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Abstract The thymus is the site where all T-cell precur-
sors develop, mature, and subsequently leave as mature
T-cells. Since the mechanisms that mediate and regulate
thymic apoptosis are not fully understood, we utilized a
syngenic GL261 murine glioma model to further elucidate
the fate of T-cells in tumor bearing C57BL/6 mice. First,
we found a dramatic reduction in the size of the thymus
accompanied by a decrease in thymic cellularity in
response to glioma growth in the brains of aVected mice.
There was a marked reduction of double positive subset and
an increase in the frequency of CD4+ and CD8+ single posi-
tive T-cell subsets. Analysis of double negative thymocytes
showed an increase in the accumulation of CD44+ cells. In
contrast, there was a marked loss of CD44 and CD122
expression in CD4+ and CD8+ subsets. The growth of intra-
cranial tumors was also associated with decreased levels of
HO-1, a mediator of anti-apoptotic function, and increased
levels of Notch-1 and its ligand, Jagged-1. To determine
whether thymic atrophy could be due to the eVect of Notch
and its ligand expression by glioma in vivo, we performed a
bone marrow transplant experiment. Our results suggest
that Notch-1 and its ligand Jagged-1 can induce apoptosis
of thymocytes, thereby inXuencing thymic development,
immune system homeostasis, and function of the immune
cells in a model of experimental glioma.
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Introduction

Thymic T-cell development is ordered by sequential steps
involving cell proliferation and apoptosis. In the embryo,
thymocyte precursors come Wrst from the rudimentary liver
and then from the bone marrow [1]. On entering the gland,
they undergo proliferation and lineage commitment and
selection, largely under the control of thymic epithelial
cells [1]. Interactions between thymocytes and thymic stro-
mal cells are known to be important in driving a complex
program of T-cell maturation in the thymus, which ulti-
mately results in the generation of self-tolerant CD4+ helper
and CD8+ cytotoxic T-cells, which then emigrate from the
thymus to establish the peripheral T-cell pool [2].

Notch signaling has been shown to play an important
role in cell-fate determination, as well as in cell survival
and proliferation [3, 4], developmental lineage choices [5–
7], and decision processes underlying the functional bifur-
cation of CD4/CD8 T lymphocytes [8]. Nevertheless, the
molecular mechanisms whereby Notch regulates these
diverse functions have not been fully characterized. The
Notch proteins, represented by four homologs in mammals
(Notch1–Notch4), interact with a number of surface-bound
or secreted ligands (Delta-like 1, Delta-like 3, Delta-like 4,
Jagged-1 and Jagged-2) [9–11]. Notch signaling induces
expression of a number of target genes within T-cell pro-
genitors [12], including Hes1, pre-T� [13], Nrarp [14, 15],
and Deltex1 [16]. These genes can promote T-cell matura-
tion by performing T-cell-speciWc functions, as is the case
for pre-T�. Alternatively, these genes can play a role in
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altering the dose or quality of Notch signals within thymo-
cytes as they progress through speciWc maturation stages.
Consistent with the notion that Notch signals are highly
regulated within thymocytes, there is evidence that the
expression of Notch-responsive genes varies dramatically
in double-negative (DN), double-positive (DP), and single-
positive (SP) thymocyte populations [12, 17].

A key Wnding in patients with malignant brain tumors
(anaplastic astrocytoma and glioblastoma multiforme,
GBM) is lymphopenia and functional unresponsiveness
conWned to the T-cell lineage [18]. Previous reports have
also shown that glioma bearing mice die with severe thymic
atrophy and accelerated maturation of T-cells [19].
Although the mechanism responsible for these observations
is unclear, the expression of Notch and its ligands in human
glioma [20] may play a role in this setting. In the present
study we sought to elucidate the impact of glioma progres-
sion on T-cell homeostasis in the thymus using a GL261
syngenic murine glioma model to highlight the mechanism
responsible of the death of T-cells. We also examined
whether the observed thymic defects are caused by Notch
and its ligand expression in vivo or by a systemic stress
response.

Materials and methods

Mice

Six to eight-week-old C57BL/6 male mice were obtained
from Taconic Laboratory (Hudson, NY, USA). FoxP3-GFP
transgenic mice were a kind gift from Dr. Alexander
Rudensky (University of Washington). Mice were housed
and maintained under pathogen-free condition in accor-
dance with a protocol approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of
Chicago.

Intracranial tumor model

Mice (n = 6/group) were anesthetized with an intraperito-
neal injection of 0.1 ml of a stock solution containing keta-
mine hydrochloride 25 mg/ml, xylazine 2.5 mg/ml, and
14.25% ethyl alcohol diluted 1:3 in 0.9% NaCl. For stereo-
tactic intracranial injections of tumor cells, the surgical site
was shaved and prepared with 70% ethyl alcohol and Prep-
odyne solution. After a midline incision, a 1 mm right pari-
etal burr hole centered 2 mm posterior to the coronal suture
and 2 mm lateral to the sagittal suture was made. Animals
were then placed in a stereotactic frame and 1 £ 105 GL261
tumor cells were delivered by a 26-gauge needle to a depth
of 3 mm over a period of 3 min. The total volume of
injected cells was 5 �l. The needle was removed, the site

was irrigated with sterile 0.9% NaCl, and the skin was
sutured with 4.0 nylon.

Preparation of thymocyte suspension

The thymus was surgically removed and cell suspensions
were prepared by crushing the thymus through a cell stainer
and washing in staining buVer (3% FBS in PBS). The thy-
mocyte number was counted under phase contrast micros-
copy and cell number adjusted to 1 £ 106 cells/ml.

Multi-color Xow cytometric analysis

Tumor isolated lymphocytes (1 £ 106 cells) were resus-
pended in staining buVer (3% FBS in PBS). Tumor cell sus-
pensions were prepared by homogenization of the tumor
with a cell strainer and washing of the cells with staining
buVer. Erythrocytes were lysed and cells were then stained
with various antibodies. Monoclonal antibodies to CD3,
CD4, CD8, CD44 and CD122 were from BD Biosciences.
These monoclonal antibodies were directly coupled to Xuo-
rescein isothiocyanate, phycoerythrin or phycoerythrin-
indotricarbocyanin. Antibodies were used at 5 �g/ml and
staining was done in Xuorescence-activated cell sorting
(FACS) buVer on ice for 45 min. Surface marker expres-
sion on tumor inWltrating lymphocytes (TIL) cells was visu-
alized with FACSCalibur (Becton Dickinson) and analyzed
with FlowJo software (Becton Dickinson).

7-AAD staining

The 7-AAD apoptosis detection was used to measure the
relative distribution of apoptotic cells. One million cells
were washed three times and resuspended in phosphate-
buVered saline (PBS). The cell pellet was resuspended in
200 �l of 1£ binding buVer (BD Bioscience). The cell
suspension was labeled with Xuorescein isothiocyanate
(FITC)-conjugated 7-AAD according to the manufacturer’s
instructions. After 15 min incubation, the cells were washed
once with 1£ binding buVer and then 400 �l of 1£ binding
buVer was added per 1 £ 105 cells. 7-AAD uptakes were
detected using the FACSCalibur™ (Becton Dickinson),
and data were analyzed using FlowJo software.

RT-PCR

Total RNA was extracted from GL261 cell line using
RNeasy kit (AMBION, Austin, TX, USA). cDNA was
made using the superscript II-RT kit (Invitrogen, CA, USA)
and ampliWed by polymerase chain reaction. The following
primers were used to amplify Notch-1 (Forward: 5�-CTG
TGT GGA TGA GGG AGA TAA-3�; Reverse: 5�-GGC
ATA GAC AGC GGT AGA AA-3�), Jagged-1 (Forward:
123
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5�-CCT CCA GCC TCC AGC CAG TG-3�; Reverse:
5�-TGT TTG TCC AGT TCG GGT GTT TTG-3�), Delta-1
(Forward: 5�-CCA CGG AAG CTT AGC GGT ACC ATG
GGC CGT CGG AGC-3�, Reverse: 5�-GCC GCG TCG
ACA TCT TAC ACC TCA CTC GCT ATA ACA-3�) and
GAPDH (Forward: 5�-TGT CAA GCT CAT TTC CTG
GTA TGA-3�, Reverse: 5�-CTT ACT CCT TGG AGG
CCA TGT AG-3�). PCR reactions containing 1 �g of
cDNA template, 0.5 �M each of the primers, were per-
formed in a total volume of 25 �l under the following con-
ditions: 15-min hot start at 95°C, 15-s denaturation at 95°C,
20-s annealing of primers at 54°C, and 15-s elongation at
72°C, for 40 cycles.

Murine bone marrow transplantation

Bone marrow cells were isolated from the femurs of 6 to
8 week-old donor mice (Ly5.1) with GL261 tumors and sub-
sequently transplanted into lethally irradiated 4–6-week-old
recipients B6SJL/J (Ly5.2; The Jackson Laboratory) [21].
Approximately, 6 £ 105 cells were injected into the retro-
orbital venous plexus of irradiated mice. Recipient mice were
sacriWced at the indicated times (3 and 5 weeks) post-trans-
plantation for analysis. The thymus was dissected to isolate
single lymphocyte cell suspensions for FACS analysis.

Statistical analysis

To analyze the signiWcance of our experimental observa-
tions we used an unpaired, one-tailed-distribution Student’s
t-test. We considered P values of less than 0.05 signiWcant.

Results

Thymic atrophy is due to the decrease in CD4+CD8+ DP 
thymocytes

As shown in a representative picture in Fig. 1a, the thymus in
glioma bearing mice is much smaller than that found in non-
tumor bearing mice. Moreover, there appears to be a correla-
tion between the size of the thymus and tumor growth and
progression. To further understand the diVerence behind this
observation, we examined T-cell development in the thymus
of normal as well as tumor-bearing mice (at 3 and 5 weeks)
by Xow cytometric analysis (Fig. 1b). Whereas 84.4 § 4.2%
of cells in normal mice were CD4+CD8+, this percentage
decreased to 9.71 § 1.7% at 3 weeks and 0.81 § 0.06% at
5 weeks in tumor bearing animals (P < 0.01).

We observed a reproducible and signiWcant reduction
in thymic cellularity in glioma bearing mice compared to
normal mice (207 § 13 £ 106 cells in normal mice versus
68.5 § 6 £ 106 cells at 3 weeks and 18.5 § 3.28 £ 106 cells

at 5 weeks, P < 0.01 value) and a marked decrease in the
double positive population (174.7 § 4.25 £ 106 cells in
normal mice versus 6.65 § 2.17 £ 106 cells at 3 weeks
and 0.15 § 0.06 £ 106 cells at 5 weeks, P < 0.01 value)
(Fig. 2a). In contrast, analysis of absolute number of thymo-
cytes in each population revealed an increase in DN at
3 weeks compared to wt (11.16 § 1.2 £ 106 cells at 3 weeks
versus 7.43 § 0.65 £ 106 cells in WT, P < 0.05 value)
(Fig. 2b). The number of CD4+SP subsets was increased
only in glioma bearing mice at 3 weeks and decreased dra-
matically at 5 weeks of progression compared to wt control
(8.12 § 0.3 £ 106 cells at 5 weeks, 35.3 § 3.1 £ 106 cells
at 3 weeks versus 20 § 2.1 £ 106 cells in normal mice,
P < 0.01 value). In CD8+SP, we observed an increase at
3 weeks and no change at 5 weeks (15.34 § 1.74 £ 106

cells at 3 weeks, 4.27 § 0.9 £ 106 cells at 5 weeks versus
4.86 § 0.7 £ 106 cells in normal mice, P < 0.05 value) in
glioma bearing mice compared to non-tumor bearing mice.
Further examination of CD4+SP and CD8+SP subsets in gli-
oma bearing mice revealed diVerence in the expression level
of both markers compared to wild-type thymocytes. As
shown in Fig. 2c, the CD4 and CD8 expression level was
up-regulated to 71.7 § 3.26 and 89.2 § 4.5%, respectively,
at 5 weeks compared to wt control (P < 0.01).

Accumulation of CD44-positive cells results in double 
negative thymocyte proliferation and inhibition 
of diVerentiation

The homing and emigration of thymocytes is related to
the pattern of CD44 expression [22]. Since our previous

Fig. 1 Phenotypic analysis of the thymus: a macroscopic observation
of the thymus size from glioma bearing mice at 3 and 5 weeks com-
pared to littermate control; b single cell suspensions of thymocytes
from wt, 3 and 5 week glioma bearing C57BL/6 mice were counted,
stained with CD4 and CD8 monoclonal antibodies, and analyzed by
Xow cytometry. The mean Xuorescence intensity § SD of frequency of
each subset of thymocyte is indicated in each quadrant
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results showed an increase in CD4¡CD8¡ DN population,
we performed Xow cytometric analysis of CD4¡CD8¡ DN
thymocyte subsets deWned by the combined expression
of CD25 and CD44 cell markers. Our results show an
increase in the percentage and accumulation of DN
(CD4¡CD8¡) subset at 5 weeks (30 § 4.5%) compared to
3 weeks (9.74 § 2.3%) and to wt control (5.1 § 0.72%)
(P < 0.05) (Fig. 3a). This altered development of the earli-
est T-cell precursors could account for the observed thy-
mic atrophy. We have further evaluated the increase in the
proportion of CD4+ and CD8+ thymocytes by characteriz-
ing the expression of maturation markers such as CD3,
CD44, and CD122 (Fig. 3b–d). The expression level of
CD3 was up-regulated in both T-cell subsets throughout
the time of glioma progression. This increase was more
important in CD8+ T-cells (88.2 § 4% at 5 weeks;
41.3 § 3.2% at 3 weeks and 33.3 § 1.46% in wt control)
than in CD4+ T-cells (94 § 5.7% at 5 weeks; 78.4 § 4.2%
at 3 weeks and 72.6 § 3.5% in wt control) (P < 0.01)
(Fig. 3b). The SP thymocytes from glioma bearing mice,
especially CD8+ cells, exhibited lower expression of
CD122 (1.91 § 0.2% at 5 weeks; 6.9 § 1.8% at 3 weeks
and 9.74 § 1.6% in wt control) (P < 0.01) (Fig. 3c), also
known as the IL-2R� subunit, which is another marker
associated with a subset of activated or memory CD8+

cells [23]. CD44 expression was also decreased in CD8+

T-cells (7.73 § 3% at 5 weeks; 12.6 § 3.5% at 3 weeks
and 22 § 4.2% in wt control)(P < 0.01) (Fig. 3d). This
loss in expression of both markers conWrms the absence of
activated cells in the thymus of glioma bearing mice and
is the result of altered homeostasis of mature peripheral
CD8+ and CD4+ T-cells.

Inhibition of CD25 and CD69 in the thymus of glioma 
bearing mice

To investigate the development of DN compartment in gli-
oma bearing mice, we Wrst examined the expression of
CD25. As shown in Fig. 4a, we observed an important
decrease in CD25 expression at 3 weeks of glioma progres-
sion (11.8 § 3.1% at 3 weeks vs. 24.7 § 5.23% in WT)
(P < 0.02). Next, we examined the expression of the early
activation marker, CD69, which is transiently expressed in
thymocytes that are undergoing positive selection [24].
Moreover, CD69 is normally downregulated on mature thy-
mocytes before their exit from the thymus, and overexpres-
sion leads to the retention of mature thymocytes in the
medulla [25]. As shown in Fig. 4b, the expression level of
CD69 decreased from 12 § 1.56% in wt control thymus to
6.97 § 0.82% in the thymus of glioma bearing mice at
3 weeks (P < 0.05). We also observed an increase in CD44,
a marker that is responsible for co-stimulation of apoptosis
in the thymus, at 3 weeks (9.4 § 1.54%) compared to wt
(5.28 § 0.76%) (Fig. 4b) (P < 0.01). The expression levels
of these two markers was absent in thymocytes at 5 weeks
due to the important cell death at this stage.

Glioma progression aVects T-cell homeostasis via 
apoptosis by modulating heme-oxygenase 1

To further investigate the mechanism underlying glioma-
induced thymic apoptosis, we examined the expression of
heme oxygenase-1 (HO-1). Of note, we have recently
reported that glioblastoma progression in humans correlates
with the induction of HO-1 expression [26], which has an

Fig. 2 T-cell development in 
the thymus of glioma bearing 
mice: a absolute numbers of to-
tal thymocytes and double posi-
tive subset; b absolute number of 
thymocyte populations (DP, DN 
cell, SP-CD4+ or SP-CD8+). The 
number of thymocytes in each 
population was calculated by 
multiplying the percentage of 
each population by the total 
number of thymocytes; c Com-
parison of surface expression of 
CD4 and CD8 in SP thymocytes 
in glioma bearing mice com-
pared wt littermate. Cells were 
stained with CD4 and CD8 for 
deWnition of the developmental 
stage. Values represent the mean 
Xuorescence intensity § SD
123



Cancer Immunol Immunother (2008) 57:1807–1816 1811
anti-apoptotic function and contributes to survival of cancer
cells [27]. The expression of HO-1 was increased in
CD4+ and CD8+ tumor inWltrating T-cells (CD4+HO-1+:
60.5 § 3.4% at 3 weeks and 73.9 § 7.32% at 5 weeks;
CD8+HO-1+: 45 § 4.2% at 3 weeks and 53.3 § 6.21% at
5 weeks; P < 0.02) and was undetectable in the control brain
(Fig. 5a). As shown in Fig. 5b, the expression level of HO-1
in the thymus decreased with the progression of the glioma
compared to wild-type control. We observed a decrease in
DN (8.52 § 0.75% in wt control; 4.52 § 0.2% at 3 weeks
and 2.8 § 0.65 at 5 weeks; P < 0.05), DP (3.98 § 0.64 in wt
control; 0.55 § 0.15% at 3 weeks and 0% at 5 weeks;
P < 0.05), CD4+ (4.59 § 0.64% in wt control; 1.07 § 0.35%
at 3 weeks and 0.53 § 0.13% at 5 weeks; P < 0.05) and
CD8+ (3.03 § 0.8% in wt control; 0.25 § 0.07% at 3 weeks
and 0.47 § 0.1% at 5 weeks; P < 0.05) T-cells.

Based on the anti-apoptotic status of HO-1 in the thy-
mus, we next examined the survival of thymocytes in gli-
oma bearing mice and wild-type developing thymocytes.
Apoptosis was measured by staining cell suspension with
7-AAD in combination with the expression of CD4 and
CD8 T-cell markers and analyzed by Xow cytometry. We
evaluated the proportions of apoptotic cells in the DN
(4.65 § 0.6% in wt control and 84.4 § 7.4% at 3 weeks;
P < 0.01), DP (2.74 § 0.42% in wt control and 41.5 §
8.2% at 3 weeks; P < 0.01) and SP (CD4+: 7.35 § 1.39% in
wt control and 44.6 § 6.4% at 3 weeks; P < 0.01; CD8+:
5.68 § 1.65% in wt control and 60.2 § 8% at 3 weeks;
P < 0.01) compartments. The results of this analysis revealed
a higher percentage of apoptotic cells in the thymus of
tumor bearing mice at 3 weeks than wild-type thymus
(Fig. 5c).

Fig. 3 Phenotype proWles of 
thymocytes harvested from 
glioma bearing mice at 3 and 
5 weeks, and from wt control lit-
termate: a Xow cytometry plots 
depicting appropriate gating of 
DN thymocytes, SP CD4+and SP 
CD8+ T-cells. The DN cells 
stained with CD44 and CD25 
and the frequency of 
CD44highCD25low were com-
pared between wt, 3 and 5 week 
glioma bearing mice (b). Thy-
mocytes stained for CD4 and 
CD8 and analyzed with Xow 
cytometry. The histograms 
shown cells stained with c CD3, 
d CD122, and e CD44. The per-
centage of positive cells for each 
marker is given in each dot plot. 
Values represent the mean 
Xuorescence intensity § SD
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Expression of Notch-1 and its ligand, Delta-like-1 
and Jagged-1 by GL261 in vitro and in vivo

The expression levels of Notch-1 and its ligand Jagged-1 in
GL261 murine glioma cell line were investigated by semi-
quantitative polymerase chain reaction (RT-PCR). All
ligands were expressed in GL261 and in the brain of glioma
bearing mice. As shown in Fig. 6a, Jagged-1 increased pro-
portionally to the tumor growth at 3 weeks of progression.
The investigated members of the Notch gene family were
Notch-1, Delta-like-1 and Jagged-1. All ligands were
expressed in GL261 and in the brain of glioma bearing
mice. The level of Notch mRNA expression was low in the
thymus of GL261 mice compared to the expression level of
Delta-like-1 and Jagged-1. The comparison of expression
based on the band intensity also showed more expression of
Jagged-1 than Delta-1. In the case of spleen, the band inten-
sity of Notch was weaker compared to others and the
expression of Delta-like-1 and Jagged-1 mRNA was not
detectable. In vivo analysis of Notch-1 and its ligand

Jagged-1 expression by Xow cytometry conWrmed these
results in brain (Notch: 37 § 4.2%; Jagged-1: 29 § 2.53%)
and thymus (Notch: 32 § 2.64%; Jagged-1: 21 § 4.72%)
of glioma bearing mice at 3 weeks of progression compared
to wild-type control (negative control) and GL261 cell line
(positive control). A representative example is shown in
Fig. 6b.

Notch-1, Jagged-1 and the development of regulatory 
CD4+CD25+Foxp3+ cells

Jagged-1 has been documented in human thymic epithe-
lium [28] which appears to play a key role in the generation
of regulatory (Treg) T-cells [29]. The comparison of the
homeostasis of Treg in the thymus between control and gli-
oma bearing mice was done based on Foxp3 induction. To
get exact evaluation of this induction, we have implanted
the glioma cell line GL261 into Foxp3-GFP (C57BL/6)
mice and analyzed the thymus at 3 weeks after implantation
by Xow cytometry. As shown in Fig. 7a, there is an absence

Fig. 4 DN Thymocyte expres-
sion proWles: a analysis of CD25 
expression by Xow cytometry in 
total DN (CD4-CD8-). Flow 
cytometry analysis with CD69 
vs. CD44 monoclonal antibodies 
in total thymocyte of glioma 
bearing mice (3 weeks) and wt 
littermate control (b). The 
expression levels of these two 
markers was absent in thymo-
cytes at 5 weeks due to cell death 
at this stage. The percentage of 
positive cells for each marker is 
given in each dot plot. Values 
represent the mean Xuorescence 
intensity § SD
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of Foxp3-GFP expression in total CD4+ T-cells in control
mice vs. 5.89 § 0.73% (P < 0.01) in glioma bearing mice.
The analysis of CD4+CD25¡ and CD4+CD25+ T-cell sub-
sets conWrm the expression of Foxp3-GFP in CD4+CD25+

in 43.7 § 2.31% compared to 1.07 § 0.48% in littermate
control (P < 0.01) of total Treg cells.

Notch signaling eVect on T-cell development 
and diVerentiation of glioma bearing mice

To determine whether thymic atrophy could be due to the
eVect of Notch and its ligand expression by glioma in vivo
on the immature progenitors in earliest T-cells or the conse-
quence of microenvironmental factors that favor the induc-
tion of Notch signaling in the thymus, we analyzed the
development of glioma bearing mice bone marrow precur-
sors (LY5.1) in the thymic microenvironment of B6.SJL
(Rag2¡/¡, LY5.2) mice. A total of 5 £ 105 to 8 £ 105 cells
bone marrow cells were intravenously (i.v.) injected into

B6.SJL mice (Rag2¡/¡, LY5.2). At 3 weeks after transplan-
tation, the vast majority of thymocytes were donor-derived.
As shown in Fig. 8, the absolute number of SP-CD4 and
SP-CD8 was increased in both groups of mice receiving
glioma bearing mice bone marrow at 3 and 5 weeks.
However, we found that depletion of DP subset correlated
to the progression of glioma (43.4 § 5.3% at 5 weeks,
67.4 § 4.2% at 3 weeks, 82 § 2.51% in normal mice,
P < 0.05).

Discussion

An important manifestation of glioma progression is the
alteration of thymocyte subset distribution. The thymus has
been previously shown to be a sensitive target for glioma
growth and the development of thymocyte can be impaired
in this setting which results in altered tumor immune
response. In the current study, we investigated the relationship

Fig. 5 Apoptosis of T-cells of 
glioma bearing mice: a Xow 
cytometry analysis of gated 
CD4+ and CD8+ cells inWltrating 
brain of glioma bearing mice (3 
and 5 week) compared to litter-
mate brain wt control, stained 
for CD4, CD8 and HO-1. The re-
sult was recapitulated in a histo-
gram; b expression of HO-1 in 
gated thymocytes DN, DP, SP 
CD4+ and SP CD8+ analyzed 
with Xow cytometry and repre-
sented in a histogram; c repre-
sentative histogram of 7-AAD 
uptake detected by Xow cytome-
try in diVerent thymocytes sub-
sets (DN, DP and SP) stained for 
CD4, CD8 and 7-AAD. Values 
represent the mean Xuorescence 
intensity § SD
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between Notch expression and the important alteration in
the development of T-cells in the thymus.

Our results indicate that glioma bearing mice show evi-
dence of time-dependent thymic atrophy. The number of
thymocytes is lower in the mice at 3 weeks after tumor
implantation and this reduction is further evident at
5 weeks after tumor implantation. In addition, all glioma
bearing mice (3 weeks and more) show a low proportion of
DP thymocytes and altered proportions of the diVerent sub-
populations of DN cells deWned by the expression of CD44
and CD25 cell markers [30]. The increase in the percentage
of SP thymocytes in glioma bearing mice may results from
an accelerated development of thymocytes and enhanced
inXux of T-cell progenitors from the bone marrow [31].
These changes are similar to those observed in mice
exposed to xenobiotics [32] or aging [33]. While Notch
signaling has been implicated in the decision processes
underlying the functional bifurcation of CD4/CD8 T lym-
phocytes [34], the molecular mechanisms whereby Notch
regulates these diverse functions have not been fully
characterized.

Several observations strongly suggest that Notch activa-
tion may be induced by interaction with Notch ligands
(Jagged-1 and -2; Delta-like1, 3, and 4) in diVerent hemato-
poietic environments [35]. Jagged-1 has also been shown to
be involved in the regulation of CD4:CD8 cell ratio during
thymic development [36]. More recently, the Jagged-1
intracellular domain has been shown to up-regulate activa-
tor protein 1 (AP-1) activity, a signaling pathway known to
be important in many cancers [37]. However, studies on the
eVects of over-expression of Notch in T-cells have been
controversial. Our result indicate that over-expression of
the Notch ligand Jagged-1 in glioma bearing mice induces
regulatory T-cells CD4+CD25+Foxp3+ in the thymus and
not in the periphery. Some indirect arguments suggest a
role for Notch and its ligands in the development and

Fig. 6 Notch and its ligand expression by glioma cell line: a RT-PCR
analysis of Notch and its ligand (Jagged-1 and Delta-1) expression in
brain, thymus and spleen of glioma bearing mice. Normal brain was
used as negative control and GL261 (GL) glioma cell line, positive
control; b in vivo analysis of Notch and its ligand Jagged-1 expression
by Xow cytometry in brain and thymus of glioma bearing mice and wt
shown in histogram

Fig. 7 Treg homeostasis in the thymus of glioma bearing mice: a dot
plots generated by an FACS analysis after staining with monoclonal
antibody anti-CD4 versus GFP expression in Foxp3-GFP (C57BL/6
background) mice compared to the wt littermate control of the same
genotype; b, c show Foxp3-GFP expression in CD4+CD25¡ and
CD4+CD25+. The mean Xuorescence intensity for each marker is given
in each dot plot. Values represent the mean Xuorescence intensity § SD
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maintenance of Treg cells [38]. Jagged-1 has been well
documented in human thymic epithelium [2], which
appears to play a key role in the generation of Treg cells
[29]. Recently, Jagged-1 and Delta-1 have been described
to induce a dose-dependent inhibition of early activation
markers CD69 and CD25, as well as inhibition of prolifera-
tion after anti-CD3 stimulation of puriWed CD4+ T-cells [39].

The expression of HO-1 is high in various malignancies
and it has an anti-apoptotic role in tumor growth [40, 41].
HO-1 was originally identiWed as an enzyme that catalyses
oxidative degradation of heme to form biliverdin, carbon
monoxide, and free ion. Its expression is induced by stress-
inducing stimuli such as hypoxia, heavy metals, UV radia-
tion, reactive nitric oxide and ROS [42]. There is recent
evidence that HO-1 also has cytoprotective and anti-apop-
totic functions against oxidative injury [41]. In this study,
we show that HO-1 is one of the genes transcriptionally up-
regulated in TIL of glioma and it is involved in this process.

The thymic phenotype of tumor bearing mice might be
explained by a direct role of Notch and its ligand Jagged-1 on
thymocyte precursor development. Our results of bone mar-
row transplantation into irradiated recipient mice suggest this
possibility, as glioma bearing mice with bone marrow trans-
plants show precursors which colonize the thymus with
defect in T-cell distribution. Notably, bone marrow precur-
sors used for these experiments were isolated from mice with
diVerent size of the thymus. These results indicate that Notch
and its ligand Jagged-1 expression by GL261 glioma cell line
in vivo is a gain-of-function and can signiWcantly aVect pro-
liferation of DP and SP thymocytes.

In summary, we describe in this study the eVect of gli-
oma progression on T-cell homeostasis and thymic devel-
opment, which result in atrophy of the thymus and in
reduced thymic cellularity. We speculate that the develop-
mental defect in DP is mediated by Notch and its ligand
Jagged-1 expressed by glioma in vivo. Our data provide an
additional model suggesting the function of Notch and/or
its ligand Jagged-1 in the control of the CD4/CD8 check-
point. This model indicates that HO-1 functions as an anti-
apoptotic defense for the TIL of glioma and could be a
potential target for glioma immunotherapy.
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