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Many studies have positioned Notch sig-
naling at various critical junctions during
T-cell development. There is, however,
debate regarding the role of Notch in the
CD4 versus CD8 lineage commitment.
Because there are 4 Notch receptors and
RBP-J�–independent Notch signaling has
been reported, we decided to eliminate
�-secretase activity once its activity is
required for all forms of Notch signaling.
T-cell–specific elimination of �-secretase
was carried out by crossing presenilin-1

(PS1) floxed mice with CD4-Cre mice and
PS2 KO mice, generating PS KO mice.
Thymic CD4�CD8� double-positive (DP)
cells from these mice were strikingly resis-
tant to apoptosis by anti-CD3 treatment in
vivo and expressed more Bcl-XL than
control thymocytes, and deletion of only
one allele of Bcl-XL gene restored wild-
type levels of sensitivity to apoptosis. In
addition, these PS KO animals displayed
a significant decrease in the number of
CD8� T cells in the periphery, and these

cells had higher level of phosphorylated
p38 than cells from control littermates.
Our results show that ablation of preseni-
lins results in deficiency of CD8 cells in
the periphery and a dramatic change in
the physiology of thymocytes, bringing to
our attention the potential side effects of
presenilin inhibitors in ongoing clinical
trials. (Blood. 2007;110:3218-3225)
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Introduction

Notch signaling was first identified in strains of Drosophila flies
that exhibit Notching at their wing edges, and subsequent analyses
showed that Notch signals regulate cell fate, cell numbers via
effects on proliferation and survival, and cell position, all of them
dependent of dose, timing, and context of the Notch signal.1 Nearly
all aspects of invertebrate Notch signaling are recapitulated in
mammals in which this pathway plays multiple roles in normal
development and disease.1,2

Engagement of Notch receptor by its ligands results in a series of
proteolytic cleavage events that cause the release of the Notch intracellu-
lar domain (NIC). The final processing step of Notch is achieved by a
�-secretase complex where presenilins (PSs) play a major role.3 Indeed,
the absence of PS function through genetic ablation or using �-secretase
inhibitors induces a phenocopy of Notch loss of function.4-9 Once NIC is
in the nucleus, it interacts with RBP-J� resulting in the transcription of
several Notch targets such as hes, hrt, and deltex family members, or
pre-T�, to name a few.10,11 It is important to note that Notch activities
independent of RBP-J� but linked to other proteins such as deltex have
been described.2,12-15 Despite the crucial role of presenilins in the Notch
pathway, PSs could also be directly involved in MAPK activation/
suppression, so it is also possible that any PS effect on the differentia-
tion, activation, cell growth, and death of T cells could be independent of
Notch signaling.

Many studies have positioned Notch receptor-ligand interactions at
various critical junctions in T-cell development, most notably in the
T versus B lineage choice, a Notch role for which there is complete
agreement.16,17 In other set of studies, Notch1 signals have also been
shown to promote the �� over the �� T lineage.18 However, the effect of

the Notch pathway in CD4 versus CD8 T-cell lineage commitment is
controversial because overexpression of NIC1 or NIC2, but not NIC3,
decreases the CD4/CD8 ratio in the thymus,19-23 although conditional
ablation of Notch1 or Notch2 does not affect in obvious way the CD8 or
CD4 lineage commitment.24,25 Moreover, removal of the canonical
Notch pathway by eliminating RBP-J� does not have an effect on the
CD4/CD8 cell ratio in the thymus.26 Another observation in these
conditional KO mice was the absence of a defect in the number of CD4�

or CD8� cells in secondary lymphoid organs.24-26 Interestingly, 2 groups
used �-secretase inhibitors in fetal thymus organ culture (FTOC)
experiments, and they reported a decrease in CD8� single-positive cells,
suggesting that elimination of Notch signaling could indeed have an
effect in CD4/CD8 lineage commitment or survival,27,28 although other
explanations are possible.

To shed light on these issues, we decided to analyze conditional
knockout mice with presenilin-deficient T cells (PS KOs). We
found that thymocytes from PS KOs displayed high resistance to in
vivo apoptosis upon TCR engagement, with a concomitant eleva-
tion of Bcl-XL expression. Interestingly, a striking decrease in
CD8� T cells was found in secondary lymphoid organs, but not in
the thymus of PS KO mice.

Materials and methods

Mice and in vivo injections

PS1flox/flox mice,29 PS2 KO mice,30,31 CD4-Cre mice,25,32 and Bcl-XL
flox/flox

mice33 have been described. All controls for the experiments were
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littermates. Animals used in the experiments were between 4 and 8 weeks
old. All procedures were approved by New York University’s Institutional
and Animal Care Use Committee (IACUC).

Antibodies and other reagents

Unlabeled anti-CD3 mAb, as well as fluorochrome-labeled mAbs anti-
CD3, anti-CD4, anti-CD8, anti-CD11c, anti-CD19, anti-TCR��, anti-
NK1.1, and anti-F4/80, and all anti-V� antibodies were purchased from BD
Pharmingen (San Diego, CA). Anti-NIC (catalog no. 2421), anti–phospho-
ERK (catalog no. 9101), anti–phospho JNK (catalog no. 9251), anti–Bcl-XL

(catalog no. 2762), and anti–phospho-p38�,�,�,� antibodies (catalog no.
9216) were purchased from Cell Signaling (Danvers, MA). Anti–total ERK
(catalog no. sc-93), anti–total JNK (catalog no. sc-56929), anti–total p38
(catalog no. sc-571), and anti-Bax (catalog no. sc-526) antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-PS1 was
purchased from Calbiochem (catalog no. 529592). Anti–Bcl-2 was pur-
chased from BD Transduction laboratories (catalog no. 610539). Anti-ROR
gamma was a kind gift from Dr Dan Littman (NYU-SoM) and its use was
described.34

PCR and real-time PCR analysis

To check the deletion efficiency of PS1 locus by cre recombinase,
thymocytes or splenocytes were sorted in a MoFlo apparatus (Cytomation,
Fort Collins, CO). Sorted cells were treated with proteinase K, and after
heat inactivation all samples were ready for polymerase chain reaction
(PCR). Primers to test deletion efficiency were described.29 PCRs were run
in a Perkin Elmer 9600 thermal cycler (Perkin Elmer, Waltham, MA), with
1.5 mM MgCl2 and 0.5 U Taq polymerase per tube. PCR conditions were as
follows: 94°C for 3 minutes, 55°C for 2 minutes, 72°C for 5 minutes,
36 cycles at 94°C for 1 minute, 55°C for 1 minute, and 72°C for 2 minutes,
and final extension at 72°C for 15 minutes. PCR products were separated
and visualized by electrophoresis on 2% agarose gels containing ethidium
bromide.

For real-time PCR, total RNA was extracted using TRIzol (Invitrogen
Life Technologies, San Diego, CA). The RNA was used to perform a
cDNA synthesis using the superscript II reverse transcriptase (Invitrogen
Life Technologies) following the instructions of the manufacturers.
This cDNA was used at a concentration of 10 ng input RNA per microliter
of reaction volume. Real-time PCR was performed with the TaqMan
sequence detection system (Applied Biosystems, Foster City, CA). TaqMan
primers and probes were designed using PrimerExpress software (Applied
Biosystems, Foster City, CA) to span intron/exon boundaries to prevent
amplification of genomic DNA. Primers and probes are as follows:
Deltex-1: forward, GAG GTC CAC CAG CGT CAG; reverse,
GCC AGT GCC ATT CAA GTT CT; probe, CAC GAG GTC CAT GGC
CTG CTCA; Deltex-2: forward, CCA CTG CTA CCT ACC CAA CAA;
reverse, TGA AGA TGA GTC TGC GTT CC; probe, TGC AGA
CGC GGA CGA TCA CTC CTT. Samples are quantified using relative
standard curves for each amplification reaction and results were
normalized to the internal control �-actin.

In vivo antibody injections

Anti-CD3 mAb (50 �g) was injected intraperitoneally to each animal, and
40 hours later the apoptosis levels and total cell numbers were determined
by fluorescence-activated cell sorting (FACS) analysis and hemocytometer
counting, and terminal deoxynucleotidyl transferase-mediated dUTP-biotin
nick-end labeling (TUNEL) staining of thymus sections was performed, as
described in situ apoptosis.

FACS analysis

Thymi and spleens from were made into single-cell suspensions in staining
buffer (PBS containing 2% FCS and 0.1% NaNB3). Cells were stained for
30 minutes at 4°C with the antibody cocktails. To measure the amount of
phospho-p38 cells, splenocytes were labeled as described above but in the
presence of sodium orthovanadate (Sigma, St Louis, MO). After that, cells
were permeabilized with cytofix/cytoperm (BD Pharmingen) for 30 min-

utes at room temperature (RT). After wash, cells were fixed with PFA 1%
and Tween-20 0.5% for 30 minutes at RT; anti–phospho-p38 antibody was
added after washing the cells and incubated for 1 hour at RT. The excess of
antibody was removed by washing the cells, and FITC-antirabbit antibody
(BD Pharmingen) was added for 30 minutes at RT. After wash in PBS, cells
were ready to be analyzed. To measure cell death, freshly isolated cells were
labeled with annexin-V PE (BD Pharmingen) for 10 minutes in annexin-V
buffer (Hepes 10 mM, NaCl 150 mM, KCl 5 mM, Mg26H2O 1 mM,
CaCl22H2O 1.8 mM). After this first incubation, 1 �L 7-AAD (BD
Pharmingen) was added and cells were immediately washed. BrdU (Caltag,
Carlsbad, CA) was used in vivo (one single intraperitoneal dose of
50 mg/kg) and incorporation was assessed by FACS 4 hours after injection.
All samples were analyzed in a FACScalibur instrument (Becton Dickin-
son, San Jose, CA).

In situ apoptosis

TUNEL (terminal deoxynucleotidyl transferase dUTP-biotin nick end
labeling) assay35 was performed according to the manufacturer’s instruc-
tions (In Situ Cell Detection Kit, Fluorescein; Roche Diagnostics, Mann-
heim, Germany). Briefly, slides containing 5-�m cryosections of thymii
were fixed in PFA 1%, for 30 minutes at RT. Slides were then washed
3 times with PBS, and a permeabilization buffer (1% vol/vol Triton
X-100 and 1% wt/vol sodium citrate, in ddH2O) was added over each slide
for 2 minutes, at 4°C. Subsequently, each slide was washed twice and a
labeling solution was added. At this point, slides were incubated for 1 hour,
at 37°C, in a humidified dark chamber. At the end of this incubation, each
slide was washed twice with PBS and mounted with Fluoromont G
(Southern Biotechnology, Birmingham, AL). Images were acquired using
SlideBook v.3.0.9.0 software (Intelligent Imaging Innovations, Denver,
CO) in an Axioplan 2 Zeiss microscope (Carl Zeiss, Heidelberg, Germany).

Western blot analysis

Thymocytes were lysed in TNE buffer (1% Triton X-100, 10 mM
Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA) containing a mixture of
protease inhibitors (Sigma) and sodium orthovanadate (Sigma). Cell
lysates were then subjected to Western blot analysis using Abs directed
against either Bcl-2, Bax, NIC, PS1, actin, Bcl-XL, tubulin, ROR�,
pP38, pJNK, JNK-1, P38, pERK, or ERK. The densitometry of gel
bands were performed using NIH Image 1.62 program (National
Institutes of Health, Bethesda, MD).

Stimulation of thymocytes and electrophoretic mobility shift
assay (EMSA)

Thymocytes were incubated at 37°C either in complete RPMI alone, with
PMA (50 ng/mL) and ionomycin (200 ng/mL), with immobilized anti-CD3
(10 �g/mL) for 8 hours, or with mouse recombinant TNF-� 20 �g/mL
(R&D Systems) for 15 minutes. Nuclear extracts were then prepared from
the cells according to published methods.36 To test NF-�B binding, a
32P-labeled oligonucleotide probe containing the MHC class-I �B site or the
NF-Y binding site (Santa Cruz Biotechnology) was incubated with the
nuclear extracts. The binding reaction contained 60 000 cpm of the
radiolabeled probe, 4 �g nuclear protein, 500 ng poly(dI-dC) (Amersham
Biosciences, Pittsburgh, PA), 10 �g BSA, 20 mM HEPES (pH 7.9), 1 mM
EDTA, 1% NoNICet P-40, 5% glycerol, and 5 mM DTT in a final volume of
20 �L. Reactions were incubated at room temperature for 15 minutes and
subjected to electrophoresis on a 5% polyacrylamide gel in 0.5 � Tris-
buffered EDTA buffer. For supershift assays, 5 �g rabbit polyclonal Ab
directed against p50 (sc-7178), obtained from Santa Cruz Biotechnology,
was added to the binding reactions and incubated for 10 minutes on ice
before the samples were subjected to gel electrophoresis. The gels were
dried and exposed to x-ray film and quantified by phosphor imager analysis.

Obtention of deltex1-expressing TK1 cells

The retroviral vector pMIGR-DELTEX1 that encodes the murine deltex
1 gene37 was kindly provided by Dr Warren Pear (University of
Pennsylvania). Stable lines expressing deltex and GFP or only GFP from
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the empty p-MIGR vector of the murine T-cell lymphoma TK1 cells
(ATCC, CRL-2396; American Type Culture Collection, Manassas, VA)
were obtained as previously described.37 Single-cell purification by
MoFlo of GFP-expressing TK-1 cells was performed to obtain homoge-
neous stable cell lines.

Results

Deletion of presenilins 1 and 2 after the CD4�CD8� stage
increases resistance to in vivo apoptosis by anti-CD3 injection

Mice deficient in the expression of PS1 (PS1	/	 mice) die shortly
after birth.9 To circumvent this problem, we studied mice in which
deletion of PS1 occurred only in the T-cell compartment by
crossing CD4-Cre animals with PS1flox/flox mice.29 Because PS2 KO
animals have a mild phenotype, we crossed the conditional
CD4-Cre PS1 KO animals with PS2 KO mice30 and generated
PS1/PS2 KO mice, referred hereafter as PS KO mice. We used our
PS KO animals to study the effect of ablation of �-secretase activity
in T lymphocytes. Although PS1 gene deletion started at the
CD4	CD8	 double-negative (DN) stage, it became prominent at
the CD4�CD8� double-positive (DP) stage (Figure 1A). As
specificity control, B cells were also analyzed and displayed no
detectable deletion of the floxed PS1 locus. We also checked the
expression of PS1 gene at the protein level in total thymocytes. As
expected from the pattern of gene deletion, the expression of PS1
was almost abolished (Figure 1B). Notch signaling is completely
dependent on �-secretase activity. To confirm that Notch signaling
was eliminated in PS KO T cells, we assessed the expression of
Notch1 intracellular domain (NIC). As anticipated, we could not
detect NIC in PS KO thymocytes by Western blot (Figure 1B).
Once the PS1 gene deletion was demonstrated to occur in
thymocytes at the DP stage, we sought to analyze the biologic
impact of this deletion in the expression of 2 known target genes in
the Notch pathway, Deltex 1 and 2. The expression of both genes
was dramatically reduced in DP (3- to 4-fold) and SP thymocytes
(more than 10-fold) compared with control animals (Figure 1C). As
expected given the timing of PS1 deletion, the expression of deltex
1 and 2 at the DN stage was equivalent in PS KO and control
animals. In this and all other experiments, PS1flox/� PS2�/� animals
(lacking Cre) were used as controls; additional controls such as
CD4-Cre–only mice will be indicated as appropriate.

When we analyzed the number and proportion of the different
thymocyte subsets we found it to be similar in PS KO or control
mice (Figure 2A left panels and Figure 2B top). Because the
4 Notch receptors are dependent on gamma-secretase activity, this
result confirms that the Notch pathway does not play a significant
role in the CD4-CD8 lineage commitment. Next, we sought to
determine the biologic impact of impaired Notch signaling on the
physiology of thymocytes. We investigated whether DP thymo-
cytes from PS KO animals had a different behavior after in vivo
treatment with anti-CD3 antibodies, a procedure known to generate
the deletion of DP cells. As expected, thymi from control animals
harvested 40 hours after injection of anti-CD3 mAb had a major
decrease in DP cells (Figure 2A top panels and Figure 2B). In stark
contrast, the number and percentage of DP thymocytes from PS KO
animals was reduced much less (Figure 2A bottom panels and
Figure 2B). However, both control and PS KO thymocytes were
equally susceptible to die after in vivo �-irradiation (Figure 2C),
indicating that the mechanism responsible for this resistance was
specific for TCR-triggered apoptosis. We confirmed the striking
difference in anti-CD3–induced apoptosis in PS KO and control
mice by in situ TUNEL staining (Figure S1, available on the Blood
website; see the Supplemental Materials link at the top of the online
article). The dramatically different response to anti-CD3 stimula-
tion of DP thymocytes was not related to any noticeable difference
in thymocyte maturation at steady state, as assessed by CD24 and
CD3 expression (Figure S2). From our analysis, we conclude that
PS KO DP thymocytes have a dramatically enhanced survival rate
upon stimulation via the TCR.

Thymocytes from PS KO mice have increased expression
of Bcl-XL

It is well known that Bcl-XL is the key antiapoptotic gene
affecting DP cell survival.38-41 We therefore analyzed Bcl-XL

expression in thymocytes from PS KO animals, and we found
that they had a clearly increased expression of Bcl-XL compared
with thymocytes from control animals (Figure 3). We also
assessed the expression of another antiapoptotic protein, Bcl-2,
as well as the proapoptotic protein Bax, because it is the balance
of proapoptotic and antiapoptotic molecules that determines the
apoptosis outcome. We did not find any clear difference in the
expression of these 2 proteins (Figure 3), suggesting that the
increase in Bcl-XL expression could explain the resistance of PS
KO DP thymocytes to TCR-induced apoptosis.

Decrease in Bcl-XL expression restores susceptibility
to anti-CD3–induced apoptosis

To demonstrate that elevated levels of Bcl-XL expression in PS KO
animals were responsible for resistance of DP cells to apoptosis
after in vivo treatment with anti-CD3 antibodies, we crossed the PS
KO animals with Bcl-XL floxed animals.33 We wished to establish
whether the elimination of only one Bcl-XL allele would affect the
DP cell survival after antibody treatment. We generated PS1flox/flox,
PS2	/	, CD4-cre, Bcl-XL

flox/� animals, referred to as PS KO �
Bcl-XL

flox/� mice. As expected, expression of Bcl-XL in PS
KO-Bcl-XL

flox/� thymocytes was decreased compared with PS KO
animals and actually it was equivalent to control animals (Figure
4A). CD4-Cre control animals have higher Bcl-XL expression than
the control PS1flox/� PS2�/� (lacking Cre) animals, although much
less than the PS KO thymocytes (Figure 4A). Strikingly, PS KO �
Bcl-XL

flox/� DP thymocytes were now susceptible to death upon in

Figure 1. Deletion of PS1 expression starts at DP stage and reduces activity of
gamma-secretase as well as expression of Deltex-1/2 genes. DNA from DN, DP,
SP4, or SP8 thymocytes as well as from CD4, CD8, or B splenocytes from control or
PS KO animals was used to evaluate the deletion of presenelin-1 gene by PCR with
specific primers (A). Protein extracts from control or PS KO thymocytes were used to
measure the amount of PS1 and NIC proteins by Western blot (B). cDNA from DN,
DP, SP4, or SP8 thymocytes was analyzed by real-time PCR for Deltex-1/2 gene
expression (C). Representative of 3 independent experiments.
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vivo treatment with anti-CD3, demonstrating that Bcl-XL overex-
pression was indeed responsible for the resistance to apoptosis
observed in PS KO animals (Figure 4B).

It is known that a major inducer of Bcl-XL in DP cells is the
orphan receptor ROR�.34 However we could not detect any
increase in the expression of ROR� in PS KO thymocytes
compared with control thymocytes, indicating that the higher
expression of Bcl-XL should be caused by other PS-dependent

mechanisms (Figure S3A). Using a transgenic mouse that ectopi-
cally overexpresses a dominant-negative form of I�B-� in the
thymus, different groups have reported that NF-�B activation is
needed to allow DP cells to undergo apoptosis.42 Furthermore, lack
of NF-�B activity was associated with an increase in Bcl-XL that
could explain the phenotype we observed in PS KO thymocytes.
However, we could not find any NF-�B activation defect in PS KO
thymocytes (Figure S3B). The 3 main MAPK pathways associated
with the TCR (ERK, JNK, and p38 kinases) have been also
associated with the development of thymocytes.43,44 Actually, when
the JNK pathway is abrogated in thymocytes, the DP compartment
acquires resistance to apoptosis by anti-CD3 in vivo injection.44,45

We decided to check the status of activation of the JNK, p38, and
ERK pathways in PS KO thymocytes. We observed that there was
an increase in JNK and p38 activation (Figure S4A), while there
was no change in ERK activation (Figure S4B).

Thus, it is clear that increased expression of Bcl-XL in PS KO
thymocytes is responsible for their enhanced survival, although we
could not attribute the Bcl-XL increase to a particular pathway.

PS KO animals have fewer CD8 cells in the periphery
than control animals

Once we addressed the role of PS ablation on the thymic
environment, we focused our studies on the peripheral lymphoid
cells in PS KO animals. The results show that the percentages of
B cells, dendritic cells (DCs), NK1.1 cells, TCR�� cells, and
macrophages in spleens were similar between PS KO and control
animals (Figure 5A and Figure S5A). However, the percentage of
peripheral CD8� cells in PS KO mice both in spleen and LNs was
significantly decreased in comparison with control animals (Figure
5B and Figure S5B). This finding was interesting because the
percentage and number of thymic CD8 cells were normal (Figure
2A left panels and Figure 2B). To understand the dynamics of cell
division and death of peripheral T cells in the absence of
presenilins, we determined the percentage of dying cells by
annexin-V/7-AAD staining and the percentage of dividing cells by
BrdU incorporation. CD8� T cells from PS KO animals were dying
more than T cells from their control littermates (Figure 6A), and
our data are likely an underestimate due to the quick removal of
apoptotic cells in vivo. By contrast, the levels of BrdU incorpora-
tion were similar between PS KO T cells and control T cells (Figure
6B). Despite the reduction in the number of peripheral CD8�

T cells, the majority of CD4� and CD8� T cells in PS KO mice
displayed a naive phenotype (Figure S6). We also assessed whether
the reduction in CD8� cells was caused by preferential deletion of

Figure 2. In vivo treatment with anti-CD3 mAb and resistance against apoptosis
of PS KO thymocytes. Control (A, top panels; C, left panel) or PS KO thymocytes
(A, bottom panels; C, right panel) were obtained 40 hours after intraperitoneal
injection of PBS or 50 �g/mouse anti-CD3 mAb. Total thymocyte numbers were
counted and cell numbers for DN, DP, SP4, or SP8 cells estimated by percentages of
FACS analysis with anti-CD4 and anti-CD8 fluorescent mAb (B). The �-irradiation
dose was 5Gy. *P 
 .05. Representative of 5 animals. (A,C) Value in each quadrant
represents the percentage of each cell population inside the thymus.

Figure 3. Thymocytes from PS KO animals express more Bcl-XL than thymo-
cytes from control animals, without changing the expression of Bcl-2 or Bax.
Protein extracts were obtained from thymocytes of control or PS KO animals, and
expression of actin, Bcl-2, Bcl-XL, and Bax was visualized by Western blot (WB).

EFFECT OF PRESENILINS ON THYMOCYTES AND CD8 CELLS 3221BLOOD, 1 NOVEMBER 2007 � VOLUME 110, NUMBER 9

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/110/9/3218/1476307/zh802107003218.pdf by guest on 13 D

ecem
ber 2023



T cells expressing particular V� TCR. However, staining with a
panel of anti-V� monoclonal antibodies showed equivalent V�
TCR proportions in PS KO and control splenocytes, both in CD4�

and CD8� cells (Figure 6C). We conclude that, in contrast to the
thymus, in PS KO mice there is a specific reduction of peripheral
CD8� T cells, which can be attributed to an increased cell death of
these cells.

Splenic T cells from PS KO animals have higher levels
of phosphorylated p38 in steady state.

It was described that high levels of p38 phosphorylation had a
deleterious effect on CD8� T-cell survival, without affecting CD8�

T-cell generation in the thymus44,46 or the CD4� subpopulation in
the periphery. Given the similarities between these reports and our
findings with PS KO T cells, we assessed whether CD8� T-cell
reduction in the periphery of PS KO mice was due to higher levels
of phospho-p38. As shown in Figure 7A, both CD8� and CD4�

T cells from spleens of PS KO animals had a higher level of
phospho-p38 than cells isolated from control animals. These data
closely resemble the phenotype of a dominant-active MKK6
transgenic mice,47 where the higher p38 phosphorylation in both

CD4� and CD8� cells leads to higher CD8� T-cell death without
altering the CD4� compartment.

We showed thus far that in PS KO thymocytes expression of
Deltex 1 and 2 was strongly decreased and phospho-p38 levels
were increased (Figure 1C and Figure S4); likewise, we showed
that phospho-p38 levels were also higher in splenic T cells (Figure
7A). As expected, we also found that Deltex 1 and 2 mRNA levels
were greatly reduced in peripheral CD8� T cells from PS KO mice
compared with control CD8� T cells (Figure S7). It has been
described that Deltex 1 inhibited p38 phosphorylation by a
mechanism that is not well understood.48 We therefore determined
whether enforced Deltex 1 expression would inhibit p38 phosphor-
ylation. Toward that end, we generated a stable cell line that
expresses Deltex 1 in TK1 thymoma cells, and analyzed p38
phosphorylation by Western blot before or after in vitro stimulation
with anti-CD3. TK1 cells expressing Deltex 1 had lower levels of
phospho-p38 than the cell line generated with control vector only
(Figure 7B). Because enforced expression of Deltex 1 inhibits p38
phosphorylation, it is reasonable to assume that elimination of
Deltex expression in PS KO mice could be the cause of higher p38
phosphorylation, which results in higher CD8� T-cell death.

Discussion

In this paper, we describe the phenotype of mice harboring a
T-cell–specific deletion of �-secretase activity, starting at the
CD4�CD8� (DP) stage. In PS KO mice, Notch signaling is
completely abolished in the T-cell lineage, something important to
accomplish because there are 4 Notch receptors, and there are some
Notch targets that can be induced independently of the canonical
transcription factor RBP-J�.1,2,12-15,49 In addition to Notch recep-
tors, T cells express other presenilin substrates, such as CD44.50

Using the PS KO mice, we made 3 main observations. First, PS
KO thymocytes were remarkably resistant to anti-CD3–induced
apoptosis in vivo (Figure 2), caused by increased Bcl-XL expres-
sion levels, as reducing Bcl-XL expression brought the susceptibil-
ity of PS KO DP thymocytes up to wild-type levels (Figure 4).
Second, there was no obvert change in the proportion or number of
any of the thymic T-cell populations (Figure 2 and Figure S5A).
Third, there was a striking reduction of CD8� cells in the periphery
(Figure 5 and Figure S5B) that was correlated with enhanced levels
of phospho-p38 in these cells (Figure 7).

PS KO mice display a higher resistance to apoptosis of DP
thymocytes after injection of anti-CD3 antibodies in vivo in
comparison with control animals (Figure 2). We attribute the higher
resistance to TCR-mediated apoptosis in PS KO animals to the
increased expression of Bcl-XL found in PS KO thymocytes

Figure 5. Phenotypic characterization of PS KO animals. Splenocytes (A) or
lymph node cells (B) from control (left panels) or PS KO animals (right panels) were
staining with fluorescent-labeled mAb against CD4, CD8, CD11c, CD19, NK1.1, and
F4/80. Representative of 3 animals. (B) Value in each quadrant represents the
percentage of CD4 or CD8 T-cell populations inside the splenocytes of lymph node
cells.

Figure 4. Bcl-XL expression and DP apoptosis in PS KO � Bcl-XL
flox/� animals. Thymocytes from PS KO, PS KO � Bcl-XL

flox/�, CD4-Cre, or control animals were
harvested, protein were extracts collected, and Bcl-XL level was measured by WB (A). Some animals from these same groups were treated intraperitoneally with anti-CD3,
thymocytes were harvested 40 hours later, and the percentage of DP or SP thymocytes was measured by FACS (B). Each graphic is representative of 1 animal of 3 evaluated.
(B) Value in each quadrant represents the percentage of each cell population inside the thymus.
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(Figure 3). Importantly, when wild-type levels of Bcl-XL expres-
sion were restored in PS KO mice, apoptosis susceptibility was
restored. It has been reported that increased Bcl-XL expression
promotes survival of DP cells to anti-CD3 treatment.51,52 At this
time, we do not know whether the higher Bcl-XL expression is
directly attributable to the absence of Notch signaling on T cells.
First, while in the absence of PS there is no Notch activation, Notch
is by no means the only substrate of PS cleavage on T cells.3 In
support of a role for Notch, in vivo overexpression of the Notch
ligand dll4 in all the cells of the hematopoietic system resulted in
decreased Bcl-XL expression.53 On the other hand, it has been

shown that ectopic expression of the intracellular domain of Notch
(NIC) could protect DP thymocytes from apoptosis by inducing
increased expression of IAP-2, Bcl-XL, and FLIP in in vitro
cultures.54 It therefore seems that Notch activity can either induce
or reduce Bcl-XL expression depending on the cellular context and
the system of study. Because Deltex expression is greatly reduced
in PS KO mice (Figure 1 and Figure S7), we sought to determine if
overexpression of deltex in TK1 thymoma cells would decrease the
level of Bcl-XL. However the expression of Bcl-XL was already too
low in TK1 cells infected with the empty retrovirus to allow an
evaluation of a further decrease of Bcl-XL due to enforced deltex
expression (data not shown). Importantly, both PS1 and PS2 have
been found to interact directly with Bcl-2 and Bcl-XL, suggesting a
direct role of PS proteins in Bcl-XL protein activity.55,56 Lastly, the
proapoptotic effect of PS2 overexpression in cultured neurons is
associated with down modulation of Bcl-2.57 Thus, the increased
Bcl-XL expression in PS KO thymocytes could be caused directly
by lack of PS (Notch independent) or it could be mediated by the
absence of Notch signaling. These doubts notwithstanding, we can
conclude with certainty that the overexpression of Bcl-XL in PS KO
animals was indeed responsible for the increased survival of DP
thymocytes in PS KO animals (Figure 4). We attempted to link the
up-regulation of Bcl-XL to 3 different mechanisms known to
induce Bcl-XL expression or confer protection against anti-CD3–
induced death in vivo, namely ROR�, MAPK, and NF-�B.34,42,44,45

We found that none of the 3 pathways was responsible for the
phenotype we described here (Figures S3,S4).

There is a discrepancy in the literature regarding the role of
Notch in the CD4/CD8 lineage determination in the thymus.
Overexpression of both NIC1 and NIC2 decreases the CD4/CD8
ratio, indicating that Notch could enhance or promote the CD8
SP cell development.19-22 In contrast, there is no change in total
numbers of either CD4 or CD8 cells in the thymus after
conditional elimination of the Notch receptors 1 or 2, or the
canonical transcription factor RBP-J�. Because there is more
than one Notch receptor and some Notch targets could act
independently of RBP-J�,1,2,12-15,49 we sought to reassess this
important question by completely abrogating the Notch path-
way, which was achieved by eliminating PS proteins. The results
that we obtained, shown in Figure 2, should remove any doubts
about the possible role of the Notch pathway in the CD4/CD8

Figure 6. Cell death, T-cell turnover, and V� family expression in PS
KO animals. Splenocytes from control or PS KO animals were harvested
and stained with anti-CD4 APC, anti-CD8� PerCP, annexin-V PE, and
7-AAD (A), or FITC anti-BrdU mAb (B), or a panel of fluorescent-labeled
mAbs against V� families (C). Only animals used to detect BrdU
incorporation were intraperitoneally injected with BrdU (2 doses, 4 hours
and 8 hours before splenocyte harvesting). Each bar represents mean and
standard deviation of 3 animals. (A) Value in each quadrant represents the
percentage of splenocytes labeled with annexin-V or 7-AAD.

Figure 7. Phospho-p38 expression in PS KO T cells and in TK1 cells transfected
with Dtx-1. Splenocytes from control or PS KO animals were harvested and labeled
with FITC anti–phospho-p38 mAb in the presence of sodium orthovanadate (A). To
check the effect of deltex-1 expression over p38 activation in thymocytes, TK1 cells
were transfected with pMIGR-DELTEX1 vector containing this gene or empty vector.
Than, stable TK1 cell lines were sorted by GFP expression and stimulated (or not) for
10 minutes with anti-CD3 before protein extraction (B). Results are representative of
3 animals (A); one experiment representative of three (B).
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lineage commitment because even after elimination of the
�-secretase activity at the DP stage there were no changes in the
percentage or number of CD4 and CD8 SP thymocytes. A
possible explanation for the controversy is discussed below.

The genetic ablation of both PS1 and PS2 in the T-cell
lineage caused a decrease in CD8� cells in secondary lymphoid
organs, an effect that was not described either in Notch1 or -2, or
RBP-J� conditional deletion.24-26 This decrease was correlated
with increased death of CD8� cells (Figure 6A) with similar
levels of proliferation (Figure 6B) compared with control cells.
These results indicate that CD8� cells die at a higher rate than
control cells in the periphery. Why is this happening? Three
important observations could help answer this question. First,
both SP thymocytes and mature T cells from PS KO animals had
decreased expression of Deltex 1 and 2 (Figures 1 and S7).
Second, both thymocytes and mature T cells from PS KO
animals had increased phospho-p38 compared with control cells
(Figure S4A and Figure 7A); and third, a thymoma cell line
transfected with Deltex 1 had decreased phospho-p38 levels
(Figure 7B). It was demonstrated by others that enhanced
activation of p38 in T cells affects survival of CD8� T cells
without affecting CD4� cells or generation of SP cells in the
thymus.46 Taken together, the data suggest that absence of
Deltex in PS KO animals overactivates the p38 pathway, thus
affecting the viability of CD8� cells. It is also noteworthy that
elimination of Deltex 1 and 2 in combination with a siRNA for
Deltex 4 did not have any obvious phenotype in the immune
system, including CD8 T cells.58 This controversy can be
understood because the authors also mentioned that in Drosoph-
ila the Deltex phenotype is mild unless combined with other
Notch mutations.58 Because PS KO animals lack other Notch
pathways besides Deltex, it could be possible that this CD8
T-cell phenotype is the combination of loss of different Notch
signals, a possibility to be addressed by future work.

The fact that absence of PS activity affects particularly CD8�

cells gives us a hint regarding the phenotype observed with
overexpression of both NIC1 and NIC2 in terms of promoting
CD8� T-cell generation. It is tempting to speculate that although
Notch is not important for the generation of CD8 cells (24-26 and this
report), enforced Notch signaling drives Deltex expression, which

in turn could hamper p38 activation, conferring specifically more
viability to the CD8 compartment.

In conclusion, our results clearly demonstrate that animals
lacking presenilin activity in the T-cell lineage after the DP stage
had higher resistance to anti-TCR–induced apoptosis in vivo,
which was acquired by overexpression of Bcl-XL, and fewer CD8�

T cells in the periphery. These data are significant in the evaluation
of therapies that consider presenilin inhibition59,60 because one
could, on one hand, control �-amyloid peptide accumulation or
cancer, but at the same time one could promote a decrease of CD8�

T cells that are important to control the tumor.
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