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Abstract Elimination of self-reactive T lymphocytes occurs during T-cell development in the thymus by a process 
known as negative selection. The mechanism that drives negative selection is apoptosis. To identify genes that regulate 
apoptosis in the mouse thymus, a library of negatively selected T cells was constructed and, by subtractive screening, 
several differentially regulated genes were isolated. Two transcripts that are repressed during cell death were identified, 
in addition to two induced transcripts. Further experiments demonstrated that cell death in thymocytes can occur via 
several induction pathways and each pathway appears to be regulated by a unique cascade of genes. I 1996 Wiley-Liss, Inc 

Apoptosis in the immune system functions at  
many levels to  remove unnecessary or poten- 
tially dangerous cells. Several years ago it was 
recognized that negative selection, the process 
by which self-reactive T cells are removed from 
the thymus, occurs by clonal deletion [White et 
al., 19891. More recently, clonal deletion has 
been shown to arise through the specific induc- 
tion of apoptosis in those cells that recognize 
antigen with high affinity. The first indications 
that apoptosis was the process that results in 
negative selection came from experiments show- 
ing that treatment of immature CD4+, CD8' 
thymocytes with antibody to the CD3 compo- 
nent of the T-cell receptor resulted in death by 
apoptosis [Smith et al., 19891. These experi- 
ments provided evidence that crosslinking the 
TCR on immature thymocytes results in death, 
an important observation given that negative 
selection is known to occur via interaction of the 
TCR with antigen. The conclusions from these 
experiments were strengthened by the observa- 
tions that immature thymocytes may be in- 
duced to undergo apoptosis by interaction with 
antigen presenting cells [Swat et al., 1991; Mac- 
Donald and Lees, 19901. Similar results were 
obtained with thymic organ cultures treated 
with antibodies to CD3. Taken together, these 
data strongly suggested that negative selection 
occurs through the induction of apoptosis. 
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The experiments of Murphy et al. [19901 pro- 
vided unequivocal evidence that negative selec- 
tion results in apoptosis. In these experiments, 
transgenic mice were generated in which most T 
cells express the same TCR. When these animals 
were injected with the peptide recognized by the 
transgenic TCR, the ovalbumin peptide OVA 
323-336, essentially all the immature thymo- 
cytes were induced to die by apoptosis, proving 
that antigen-specific negative selection occurs 
through apoptosis. 

Some of the earliest experiments demonstrat- 
ing the existence of an active process of cell 
death demonstrated that immature lympho- 
cytes may be induced to undergo apoptosis in 
response to synthetic glucocorticoids such as 
dexamethasone [Wyllie, 1980; Cohen and Duke, 
19841. T-cell lines that behave similar to imma- 
ture thymocytes also are exquisitely sensitive to 
glucocorticoids. These lines have been useful to  
many who study apoptosis in cell lines or in 
tumors of the immune system; however, the 
physiological relevance of cell death by glucocor- 
ticoids has remained elusive. Recent data from 
Ashwell and colleagues have shed some light on 
the significance of this inducer of apoptosis Wac- 
chi0 et al., 19941. It appears that the developing 
thymus produces physiological levels of glucocor- 
ticoids capable of inducing apoptosis in imma- 
ture thymocytes. However, as shown by several 
investigators [Iwata et al., 1992; Zacharchuk et 
al., 19901, simultaneous crosslinking of the TCR 
and exposure to  glucocorticoids results in cell 
survival rather than enhanced apoptosis. Thus, 
those cells that have TCRs with moderate- to 
high-affinity interaction with either self-MHC 
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or antigen will be spared from death induced by 
endogenous glucocorticoid and hence are free to 
undergo the processes of positive andlor nega- 
tive selection. Only those cells that have TCRs 
that do not recognize MHC will be killed by 
glucocorticoids and thus die by a form of neglect 
Wacchio et al., 19941. 

These data indicate that development in the 
thymus results from a careful balance of life and 
death whereby cells that react with self-MHC at 
a low to moderate affinity are spared and un- 
dergo positive selection. By contrast, those cells 
that recognize self with a high-affinity TCR in- 
teraction undergo negative section and apopto- 
sis. Finally, cells that are neither positively nor 
negatively selected are prevented from surviv- 
ing through the induction of apoptosis by intra- 
thymic glucocorticoids. Such a fine tuned sys- 
tem provides an environment in which vast 
numbers of cells may circulate through the devel- 
opmental pathways of the thymus, preserving 
only those cells that are most useful for antigen 
recognition in the peripheral immune system. 
This level of careful control is essential if the animal 
is to avoid the inadvertent positive selection of a 
self-reactive T cell and risk autoimmune dmorders. 

Very recent data indicate that the vast major- 
ity of cells in the thymus actually die through 
neglect [Surh and Sprent, 19941. Surh and 
Sprent used TUNEL [Gavrieli et al., 19921 to 
detect the DNA strand breaks that occur with 
apoptosis to examine negative selection in the 
thymus. By the use of a TCR transgenic mouse, 
they were able to demonstrate that negative 
selection did indeed lead to death by apoptosis, 
agreeing with the earlier data of Murphy et al. 
[1990]. However, their data allowed a direct 
measurement of the level of apoptosis during 
negative selection. The data indicated this apop- 
tosis makes a very small contribution to the 
overall level of small loss in the thymus. Instead, 
their data provide the first direct evidence that 
the bulk of apoptosis in the thymus is due to  
death by neglect, the lack of either positive or 
negative selection. When the experiments of 
Ashwell are considered, one must assume that 
the majority of apoptosis in the thymus is likely 
to  be induced by endogenous glucocorticoids 
Wacchio et al., 19941. 

ISOLATION OF GENE INDUCED 
DURING NEGATIVE SELECTION 

In order to determine the molecular events 
that mediate these complex processes in the 

thymus, we generated a cDNA library from thy- 
mocytes induced to  undergo negative selection 
and, by differential hybridization, have isolated 
several genes that are either induced or re- 
pressed coincident with negative selection. To 
construct our library, we took advantage of the 
transgenic TCR model system described by Mur- 
phy et al. [1990]. Thymocytes were removed 
from these mice and RNA isolated 3, 4, or 5 h 
following the injection of antigen, the ovalbu- 
min peptide 323-336 (Fig. la). The RNA was 
converted into cDNA, cloned and screened by a 
differential hybridization strategy, shown in Fig- 
ure lb. 

apt-1 AND apt-3 ARE REPRESSED 
DURING CELL DEATH 

Following several rounds of screening, four 
clones were isolated, two of which were re- 

Fig. 1. 
(a) and subtractive screening of the cDNA library (b). 

construction of a cDNA library from dying thymocytes 
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pressed and two of which were induced during 
cell death in thymocytes. In order to examine 
more carefully the patterns of expression of 
these genes, we took advantage of the T cell 
hybridoma, DO1l.lO, which bears the same TCR 
as the transgenic mouse used in these studies 
and undergoes apoptosis upon TCR crosslink- 
ing. Figure 2 shows the pattern of expression in 
DO1l.10 cells of two genes, apt-1 andapt-3, that 
are repressed when cells are induced to die by 
treatment with PMA + A23187. Similar pat- 
terns of expression were observed with the anti- 
TCR antibody, F23.1 as well as when DO1l.10 
cells were induced to die by treatment with the 
synthetic glucocorticoid, dexamethasone (data 
not shown). 

nur77 IS REQUIRED F O R  CELL 
D E A T H  IN T CELLS 

Another gene, initially designated apt-2, was 
found to be expressed in D o l l .  10 cells following 
induction of apoptosis by exposure to the anti- 
TCR antibody, F23.1 (Fig. 3). We subsequently 
found that this pattern of expression is unique 
to the induction of cell death through engage- 
ment of the TCR and induction of apoptosis by 
ghcocorticoids or ionizing radiation does not 
result in the expression of apt-2. Upon determi- 
nation of the DNA sequence, apt-2 was revealed 
to be a previously isolated gene known as nur77, 
first isolated from a cDNA library of serum 
stimulated 3T3 cells [Lau and Nathans, 19871. 
This gene encodes a member of the steroid hor- 
mone receptor superfamily of zinc finger DNA 
binding transcription factors. Unlike most other 

PMA + A23187 

Hours post-stimulation 

apt-3 

Fig. 2. Expression of apt-3 in DO1 1 .I 0 cells induced to die by 
treatment with PMA + A23187. Cells were treated with PMA + 
A23187 and RNA prepared at the indicated times following 
treatment. 
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Fig. 3. Expression of nur77 in DO1 1 . I 0  cells. DO1 1.1 0 cells 
were treated with the anti-TCR antibody, F23.1, F23.1 in the 
presence of the transcriptional inhibitor actinomycin D, F23.1 
in the presence of Cyclosporin A, F23.1 in the presence of 
dexamethasone or with antibody to the CD3 complex, 245 
2C11. Cells were treated as indicated for 2 hr and RNA prepared 
at the indicated times following treatment. 

members of this family, nur77 has no identified 
intracellular ligand. The expression of nur77 
also has been demonstrated in PC12 cells when 
these cells are induced to differentiate into neu- 
ronal cells by treatment with nerve growth fac- 
tor. Thus, nur77 has been shown to be induced 
during cell proliferation and cell differentiation 
and, in our experiments, following the induction 
of apoptosis. 

To determine whether the expression of nur77 
was critical for the induction of apoptosis, we 
created an antisense construct of the nur77 
gene and, by transient transfection analysis dem- 
onstrated that nur77 is required for cell death 
[Liu et al., 19941. In these experiments, we took 
advantage of the fact that the nur77 promoter 
region was both well defined and drives high 
level of expression following TCR engagement. 
We generated a cDNA construct that used this 
promoter to drive the expression of the nur77 
antisense construct. This technique ensured that 
the antisense construct would be induced in 
much the same manner as the endogenous gene, 
providing a comparative level of both the endog- 
enous gene, as well as the antisense form of 
nur77. Because transfection of T-cell lines is not 
an efficient process, it was necessary to devise a 
strategy to detect specifically the small percent- 
age of cells that received the antisense vector. 
To accomplish this, we took advantage of a strat- 
egy originally described by Harlow and col- 
leagues [Zhu et al., 19931, using the cell surface 
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marker CD20 as a co-transfection marker. By 
using an excess concentration of the nur77 anti- 
sense vector relative to the CD20 vector, it is 
likely that every cell that expresses CD20 also 
received the antisense vector. Such experiments 
demonstrated conclusively that transfection with 
antisense nur77 resulted in accumulation of 
CD20+ cells [Liu et al., 19941. Conversely, the 
transfection of DO1l.10 cells with a truncated 
nur77 sense control resulted in barely detect- 
able levels of CD20+ cells. These data suggest 
that prevention of nur77 expression by the anti- 
sense construct results in significant inhibition 
of the normally occurring induction of apoptosis 
following TCR crosslinking. We concluded that 
nur77 was required for cell death induced by 
TCR engagement in DO1l.10 cells. These data 
are supported by the findings of Woronicz et al. 
[1994], who showed that a dominant negative 
form of nur77 inhibited cell death in the T-cell 
line 2B4. Collectively, these data suggest that 
nur77 plays an important role in normal T-cell 
death. 

apt-4 IS INDUCED DURING CELL 
DEATH IN T CELLS 

Another gene, apt-4, also was isolated from 
the library of dying thymocytes. When DO1l.10 
cells are induced to  die via TCR interactions, 
expression of this gene is induced. The pattern 
of apt-4 induction is different from that ob- 
served for nur77. While nur77 is expressed 
within 1-1.5 h following TCR crosslinking, apt-4 
mRNA is detected 4-5 h after the induction of 
death (Fig. 4). We have sequenced a portion of 
the 8-kb apt-4 cDNA, and it does not resemble 
any sequence in the Genbank database. 

p53 IS REQUIRED FOR RADIATION-INDUCED 
CELL DEATH IN THYMOCYlES 

In addition to the genes we have isolated from 
the cDNA library made from dying thymocytes, 
we have shown, in collaboration with Tyler Jacks 
and Scott Lowe, that the p53 tumor suppressor 
gene is also required for some forms of thymo- 
cyte cell death [Lowe et al., 19931. In these 
experiments, thymocytes from p53 null mice 
were employed to assess the role of p53 in the 
regulation of apoptosis. While thymocytes from 
these p53 null mice display normal death re- 
sponse to glucocorticoid and signals mimicking 
TCR stimulation, they are unable to die in re- 
sponse to ionizing radiation. By contrast, thymo- 
cytes from normal littermate controls are 

exquisitely sensitive to induction of apoptosis by 
ionizing radiation. Therefore, while the apop- 
totic program is normal in these mice, p53 is 
required to couple the signals generated by ion- 
izing radiation to this pathway. These data 
complement, and are in complete agreement 
with, those of Clarke et al. [19931. 

CONCLUSIONS 

We have isolated several genes that are either 
induced (nur77 and apt-4) or repressed (apt-1 
and apt-3) during cell death in thymocytes stimu- 
lated to undergo negative selection. One of these 
genes, nur77 is induced only through TCR en- 
gagement and is a required component of this 
pathway [Liu et al., 1994; Woronicz et al., 19941. 
Another gene, apt-4, also is induced by TCR 
engagement and preliminary data suggest that 
this gene, as well as nur77, is required for T-cell 
death [T. Kallinic, S. Smith, and B. Osborne, 
unpublished observations]. Furthermore, in 
separate studies, the p53 tumor suppressor gene 
was shown to be required for the induction of 
cell death in thymocytes by ionizing radiation. 
However thymocytes from mice lacking the p53 
gene undergo apoptosis quite normally in re- 
sponse to signals that mimic TCR engagement 
as well as by dexamethasone. These data, taken 
together, suggest that at least several cell death 
pathways exist in murine T cells. As outlined in 
Figure 5, we propose that each induction signal, 
glucocorticoids, TCR engagement or exposure to 
radiation, results in the induction of unique 
signal transduction pathways and that each 

F23.1 
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apt-4 

Fig. 4. Expression of apt-4 in DO1 I .10 cells. DO1 1.1 0 cells 
were treated with PMA + A23187 and RNA prepared at the 
indicated times following treatment. 
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Fig. 5. 
sis in T cells are mediated by distinct sets of genes. 

Molecular pathways leading to the induction of apopto- 

pathway is likely to be mediated by a distinct set 
of gene products. We propose that these path- 
ways may converge into a more common path- 
way that ultimately leads to  the death of the 
cells. Further elucidation of the genes that lie 
along this common path may lead to a better 
understanding of the common molecular events 
that result in apoptosis in thymocytes. Addition- 
ally, it is expected that such knowledge may 
eventually lead to therapeutic strategies that 
result in the manipulation of cell death. 

REFERENCES 
Clarke AR, Purdie CA, Harrison DJ, Morris RG, Bird CC, 

Hooper ML, Wyllie A (1993): Thymocyte apoptosis in- 
duced by p53-dependent pathways. Nature 362:849. 

Cohen JJ ,  Duke R (1984): Glucocorticoid activation of a 
calcium-dependent endonuclease in thymocyte nuclei leads 
to  cell death. J Immunol 132:38. 

Gavrieli Y, Sherman Y, Ben-Sasson SA (1992): Identifica- 
tion of programmed cell death in situ via specific labeling 
of nuclear DNA fragmentation. J Cell Biol 119:493. 

Iwata M, Nakai Y, Isekei R (1992): Retinoic acids inhibit 
activation-induced apoptosis in T cell hybridomas and 
thymocytes. J Immunol149:3302. 

Lau L, Nathans D (1987): Expression of a set of growth- 
related immediate early genes in BALBic 3T3 cells: Coor- 
dinate regulation with c-fos or c-myc. Proc Natl Acad Sci 
(USA) 84:1182. 

Liu Z-G, Smith SW, McLaughlin KA, Schwartz LM, Os- 
borne BA (1994): Apoptotic signals through the T-cell 
receptor of a T-cell hybrid require the immediate-early 
gene nur77. Nature 36:281. 

Lowe S, Schmitt EM, Smith SW, Osborne BA, Jacks T 
(1993): p53 is required for radiation-induced apoptosis in 
mouse thymocytes. Nature 362:847. 

MacDondd HR, Lees RK (1990): Programmed death of 
autoreactive thymocytes. Nature 343:624. 

Murphy KM, Heimberger AB, Loh DY (1990): Induction by 
antigen of intrathymic apoptosis of CD4+ CD8+ TCR'" 
thymocytes in vivo. Science 250:1720. 

Smith CA, Williams G, Kingston R, Jenkinson EJ, Owen JT 
(1989): Antibodies to CD3iT-cell receptor complex in- 
duces death by apoptosis in immature T cells in thymic 
culture. Nature 337:181. 

Suhr CD, Sprent J (1994): T cell apoptosis detected in situ 
during positive and negative selection in the thymus. 
Nature 372:lOO. 

Swat W, Ignatowicz L, von Boehmer H, Kisielow (1991): 
Clonal deletion of immature CD4+ CD8+ thymocytes in 
suspension culture by extrathymic antigen-presenting 
cells. Nature 351:150. 

Vacchio M, Papadopoulus V, Ashwell JD (1994): Steroid 
production in the thymus: Implications for thymocyte 
selection. J Exp Med 179:1835. 

White J ,  Herman A, Pullen AM, Kubo R, Kappler J, Marrack 
P (1989): The VP-specific superantigen staphylococcal 
enterotoxin B: Stimulation of mature T cells and clonal 
deletion in neonatal mice. Cell 56:27. 

Woronicz JD, Calnan B, Ngo V, Winoto A (1994): Require- 
ment for the orphan steroid receptor Nur77 in apoptosis 
of T-cell hybridomas. Nature 367:277. 

Wyllie AH (1980): Glucocorticoid induced thymocyte apopto- 
sis is associated with endogenous endonuclease activation. 
Nature 284:555. 

Zacharchuk CM, Mercep M, Chakrab0rt.i PK, Simons SS, 
Ashwell JD (1990): Programmed T lymphocyte death. Cell 
activation- and steroid-induced pathways are mutually 
antagonistic. J Immunol 145:4035. 

Zhu L, van den Heuvel S, Helin K, Fattaey A, Ewen M, 
Livingston D, Dyson N, Harlow E (1993): Inhibition of cell 
proliferation by p107, a relative of the retinoblastoma 
protein. Genes Dev 7:1111. 




