-

mice and 8 of 9 Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/- mice, were performed to assess
whether �c and/or (pre-)TCR deficient mice had developed thymic T cell lymphoma over

time due to Lck-Cre-mediated Pten loss. Analyses revealed that thymic cellularity
increased significantly upon T cell lymphomagenesis, and that thymocyte counts of all

tumor-bearing Ptenflox/flox x Lck-Cre mice in an IL-7R and/or (pre-)TCR-deficient

background were comparable to thymocyte counts of tumor-bearing Ptenflox/flox x Lck-Cre
mice in a wild-type background (35) (Figure 2, upper panel, and Table 1). These analyses

indicate that regardless of loss of �c and/or (pre-)TCR-mediated signaling, Lck-Cre-
mediated Pten loss induced massive thymocyte expansion, giving rise to T cell

lymphomas in all cases.

Flow cytometric analysis of malignant thymocytes derived from 8 of 19 Ptenflox/flox x Lck-
Cre x �c-/- mice, 12 of 31 Ptenflox/flox x Lck-Cre x CD3�-/- mice, 10 of 12 Ptenflox/flox x Lck-
Cre x Rag2-/- mice and 5 of 9 Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/- mice, revealed that
massive expansion of thymocytes that displayed cell surface markers characteristic for

various stages of thymocyte development had occurred, comparable to expansion kinetics

observed in Ptenflox/flox x Lck-Cre mice (35). Results are summarized in Table 2. Nearly
all tumor-bearing mice had massively expanded DP populations, and all detected

thymocyte populations showed elevated CD2, CD5, CD25 and/or CD44 expression at the

cell surface, reflecting constitutive activation due to Pten loss ((35) and data not shown).

Next to expansion of DP populations, tumor-bearing Ptenflox/flox x Lck-Cre x �c-/- mice had
also expanded DN TCR�-expressing (3 of 8) and/or ISP CD8

+
TCR�

low
(4 of 8)

populations, or SP CD4
+
and SP CD8

+
TCR�

high
populations (1 of 8); all analyzed tumor-

bearing Ptenflox/flox x Lck-Cre x CD3�-/- mice had additionally expanded DN populations
(8 of 12), CD8

+
populations (9 of 12), and/or SP CD4

+
populations (2 of 12). Increased

numbers of DN and CD8
+
thymocytes (3 of 10), or SP CD4

+
thymocytes (1 of 10) were

observed to be coexistent with DP populations in tumor-bearing Ptenflox/flox x Lck-Cre x
Rag2-/- mice, and 1 of 10 Ptenflox/flox x Lck-Cre x Rag2-/- mice had only expanded DN and
SP CD4

+
populations; this was the only mouse in which DP cells were absent. In tumor-

bearing Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/- mice, an exclusive DP population was found
(1 of 5), or DP cells were found to be coexistent with DN populations (3 of 5) and/or
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CD8
+
populations (2 of 5), or a SP CD4

+
population (1 of 5). It needs to be noted that

assessment of maturity of CD8
+
populations on basis of intensity of cell surface TCR

expression (36) in a CD3�-/- or Rag2-/- background was problematic, as CD3� loss
strongly reduces expression of the TCR at the cell surface (32), and Rag2 loss completely

abolishes TCR expression (20, 37).

Figure 2 T cell-specific loss of Pten in a �c-/-, CD3�-/-, Rag2-/- or �c-/- x Rag2-/- background leads to
increased thymic, but not splenic cellularity over time. Thymocyte (upper panel) and splenocyte (lower

panel) counts of healthy/tumor-bearing Ptenflox/flox x Lck-Cre (n=47), �c-/- (n=21), healthy/tumor-bearing
Ptenflox/flox x Lck-Cre x �c-/- (n=19), CD3�-/- (n=40), healthy/tumor-bearing Ptenflox/flox x Lck-Cre x CD3�-/-

(n=25), Rag2-/- (n=12), and healthy/tumor-bearing Ptenflox/flox x Lck-Cre x Rag2-/- (n=12), �c-/- x Rag2-/-

(n=2) and healthy/tumor-bearing Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/- (n=8) mice, compared to age-
matched wildtype control mice (n=62). H., healthy; T.B., tumor-bearing.

Tumor-bearing Ptenflox/flox x Lck-Cre mice in �c and/or (pre-)TCR deficient

backgrounds do not show increased spleen cellularity

Previously we documented that thymic T cell lymphomas in Ptenflox/flox x Lck-Cre mice
infiltrated the periphery (35). To assess whether the thymic lymphomas induced by Pten

loss in a �c and/or (pre-)TCR deficient background metastasized into the periphery,
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Table 1 Thymocyte and splenocyte counts of wild-type mice, and Ptenflox/flox x Lck-Cre mice in a wild-type,
�c-/-, CD3�-/-, Rag2-/- or �c-/- x Rag2-/- background. Number of analyzed mice, absolute thymocyte and
splenocyte numbers, and thymus/spleen ratios are presented. Note that the thymic cellularity of healthy

Ptenflox/flox x Lck-Cre x Rag2-/- mice remained relatively low; this was due to the fact that only two 1-week-
old mice were available for analysis.
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splenocyte counts were performed on 34 of 86 wild-type control mice, 28 of 78

Ptenflox/flox x Lck-Cre mice (35), 21 of 21 �c-/- mice and 19 of 19 Ptenflox/flox x Lck-Cre x
�c-/- mice, 9 of 49 CD3�-/- mice and 12 of 31 Ptenflox/flox x Lck-Cre x CD3�-/- mice, 12 of
12 Rag2-/- mice and 12 of 12 Ptenflox/flox x Lck-Cre x Rag2-/- mice and 2 of 2 �c-/- x Rag2-/-

mice and 8 of 9 Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/- mice (Figure 2, lower panel, and
Table 1).

At young age, splenocyte counts of healthy Ptenflox/flox x Lck-Cre x �c-/- mice were
significantly decreased as compared to wild-type and were similar to splenocyte counts

obtained from �c-/- mice. In addition, despite the presence of lymphomas in the thymus of
Ptenflox/flox x Lck-Cre x �c-/- mice over time, no massive increase of numbers of T cells in
the periphery was observed, and peripheral T cell counts were significantly lower than

peripheral T cell counts obtained from tumor-bearing Ptenflox/flox x Lck-Cre mice in a
wild-type background. As it has been reported that �c-mediated PI3K activity positively

regulates survival and proliferation of thymocytes and peripheral T cells (20, 27, 28), and

as Pten loss did not compensate for the loss of �c with regard to splenocyte counts in a

healthy and tumor setting, these findings suggested that low splenic cellularity reflected

�c cytokine-dependent, but PI3K-independent, impairment of thymic exit. Splenocyte

counts of healthy Ptenflox/flox x Lck-Cre x CD3�-/- mice were not different from those in
wild-type and healthy Ptenflox/flox x Lck-Cre mice. However, in tumor-bearing animals,
significantly less peripheral T cells were observed that in tumor-bearing Ptenflox/flox x Lck-
Cre mice, suggesting that the TCR positively regulates thymic exit in PI3K-independent
fashion. In line with this, we observed that in healthy Ptenflox/flox x Lck-Cre x Rag2-/- and
Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/- mice, splenocyte counts were comparable to
splenocyte counts obtained from Rag2-/- and �c-/- x Rag2-/- mice, which was in line with
previous observations that revealed a complete absence of peripheral T cell populations

in healthy Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/- mice (20). Moreover, although
thymocytes of tumor-bearing Ptenflox/flox x Lck-Cre x Rag2-/- and Ptenflox/flox x Lck-Cre x 
�c-/- x Rag2-/- mice had expanded massively, splenocyte counts remained significantly
lower than splenocyte counts obtained from tumor-bearing Ptenflox/flox x Lck-Cre mice,
and were comparable to wild-type splenocyte counts. Collectively, the findings obtained

from healthy and malignant T cel-specific Pten-deficient mice in a (pre-)TCR deficient

background support a positive regulatory role of TCR signaling in thymic exit which is

independent of PI3K signaling. It needs to be noted that low spleen cellularities in

healthy and tumor-bearing Ptenflox/flox x Lck-Cre x �c-/-, Ptenflox/flox x Lck-Cre x Rag2-/-

mice and Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/- mice additionally reflects impaired �� TCR

T cell and NK cell development as a result of �c loss, and impaired B cell development as

a result of Rag2 loss.

Although peripheral T cell numbers in tumor-bearing Ptenflox/flox x Lck-Cre mice in a �c

and/or (pre-)TCR deficient background were much lower than in tumor-bearing

Ptenflox/flox x Lck-Cre mice, thymocyte populations that expressed high cell surface CD2,
CD5, CD25 and/or CD44 had infiltrated the periphery to similar extent (Table 2, and data

not shown). In Ptenflox/flox x Lck-Cre x �c-/- mice, only one T cell lymphoma was found
exclusively in the thymus, while all other thymic T cell lymphomas gave rise to

malignant peripheral populations (Table 2). In 5 of 8 tumor-bearing mice, splenic DP

populations coexisted either with DN populations (2 of 5), a SP CD4
+
population (1 of 5),
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Table 2 CD4 and CD8 phenotype of T cell lymphomas found in Ptenflox/flox x Lck-Cre mice in a �c-/-, CD3�-

/-
, Rag2-/- or �c-/- x Rag2-/- background. Flow cytrometric analysis of CD4 and CD8 cell surface expression
by thymocytes and corresponding peripheral cells isolated from tumor-bearing Ptenflox/flox x Lck-Cre x �c-/-

(n=8), Ptenflox/flox x Lck-Cre x CD3�-/- (n=12), Ptenflox/flox x Lck-Cre x Rag2-/- (n=10), Ptenflox/flox x Lck-Cre x
�c-/- x Rag2-/- (n=5) mice. DN, double negative CD4-CD8-; DP, double positive CD4+CD8+; ISP8+,
immature single positive CD8

+
; SP4

+
or SP8

+
, single positive CD4

+
or CD8

+
; n.d., not determined.
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DN and SP CD4
+
populations (1 of 5), or DN, SP CD4

+
and ISP CD8

+
TCR�

low

populations (1 of 5) (Table 2). In 2 of 8 tumor-bearing mice, exclusive SP CD4
+

populations were detected in the spleen (Table 2). In 5 of 8 tumor-bearing Ptenflox/flox x
Lck-Cre x CD3�-/- mice, peripheral DP populations were detected, either in combination
with CD8

+
cells (2 of 5), DN and CD8

+
populations (1 of 5), SP CD4

+
and CD8

+

populations (1 of 5), or DN, SP CD4
+
and CD8

+
populations (1 of 5) (Table 2). In 2 of 8

tumor-bearing mice, peripheral SP CD4
+
cells were coexistent with peripheral DN and

CD8
+
cells; 1 of 8 tumor-bearing mice showed only peripheral SP CD4

+
infiltration

(Table 2). In 7 of 10 tumor-bearing Ptenflox/flox x Lck-Cre x Rag2-/- mice, DP thymocytes
had infiltrated the periphery, either exclusively (2 of 7), or in combination with CD8

+

cells (1 of 7), DN and CD8
+
populations (1 of 7), or DN and SP CD4

+
population (3 of 7)

(Table 2). Thymic T cell lymphomas in 3 of 10 tumor-bearing mice gave rise to SP CD4
+

populations (2 of 3) or DN and SP CD4
+
populations (1 of 3) in the periphery (Table 2).

In all 5 tumor-bearing Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/- mice, peripheral DP
populations were detected in combination with DN cells (1 of 5), CD8

+
cells (1 of 5), DN

and CD8
+
cells (1 of 5), or SP CD4

+
cells (1 of 5); 1 of 5 tumor-bearing mice displayed

exclusive thymocyte and peripheral DP populations (Table 2).

Figure 3 Only TCR�
+
thymocytes exit the thymus in �c-/-, healthy and tumor-bearing Ptenflox/flox x Lck-Cre

x �c-/- mice. Flow cytrometric analysis of CD4, CD8 and TCR� cell surface expression by thymocytes and

corresponding splenocytes isolated from a representative �c-/-, a representative healthy Ptenflox/flox x Lck-Cre
x �c-/- and a representative tumor-bearing Ptenflox/flox x Lck-Cre x �c-/- mouse. At least 8 mice were analyzed
per group. Numbers in quadrants of dot plots indicate percentages of each population. The gates were set to

include 99% of the control, isotype stained cells of each sample in the negative quadrant. DN, double

negative CD4
-
CD8

-
; DP, double positive CD4

+
CD8

+
; CD4

+
or CD8

+
, single positive CD4

+
or CD8

+
; cs-

TCR�, cell surface TCR�.
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Only TCR�
+

Pten-deficient thymocytes leave the thymus

The relatively low splenic cellularity found in Pten-deficient mice in a �c-/-, CD3�-/-,
Rag2-/- and �c-/- x Rag2-/- background suggested that thymic exit was impaired due to loss
of �c cytokine and/or TCR-mediated signaling. To confirm this, we analyzed TCR�

expression in all thymic and splenic populations. In �c-/- mice and in both healthy and
tumor-bearing Ptenflox/flox x Lck-Cre x �c-/- mice, all mature SP thymocyte and related
peripheral T cell populations expressed cell surface TCR� (Figure 3). It needs to be noted

that not all CD8-expressing thymocytes expressed high levels of cell surface TCR�,

reflecting their immature state (36). Due to the fact that Pten loss allows TCR�
-

thymocytes to bypass pre-TCR-mediated � selection (20), and enhances TCR-mediated

positive selection and attenuates TCR-mediated negative selection (19), both TCR�
+
and

TCR�
-
SP CD4

+
and CD8

+
thymocytes were detected in both healthy and tumor-bearing

Ptenflox/flox x Lck-Cre x CD3�-/- mice (Figure 4). However, only cell surface TCR�-

expressing CD4 and CD8 peripheral T cells were found in the periphery (Figure 4). In

Figure 4 Only TCR�
+
thymocytes exit the thymus in CD3�-/-, healthy and tumor-bearing Ptenflox/flox x Lck-

Cre x CD3�-/- mice. Flow cytrometric analysis of cell surface CD4, CD8 and cell surface and/or

intracellular TCR� expression by thymocytes and corresponding splenocytes isolated from a representative

CD3�-/-, a representative healthy Ptenflox/flox x Lck-Cre x CD3�-/- and a representative tumor-bearing

Ptenflox/flox x Lck-Cre x CD3�-/- mouse. At least 3 mice were analyzed per group. Numbers in quadrants of

dot plots indicate percentages of each population. The gates were set to include 99% of the control, isotype

stained cells of each sample in the negative quadrant. DN, double negative CD4
-
CD8

-
; DP, double positive

CD4
+
CD8

+
; CD4

+
or CD8

+
, single positive CD4

+
or CD8

+
; cs-TCR�, cell surface TCR�; ic-TCR�,

intracellular TCR�.
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line with this, healthy Ptenflox/flox x Lck-Cre x Rag2-/- mice were observed not to have
peripheral T cell populations (Figure 5). In tumor-bearing Ptenflox/flox x Lck-Cre x Rag2-/-
mice, small populations of peripheral T cells were detected (Figure 5), although their

numbers were much lower than in tumor-bearing Ptenflox/flox x Lck-Cre mice. This
indicated that some malignant thymocytes were able to bypass the need for TCR

signaling to modulate thymic exit, or that as a result of massive proliferation of

thymocytes, some thymocytes “leaked” to the periphery by uncontrolled mechanisms.

Figure 5 Only malignant Pten-deficient thymocytes exit the thymus in a Rag2-/- background. Flow
cytrometric analysis of CD4, CD8 and TCR� cell surface expression by thymocytes and corresponding

splenocytes isolated from a representative Rag2-/- , a representative healthy Ptenflox/flox x Lck-Cre x Rag2-/-
and a representative tumor-bearing Ptenflox/flox x Lck-Cre x Rag2-/- mouse. At least 2 mice were analyzed per
group. Numbers in quadrants of dot plots indicate percentages of each population. The gates were set to

include 99% of the control, isotype stained cells of each sample in the negative quadrant. In histogram

plots, the IgG isotype control stained cells are shown in grey. DN, double negative CD4
-
CD8

-
; DP, double

positive CD4
+
CD8

+
; CD4

+
or CD8

+
, single positive CD4

+
or CD8

+
; cs-TCR�, cell surface TCR�.

Defects in thymic exit, but not in peripheral expansion, are responsible for the low

numbers of T cells the periphery of tumor-bearing Ptenflox/flox x Lck-Cre x �c-/- x

Rag2-/- mice

The observations in tumor-bearing Ptenflox/flox x Lck-Cre x �c-/-, Ptenflox/flox x Lck-Cre x
CD3�-/- and Ptenflox/flox x Lck-Cre x Rag2-/- mice did not preclude the possibility that loss
of �c and TCR expression perturbed peripheral expansion rather than thymic egress. To

adress this issue, thymocytes from wild-type, tumor-bearing Ptenflox/flox x Lck-Cre, and
tumor-bearing Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/- mice were transplanted into �c-/- x
Rag2-/- immunodeficient recipients, and peripheral infiltration and proliferation were
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assessed (Figure 6). A representative donor mouse of each genotype with corresponding

�c-/- x Rag2-/- immunodeficient recipients is shown in Figure 6a. Malignant Ptenflox/flox x
Lck-Cre thymocytes gave rise to massively expanded peripheral populations (Figure 6a,
donor dot plots, and Figure 6b, donor graphs), as previously reported (35). Although

thymocytes had expanded massively in the tumor-bearing Ptenflox/flox x Lck-Cre x �c-/- x
Rag2-/- donor mouse (Figure 6a, donor dot plots, and Figure 6b, upper donor graph), only
few malignant peripheral T cells were detectable in terms of absolute cell numbers

(Figure 6a, donor dot plots, and Figure 6b, lower donor graph). All Pten-deficient cells

expressed high levels of CD2, CD25 and/or CD44, reflective of constitutive activation

(data not shown). Three weeks after transplantation of thymocytes of tumor-bearing

animals, clinical signs of T cell lymphomagenesis were apparent in �c-/- x Rag2-/-

immunodeficient recipients that had received Pten-deficient thymocytes, and all mice

were sacrificed. Upon flow cytometric analysis, malignant T cell populations were

observed in thymus, spleen, liver, kidney and blood of �c-/- x Rag2-/- immunodeficient
recipients that were phenotypically identical to populations that were observed in the

periphery of the Pten-deficient donors (Figure 6a, �c-/- x Rag2-/- recipient dot plots, and
data not shown). Strikingly, upon transplantation, a similar massive peripheral expansion

of Ptenflox/flox x Lck-Cre thymocytes and Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/- thymocytes
was observed (Figure 6b, �c-/- x Rag2-/- recipients graphs). These results support the
hypothesis that Pten loss allowed �c- and TCR-deficient thymocytes to survive and

proliferate in the periphery and that impairment of thymic exit, but not peripheral

expansion, was responsible for the difference in peripheral T cell numbers in the

Ptenflox/floxx Lck-Cre x �c-/- x Rag2-/- donors due to �c and TCR loss.

Discussion

Previously we had shown that Pten deficiency compensated for impaired thymocyte

development in a �c and/or (pre-)TCR deficient background (20). In this study, we

showed that Lck-Cre-mediated deletion of Pten in a �c-/-, CD3�-/-, Rag2-/- and �c-/- x
Rag2-/- background gave rise to massively expanding thymic T cell lymphomas, which
were phenotypically similar as those observed in tumor-bearing Ptenflox/flox x Lck-Cre
mice (35). However, although a premature death was induced as a result of Pten loss in a

�c- and/or (pre-)TCR deficient background, spleen cellularities in tumor-bearing

Ptenflox/flox x Lck-Cre x �c-/- and Ptenflox/flox x Lck-Cre x CD3�-/- mice were not found to be
increased to levels observed in tumor-bearing Ptenflox/flox x Lck-Cre mice, and were
comparable to spleen cellularities of wild-type mice; spleen cellularities of tumor-bearing

Ptenflox/flox x Lck-Cre x Rag2-/- and of tumor-bearing Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/-

mice were comparable to Rag2-/- and �c-/- x Rag2-/- controls, respectively. This could be
due to impaired thymic exit, and/or impaired peripheral expansion. We furthermore

demonstrate that although Pten loss allowed both TCR�
+
and TCR�

-
thymocytes to

survive and proliferate in a �c-/- or CD3�-/- background and that the thymic size expanded
to wild type levels (20), only small numbers of cell surface TCR�

+
, but not TCR�

-

thymocytes, left the thymus, regardless of health status. These results indicated that TCR

expression was required for thymic exit. As TCR signaling has been shown to induce



101

Figure 6 Deletion of �c- and (pre-)TCR-mediated signaling impairs thymic export of malignant Pten-

deficient thymocytes. (a) Donor dot plots: flow cytrometric analysis of CD4 and CD8 cell surface

expression by thymocytes and corresponding splenocytes isolated from a representative donor wild-type, a

representative tumor-bearing donor Ptenflox/flox x Lck-Cre, and a representative tumor-bearing donor
Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/- mouse. All analyzed mice are representative of at least 3 mice. (a) �c-/-
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x Rag2-/- recipient dot plots: flow cytrometric analysis of CD4 and CD8 cell surface expression by

thymocytes and corresponding splenocytes isolated from representative �c-/- x Rag2-/- mice that received
either wild-type, malignant Ptenflox/flox x Lck-Cre, or malignant Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/-

thymocytes. All analyzed mice are representative of at least 3 mice. Numbers in quadrants of dot plots

indicate percentages of each population. The gates were set to include 99% of the control, isotype stained

cells of each sample in the negative quadrant. (b) Thymocyte and splenocyte counts of donor wild-type,

tumor-bearing donor Ptenflox/flox x Lck-Cre, and tumor-bearing donor Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/-

mice (left panels), and of �c-/- x Rag2-/- recipient mice that received either wild-type, malignant Ptenflox/flox x
Lck-Cre, or malignant Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/- thymocytes (right panels).

PI3K activity (21), and as PI3K has been shown to be constitutively active in a Pten

deficient background (19, 20), this suggested that PI3K activity is not sufficient to

positively mediate thymic exit in the absence of a functional TCR. In addition, the results

obtained from Ptenflox/flox x Lck-Cre x �c-/- mice suggested that �c cytokine-mediated

thymic exit and/or peripheral expansion was impaired. Impaired peripheral expansion as

a result of �c loss was unlikely in a Pten-deficient background, since thymic cellularity as

a result of �c loss was restored by Pten loss in healthy mice (20), and thymocytes

expanded massively upon transformation. Therefore, the results obtained from Ptenflox/flox
x Lck-Cre x �c-/- mice indicate that Pten loss, and thus constitutive PI3K activation, did
not compensate for the loss of �c with regard to thymic exit, and this indicated that �c

cytokine-mediated regulation of thymic exit is probably not PI3K-dependent. Results

obtained from Ptenflox/flox x Lck-Cre x CD3�-/- mice suggested that CD3�-deficient TCR
signaling could not fully replace wild-type TCR signaling in terms of thymic exit. In

addition, since Pten loss did compensate for defective TCR signaling in terms of survival

and proliferation, but not for exit of thymocytes, these data suggested that PI3K-

independent, but TCR-dependent, mechanisms exist to promote thymic exit. The

dominant role of TCR signaling over �c cytokine-mediated signaling in thymic exit was

confirmed in healthy Ptenflox/flox x Lck-Cre x Rag2-/- and Ptenflox/flox x Lck-Cre x �c-/- x
Rag2-/- mice, in which no peripheral T cell populations were observed (20). Upon
lymphomagenesis, Ptenflox/flox x Lck-Cre x Rag2-/- and Ptenflox/flox x Lck-Cre x �c-/- x Rag2-
/-
thymocytes had expanded massively. Although a small population of malignant

thymocytes appeared to have aquired the ability to bypass the need for the TCR and �c

cytokines to mediate thymic exit, or was allowed to “leak” to the periphery due to

massive thymocyte expansion, transplantation of malignant Ptenflox/flox x Lck-Cre and
Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/- thymocytes into x �c-/- x Rag2-/- immunodeficient
recipients resulted in similar peripheral proliferation, and confirmed that TCR-dependent

and �c cytokine-dependent thymic exit, but not peripheral expansion, was impaired in the

donor Ptenflox/flox x Lck-Cre x �c-/- x Rag2-/- mice. Taken together, these results indicate
that the TCR is required for thymic exit, �c cytokine signaling has an enhancing effect on

thymic exit, and that this does not involve PI3K-dependent mechanisms.

The data presented in this study 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 (11-15). A functional link between the TCR

and PI3K is supported by the observations that the TCR activated the PI3K pathway (21),

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 (11-13, 15, 17, 38-45),
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and that Pten loss or constitutive activation of PI3K and PKB/Akt bypassed (pre-)TCR-

dependent signaling in thymocytes (19, 20, 39, 46-50) and peripheral T cells. In contrast

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

exit (51). 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). Low expression levels of CD24 by SP
thymocytes has been shown to be a hallmark of full maturity (5), 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 (35), 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.

Although our findings indicate that the TCR does not utilize PI3K activity to regulate

thymic exit, a functional link between TCR signaling and S1P1 and CD69 expression,

two factors pivotal for succesful thymic exit, has been established in peripheral T cells:

down regulation of S1P1 and up regulation of CD69 by peripheral T cells upon

encountering exogenous antigens in secondary lymphoid organs was shown to be TCR-

dependent, preventing the T cells to leave (5, 6). In contrast, up regulation of S1P1 and

down regulation of CD69 are required for mature thymocytes to leave the thymus (5, 8).

The precise role of the TCR with regard to thymic exit may therefore be independent of

CD69 and S1P1, and this awaits further investigation.

The transcription factor KLF2 has been shown to be pivotal for thymic exit, as it induces

expression of several receptors required for thymocyte emigration, including �7 integrin,

CD62L and S1P1 (4, 9). Several cytokines that engage �c-containing cytokine receptors,

including IL-2 and IL-7, have been shown to modulate PI3K activity and subsequent

KLF2 expression in activated peripheral T cells: directly after ligation of the TCR, IL-2

was shown to activate PI3K to down modulate KLF2 expression (Sinclair et al., Nat.
Immunol. 2008 in press); after activation, IL-2 and IL-7 were shown to induce re-
expression of KLF2 (52, 53). However, thus far �c cytokine- and PI3K-mediated

regulation of KLF2 expression in thymocytes has not been investigated. As in the present

study we show that �c deficiency resulted in impaired appearance of peripheral T cells in

a Pten-deficient background, these results suggest that �c-containing cytokine receptors

may be positively involved in thymic exit regulation independently of PI3K activity, and

that if KLF2 is regulated by �c cytokines to regulate thymic exit, this may be independent

of PI3K. Further studies are required to assess the role of �c cytokines in thymic exit in

more detail.

Taken together, the findings in this study indicate that TCR signaling is required for

healthy and malignant Pten-deficient thymocytes to leave the thymus, that signaling

through �c cytokine receptors enhances this process, and that �c cytokine- and TCR-

mediated regulation of thymic exit probably does not involve PI3K-mediated signaling.

Most human childhood and adult T cell lymphomas show constitutive active PI3K, and it

is important to develop therapies that target PI3K pathway activity to inhibit survival and

proliferation. However, previously (35) and in the present study we show 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. As most T
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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 human T cell malignancies, and the mouse models described

in this study are valuable tools in this regard.
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