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Abstract
The PI3K-AKT pathway can mediate diverse biological responses and is crucial for optimal immune
responses and lymphocyte development. Deletion of PI3K subunits or AKT leads to blockage of T
cell development at the TCRβ checkpoint. Studies with over-expression of constitutively activated
AKT have implicated this pathway in anti-apoptosis of developing thymocytes and in development
of regulatory T cells. However, the role of endogenous PI3K-AKT in T cell development beyond
the TCRβ checkpoint remains unclear. Here, we inhibited the endogenous PI3K-AKT pathway in
thymocytes after DN stages by expressing the negative regulator, PTEN. These mice exhibit normal
early T cell development, but the transition from ISP (Intermediate Single Positive) to DP (Double
Positive) thymocytes is inhibited, leading to significant decreased number of DP, SP (Single Positive)
thymocytes and peripheral T cells. Proliferation of peripheral T cells is reduced but apoptosis of DP
cells and subsequent T cell maturation, including regulatory T cells, are normal. AKT
phosphorylation can be readily observed in most wild-type T cell compartments but not DP
thymocytes in response to TCR activation. Thus, the PI3K-AKT pathway is crucial for the transition
of ISP to DP thymocytes but is dispensable for apoptosis and maturation of developing thymocytes.
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Introduction
Activation of the PI3K pathway by growth factor receptors is one of the major signaling events
leading to growth, proliferation and anti-apoptosis. PI3K activation results in an increase of
the lipid phosphatidylinositol-3,4,5-triphosphate, which recruits lipid-binding domain
containing kinases PDK1 and AKT to the membrane [1-3]. PDK1 activates AKT [4] and SGK,
a serum and glucocorticoid-induced kinase with a similar structure to AKT. AKT has many
direct substrates, including the cell cycle inhibitor p27, Foxo family of transcription factors,
the pro-apoptotic Bcl-2 family protein Bad and TSC1, a protein that inhibits the TOR pathway
[2,4]. Phosphorylation of these substrates by AKT leads to cell cycle entry, resistance to
apoptosis, increase in cell size and other growth-related events. Unlike AKT, SGK has more
restricted substrates but it also phosphorylates the Foxo family of transcription factors to
promote cell survival and cell cycle entry [5].
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Regulation of the PI3K signaling pathway is important for normal differentiation; its
dysregulation can lead to cancer. PTEN is a lipid phosphatase and a major negative regulator
of the PI3K pathway [2,6,7]. Loss of PTEN in both alleles is frequently found in many human
cancer cells. Germline heterozygous mutation of PTEN is present in patients with the Cowden
syndrome [8,9], who develop hyperplastic lesions in multiple organs with increased risks of
cancer. In mice, heterozygous mutation of PTEN eventually leads to development of
malignancy in different organs, including thymus, prostate, thyroid, liver and intestines
[10-12]. In T cells, conditional knockout of PTEN exhibits defective apoptosis of developing
thymocytes and appearance of aggressive lymphomas, resulting in mouse lethality by 15 weeks
of age [13-15]. Development of tumors is preceded by activation of the PI3K pathway in the
PTEN-deficient T cell precursors of these mice, including AKT phosphorylation, Foxo3a
phosphorylation and reduced levels of p27 [15].

In the lymphoid system, the PI3K pathway has been shown to be important for optimal immune
responses. It mediates signaling from the co-stimulatory T cell molecule CD28 and B cell
docking molecules like CD19 [16-18]. During T cell development, the PI3K-AKT activities
are required for the β selection checkpoint. Deletion of PDK1 or a combination of Akt1 and
Akt2, two of the three AKT family members, results in a partial blockage at the DN (Double
Negative CD4-CD8-) to DP (Double Positive) stage [19,20]. Interestingly in Akt1-/-Akt2-/-

thymocytes, the block at DN stage is not due to inhibition of proliferation but rather because
of the loss of resistance to apoptosis when cells receive the pre-TCR signals [20]. Similarly,
deletion of both PI3K catalytic subunits γ and δ results in a drastic reduction of the DP
thymocyte population [21]. Although increased apoptosis of DP cells in these animals was
reported [21], the defects are more likely to be similar to that of Akt1-/-Akt2-/- mice with
increased apoptosis of DN population as the main culprit.

Because of the early block in DN to DP transition state in PDK1, Akt1/Akt2 or PIK3 γ/δ
knockout mice, it has not been possible to properly assess the role of the PI3K-AKT pathway
in later stages of T cell development. Defects detected in DP or SP (Single Positive) thymocytes
in these mice could simply due to an escape of abnormal cells after the TCR β checkpoint. To
overcome this problem, we generated transgenic mice expressing PTEN at DP and SP but not
DN thymocytes. These mice exhibited normal number of DN thymocytes but higher number
of ISP (Intermediate Single Positive) and approximately 2-fold reduction of DP and SP cells.
We observed partial inhibition of TCR-stimulated proliferation of mature T cells but apoptosis
of DP thymocytes was normal. AKT phosphorylation was detected in activated ISP and SP
thymocytes and this was inhibited in PTEN transgenic mice. However, AKT phosphorylation
was not observed in wild-type DP thymocytes, even when stimulated for 24 hours. We
concluded that the PI3K-AKT pathway is important for ISP to DP transition but not for
apoptosis of DP thymocytes or T cell maturation.

Results
Generation of transgenic mice over-expressing PTEN in DP, SP and mature T cells

To bypass the requirement of PI3K-AKT pathway during the TCR-β checkpoint (DN3 to DN4
transition), we employed the CD4 promoter/enhancer regulatory elements [22] to drive
transgenic expression of PTEN in DP, SP and mature T cells (Fig. 1A). Two transgenic
founders (line 1 and line 4) were obtained and analyzed. We used intracellular staining with
PTEN-specific antibody to assess expression of the PTEN transgenic protein in different T cell
compartments. As expected for a transgene under the CD4 promoter/enhancer (without the
CD4 silencer), no increase in PTEN expression was found in DN thymocytes but higher PTEN
levels were found in ISP, DP, CD4+ and CD8+ SP transgenic thymocytes as well as mature
transgenic T cells from spleen and lymph nodes (Fig. 1B).
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Flow cytometry analysis was carried out using antibodies specific for CD4, CD8, TCRβ and
other activation markers (CD69, CD25, HSA). As shown in figure 2A, both lines of transgenic
mice showed a drastic reduction of the percentages of peripheral CD4+ T cells. These mice
also exhibited reduced cellularities for thymus, spleen and lymph nodes (Fig. 3A and data not
shown). Adjusting for the absolute cell numbers, the PTEN transgenic mice exhibited no
change in the DN thymocyte population (Fig. 3B). This was further confirmed by CD44/CD25
profile analysis of DN cells, showing normal early T cell development (Fig. 2B). However, a
higher level of ISP and reduced numbers of DP, CD4+ and CD8+ SP thymocytes were observed.
The increased number of transgenic ISP was approximately 2-fold (p<0.05) (Fig. 3B). As ISP
thymocytes are the intermediate population between DN and DP cells [23], these data suggest
that inhibition of the PI3K-AKT pathway results in a blockage of ISP to DP transition, leading
to an accumulation of the ISP population and a 1.67-fold reduction of DP, CD4+ SP T cells
and a 2-fold reduction in CD8+ SP cells (Fig. 3B). Positive selection is largely normal as
indicated by a similar drop of the number of SP thymocytes as that of DP cells. We also
performed staining with CD69 and HSA-specific antibodies. CD69 is usually up-regulated in
thymocytes receiving TCR signals and HSA is down-regulated upon positive selection.
Although the level of CD69 was slightly lower for the PTEN transgenic thymocytes (Fig. 4A
left panels), their HSA level was indistinguishable from the control mice (Fig. 4A, right panels).
In addition, the expression levels of RORγt, a transcriptional factor crucial for the survival of
DP thymocytes [24], were similar between transgenic and wild-type DP thymocytes (Fig. 4B).
To examine thymic emigration, we measured the amount of mRNA for S1P1 and LKLF, two
genes essential for emigration of SP thymocytes to the peripheral organs [25, 26]. As shown
in figure 4B, no significant differences were found in S1P1 and LKLF expression levels
between PTEN transgenic and WT littermate controls. Consistent with the lack of major defects
in emigration, the drop in the absolute cell numbers of transgenic CD4 and CD8 T cells in the
lymph nodes and spleen were roughly comparable to the drop of the transgenic SP thymocytes
(Fig. 4C and data not shown). Finally intracellular staining with Foxp3 antibody showed normal
percentage of regulatory T cells in the splenic CD4+ cells of these PTEN mice (Fig. 2C).

AKT phosphorylation in ISP and TCR-stimulated SP but not DP thymocytes
To examine activation of the PI3K-AKT pathway in different T cell populations and to assess
the effect of PTEN over-expression, we performed intracellular staining with phospho-AKT-
specific antibody. Thymocytes were stimulated with anti-CD3/CD28 for various time points
and stained with CD4, CD8, TCRb and P-AKT specific antibodies. As shown in figure 5A,
ISP thymocyte population (CD8+CD4-TCRβlow) from wild-type mice exhibited a small but
consistent constitutive AKT phosphorylation in unstimulated population. This is consistent
with the known proliferating nature of ISP [23]. Further TCR stimulation led to a small increase
of AKT phosphorylation. As expected, AKT phosphorylation was greatly diminished in
transgenic ISP population, indicating the efficient repression of the PI3K-AKT pathway by the
transgenic PTEN protein. Repression of this pathway was also observed in TCR stimulated
CD4 or CD8 SP thymocytes. After 24-hour stimulation, high levels of PAKT were seen in
CD4 and CD8 SP cells from wild-type mice. Residual P-AKT levels were seen in transgenic
CD4 SP cells but none was seen in transgenic CD8 SP thymocytes (Fig. 5A). In contrast,
stimulated DP thymocytes didn't exhibit any AKT phosphorylation at all time points, even in
wild-type cells (Fig. 5A). This result was further confirmed by western blot using stimulated
sorted wild-type DP thymocytes (data not shown) and by the readily detectable AKT
phosphorylation in PTEN-deficient DP thymocytes (Fig. 5B)

Normal DP thymocyte apoptosis in pTG2-PTEN transgenic mice
To further examine the effect of PTEN over-expression on proliferation and apoptosis, we
isolated total splenocytes from transgenic mice and their wild-type littermates. Splenocytes
were then stimulated with soluble anti-CD3/CD28 antibodies for up to 72 hours. Proliferation
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was assessed using BrdU incorporation and through increased cell size. While wild-type T
cells increased their cell size by 24 hours, only a small proportion of transgenic T cells had
done so (Fig. 6A). By 48 hours, however, both wild-type and transgenic T cells exhibited
similar blasts. A similar delay in proliferation kinetics was seen in experiments examining
BrdU incorporation (Fig. 6B). A two-fold reduction in BrdU incorporation was observed in
transgenic T cells stimulated for 48 hours but the difference disappeared by 72 hours. The
partial nature of the effect of PTEN was confirmed by examining AKT phosphorylation. As
shown in figure 6A (right panel), a partial inhibition of AKT phosphorylation was observed in
transgenic T cells. Akt phosphorylation could be detected within the first 5 hours of TCR
stimulation but the extent of phosphorylation was much lower after 24-hour stimulation.

Finally, we examined apoptosis of transgenic DP thymocytes in vitro with or without
stimulation with anti-Fas antibody, phorbol ester PMA or dexamethasone. Apoptotic cells were
scored as those that are AnnexinV positive and 7-AAD negative. No significant difference in
the rate of apoptosis was found in cultured thymocytes at all the time points examined (Figure
6C, left panel). Similarly, apoptosis through the Fas pathway, by PMA or by dexamethasone
proceeded normally in the transgenic DP cells (Figure 6C, right panel).

Discussion
The role of PI3 kinase in T cell function and early T cell development has been studied
extensively but whether this is an obligatory pathway for T cell development beyond the β
checkpoint is not clear. PI3 kinase pathway is important for co-stimulatory activity of mature
T cells. Expression of activated AKT protein results in T cells that are CD28-independent
[17] and exhibit resistance to Fas-induced apoptosis [27]. Deletion of the PI3 kinase subunits
delta/gamma or the downstream kinases AKT1/2 leads to abnormal transition of DN to DP
stage [20,21]. We show here that over-expression of PTEN in T cells after the β checkpoint
leads to a partial block at the transition of ISP to DP thymocytes and subsequently decreased
of DP and SP thymocytes, but positive selection is normal. During T cell development two
checkpoints, β selection and positive/negative selection, have been extensively studied.
However, the molecular mechanisms of DN to ISP and ISP to DP transitions are poorly
understood. Only IL-7R and two families of transcription factors, TCF-1 and RORγ have been
implicated in this process [28-32]. Mice with null mutations at TCF-1 and its family member,
LEF1, in particular, exhibit a complete block of ISP to DP transition [29,30]. Our data here
suggest that the PI3 kinase pathway also plays an important role during the transitional stage
from ISP to DP. As AKT has been shown to inhibit GSK3, a negative inhibitor of the β-catenin/
TCF-1/LEF-1 pathway [33], decreased AKT phosphorylation in PTEN transgenic mice might
lead to lower levels of β-catenin/TCF-1 transcriptional activity and subsequent inhibition of
ISP to DP transition similar to those seen at the TCF-1 knockout mice [29].

We also show that apoptosis of PTEN transgenic DP T cells appears to be normal. Apoptosis
of PTEN transgenic DP cells is similar to non-transgenic DP cells when cultured in vitro or
when stimulated with dexamethasone, phorbol ester or Fas. This is in contrast to thymocytes
with deletion of the PI3 kinase subunits delta/gamma, which are more susceptible to cell death
[21]. We think that the discrepancy might be due to the abnormal DN to DP transition in
PI3Kγ/PI3Kδ knockout mice, which selects unusual population of DP cells that are more
sensitive to cell death. Our results are consistent with the inability to detect AKT
phosphorylation in DP thymocytes, even when they are stimulated for various length of time
(this paper figure 5A, [34]). AKT phosphorylation could only be seen in DP cells when PTEN
is missing, suggesting that PTEN plays a major role in regulating AKT responsiveness in DP
cells. The inability to detect AKT phosphorylation in DP cells is somewhat surprising, given
the previous suggestions that the PI3K-AKT pathway is important for apoptosis. However, the
conclusion that the PI3K-AKT pathway is crucial for DP cells was derived from studies
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utilizing over-expression of activated AKT (and thus did not address the endogenous pathway)
or from knockout thymocytes that have defects in the earlier stage of T cell development [21,
35]. In contrast to DP cells, AKT activation can be observed readily in ISP. The ISP population
contains mostly proliferating cells and express high levels of cell cycle proteins c-myc [36]
and Ki-67 [15]. Inhibition of ISP to DP transition by transgenic PTEN is consistent with the
role of AKT in proliferation, perhaps through the β-catenin/TCF-1 pathway as discussed
earlier.

Recently, the AKT-mTOR pathway was shown to affect regulatory T cell production during
T cell development [37]. Introduction of activated AKT retroviruses leads to inhibition of
Foxp3+ regulatory T cells. In pTG2-PTEN mice, however, we detected no changes in the
number of Foxp3+ cells, thus the PI3K pathway is not required for Treg development although
AKT activation can negatively affect Treg. This might work by increasing the frequency of
thymocytes that undergo positive/negative selections. It is also interesting to note that loss of
PTEN in DP cells results in resistance to negative selection [13] although expression of
activated AKT has no consistent effect on negative selection [38]. Thus, other proteins like
SGK [1,39] might play a more major role in DP negative selection. Additional experiments
will be necessary to dissect out the role of individual players in the PI3K signal transduction
pathway during T cell development.

Materials and methods
Generation of PTEN transgenic mice

The pTG2 vector was constructed using the murine CD4 gene promoter, the proximal enhancer,
and the human β-globin genes from p1017 [40] based on previous transgenic studies of the
CD4 regulatory elements [22]. The murine CD4 promoter (983 bp) and the enhancer (339 bp)
were amplified from B6 genomic DNA using the following oligonucleotides: promoter forward
(5'-AGAAACTGCAGATCTGGGCTAGAGGAGAATATGG) and reverse (5'-
AACGCGGATCCGTTAACCTCGAGACTTTGCAAACAGG), enhancer forward (5'-
ATAAGAATGCGGCCGCTGTTGGGGTTCAAATTTGA) and reverse (5'-
AGAAACTGCAGACCAATCTACCTCCACCCTGGCT). The enhancer and the promoter
were ligated to each other after the enhancer was digested with NotI/PstI and the promoter was
digested with PstI/BamHI. The enhancer-promoter fragment was then cloned into NotI/partial
BamHI-digested p1017. Unique sites in this pTG2 transgenic constructs are SalI and BamHI.
To generate PTEN transgenic mice, the murine PTEN cDNA (Open Biosystem) was amplified
by PCR and subcloned into the pTG2 vector. Transgenic mice were generated using standard
procedures. Transgenic mice were genotyped by PCR using the following primers: hgh
5' (GACAC AAACT CACAC AACGA TGACG C) and hgh 3' (ATGCC TGGAA CTCCA
ACAAC TCGG).

Flow cytometry
Cells were prepared from lymphoid organs of littermates. After red blood cell lysis, they were
stained with the indicated antibodies. Anti-CD4, anti-CD8, anti-TCRβ, anti-CD69, anti-CD25,
and anti-HSA antibodies were purchased from BD Pharmingen. For the Foxp3 staining, total
splenocytes were fixed and stained with anti-CD4 and anti-mouse Foxp3 (eBioscience)
according to the manufacturer instructions.

Intracellular staining
Fresh isolated thymocytes and peripheral T cells were fixed and stained with anti-PTEN
antibody. Thymocytes were stimulated with plate-bound anti-CD3 (2 μg/mL) and anti-CD28
(2 μg/mL) for the indicated time periods, fixed and stained with anti-phospho-Akt antibody.
Total splenocytes were stimulated with soluble anti-CD3 (0.5 μg/mL) and anti-CD28 (0.5 μg/
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mL) for the indicated time periods, fixed and stained with anti-phospho-Akt antibody.
Intracellular staining of phospoh-Akt and PTEN was performed as described previously [41].
Briefly, formaldehyde was added directly to culture medium to a final concentration of 2%
and incubated for 10 min at room temperature. The cells were pelleted, resuspended in ice-
cold methanol, and incubated for 15-30 min on ice. Then the cells were washed three times
with staining buffer (0.5% BSA in PBS) and stained with antibodies. Anti-phospho AKT (ser
473) and anti-PTEN antibodies were purchased from Cell Signaling.

Quantitative real-time RT-PCR
Total RNAs were extracted from sorted DP thymocytes and CD4+CD8- SP thymocytes. The
primer sequences are: RORγt forward (5'-TGTGCAGATCTAAGGGCTGA) and reverse (5'-
CAGTAGGGTAGCCCAGGACA), S1P1 forward (5'-GTGTAGACCCAGAGTCCTGCG)
and reverse (5'-AGCTTTTCCTTGGCTGGAGAG), LKLF forward (5'-
CGCCACTACCGAAAGCAC) and reverse (5'-CGCACAAGTGGCACTGAAAG), as well
as GAPDH forward (5'-AGAACATCATCCCTGCATCC) and reverse (5'-
CACATTGGGGGTAGGAACAC).

BrdU incorporation
Total splenocytes were stimulated with soluble anti-CD3 (0.5 μg/mL) and anti-CD28 (0.5 μg/
mL) for the indicated time periods and 10 μM of BrdU was added into cell culture medium for
the last 16 h. The BrdU staining was performed after cells were fixed. The anti-BrdU antibody
was purchased from Caltag.

Thymocyte culture and apoptosis assay
Thymocytes was isolated and stimulated with anti-Fas (2 μg/mL), PMA (0.5, 1 ng/mL) or
Dexamethasone (7.8 nM). After the indicated time, cells were collected and stained with cell
surface markers, CD4 and CD8, as well as Annexin V (BD Biosciences) and 7-AAD for flow
cytometric analysis.
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Figure 1.
Expression of murine PTEN in different T cell populations. (A) The murine PTEN cDNA was
cloned into the pTG2 vector containing the CD4 gene promoter (Pr), CD4 gene proximal
enhancer (PE), and human growth hormone splicing and polyadenylation sequence (hGH). (B)
Intracellular staining of PTEN expression in different T cell compartments of PTEN transgenic
mice (pTG2) and their non-transgenic littermate controls (WT). Two lines of transgenic
founders were shown (line 1 and line 4).
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Figure 2.
Flow cytometric profiles of pTG2-PTEN transgenic mice (Tg). (A) CD4 versus CD8 profiles
of thymus, spleen and lymph nodes (LN) for line 1 and line 4 pTG2-PTEN transgenic mice as
well as their littermate control mice (WT). (B) CD44 versus CD25 profiles of gated DN
thymocytes. (C) Foxp3 intracellular staining of splenic CD4+ T cells. The experiments were
done more than three times with similar results.
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Figure 3.
The total number of cells found in the lymphoid organs from pTG2-PTEN transgenic mice
(Tg) and littermate controls (WT). (A) The total number of cells found in thymus, spleen and
lymph nodes (LN) of pTG2-PTEN transgenic mice and their littermate controls (WT). Each
box or circle represents one mouse (n=10). (B) The number of cells in each thymocyte
population from transgenic and WT littermates (n=10). CD4 and CD8 SP thymocytes were
gated on TCRhigh population. The ratio of transgenic/non-transgenic cell number for each cell
population is indicated below (p values were measured using student's t-test). The data was
based on 10 pairs of mice. The arrows represent the order of T cell differentiation.
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Figure 4.
Normal positive selection and thymic emigration in pTG2-PTEN transgenic mice (A) Left two
panels: CD69 versus TCR staining profiles of DP thymocytes in transgenic (Tg) and their
littermate controls (WT). Right two panels: HSA staining of CD4 SP and CD8 SP thymocytes
in transgenic mice and their littermates. (B) Quantitative real-time PCR of RORγt, S1P1, and
LKLF using sorted DP thymocytes and CD4 SP thymocytes. (C) The total cell number of
CD4+ and CD8+ lymph node T cell population from transgenic and WT littermate controls
(n=8). The ratio of transgenic/non-transgenic cell number for each cell population is indicated
below the graph (p values were measured using Student's t-test). The experiments in panel A
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were done more than 3 times with similar results, those in panel B were based on triplicate
samples and data in panel C were based on 8 pairs of mice.
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Figure 5.
Phosphorylation kinetics of AKT following TCR stimulation. (A) Thymocytes from PTEN
transgenic (Tg) or WT littermates were stimulated with plate-bound anti-CD3/CD28 antibodies
for the indicated time points. Cells were fixed and stained with antibodies specific for CD4,
CD8, TCRβ and phospho-AKT. (B) Thymocytes from PTEN-deficient mice (PTENflox/flox/
lck-Cre) [15] or wild-type littermates were stimulated with plate-bound anti-CD3/CD28
antibodies for the indicated time points. Cells were fixed and stained with antibodies specific
for CD4, CD8 and phospho-AKT. Cells were analyzed by flow cytometry. The experiments
were done more than three times with similar results.
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Figure 6.
Transgenic expression of PTEN affected proliferation of peripheral transgenic T cells but not
apoptosis of transgenic DP thymocytes. (A & B) PTEN transgenic splenic T cells exhibited
partial defects in TCR-induced proliferation. Total splenocytes from PTEN transgenic mice or
their wild-type littermate controls were stimulated with soluble anti-CD3/CD28 antibodies for
the indicated time points. CD4+ T cells were gated and analyzed. (A) Left panel: cell size as
measured by side scatter (forward scatter showed a similar pattern). Right panel: the level of
AKT phosphorylation was measured using intracellular staining with P-AKT specific
antibodies. (B) Proliferation was measured using BrdU incorporation. The percentages of BrdU
+ cells are as shown in the figure. (C) Normal apoptosis of PTEN transgenic DP thymocytes.
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Left panel: apoptosis of DP thymocytes culture in vitro over time. Right panel: DP thymocytes
from PTEN transgenic mice (Tg) or their wild-type littermate controls were stimulated with
anti-Fas antibody, PMA phorbol ester or dexamethasone (Dex). The extent of apoptosis (%
Annexin V positive, 7-AAD negative cells) was measured 16 hours later.
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