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Apoptosis during negative selection of autoreactive thymocytes
Sue J Sohn, Jennifer Thompson and Astar Winoto

Recent investigations have solidified the importance of
negative selection in controlling autoimmunity. Loss of
autoimmune regulator (AIRE), required for thymic stromal-cell
differentiation and thymic expression of peripheral antigens,
results in multi-organ autoimmunity. Mice with AIRE/Foxp3
double mutations suffer from exacerbated autoimmunity when
compared with mice with only one mutation, supporting the
important contributions of both central and peripheral
tolerance. In thymocytes, Cbl is a negative regulator of
thymocyte apoptosis while MINK, a MEKK kinase, is required
for negative selection. This is consistent with the requirement of
JNK, p38 and possibly ERK5 MAP kinases in thymocyte
apoptosis. ERK5 induces the Nur77 orphan steroid receptor
family members. In cell lines, Nur77 interaction with Bcl-2 turns
Bcl-2 into a pro-apoptotic molecule. This and other possibilities
will be discussed to explain the unresolved finding that negative
selection is defective in Bim ™~ but is not efficiently blocked in
Bcl-2 transgenic mice.
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Introduction

During development, autoreactive thymocytes are elimi-
nated through apoptosis in a process termed negative
selection (central tolerance). This process has always
been thought to be important to prevent autoimmunity,
but concrete proof did not come until recently. Indeed,
given that mice possessing mutations in the Fas, IL-2, or
Foxp3 gene develop severe autoimmunity despite normal
negative selection, some have argued that peripheral
tolerance is more important than central tolerance and
that T cell negative selection might be dispensable for
development of a normal immune system (for example,
see [1]). This argument was bolstered by examples of
apparently little or no autoimmunity and only a partial
inhibition of thymocyte apoptosis in mice harboring a

mutation in a single gene involved in negative selection.
Nonetheless, the identification of autoimmune regulator
(AIRE) as a protein important for expression of non-
thymic antigens on stromal cells has started to bring
credence to the importance of negative selection [2].
AIRE-deficient mice suffer from multiple organ autoim-
munity. In this review, we will discuss AIRE and its
importance in thymic stromal cells. In addition, we will
discuss advances in our understanding of how T cells
might distinguish positive from negative selection signals.
Recent elucidation of signaling proteins important for
negative selection in T cells will be reviewed.

AIRE, thymic epithelial cells, and the
importance of central tolerance

AIRE was first identified as a gene defective in human
patients suffering from multiple organ autoimmunity auto-
immune polyendocrinopathy (APECED) [3,4]. Similar to
human APECED patients, AIRE-deficient mice exhibit
autoimmunity in multiple organs [2]. AIRE is primarily
expressed in medullary thymic epithelial cells (mTECs).
Interestingly, mTECs express many ‘tissue-specific anti-
gens’ usually not found in thymocytes or T cells. Expres-
sion of these antigens is lost in A/RE~~ mTEC.
Subsequent experiments showed that this results in gener-
ation of autoreactive T cells, which attack various organs
[5,6]. For example, Anderson et al. crossed ovalbumin-
specific T-cell receptor (TCR) transgenic mice (O'T-1 or
OT-II) to transgenic mice expressing OVA under the
control of a ‘pancreas-specific’ promoter (the insulin pro-
moter-driven expression of OVA [RIP-OVA] was also seen
in mTEGCs). They showed that deletion of OVA-specific
thymocytes occurred only in wild-type but not in ATRE ™/~
mice [6]. Indeed, all of these AIRE™"™ mice (OVA trans-
genic/OVA-TCR/AIRE ™7 develop diabetes because of
defective negative selection and not because of defective
function in regulatory T cells [6].

To further show the important role of negative selection,
mice with double A/RE/Foxp3 mutations were generated
in C57B1/6 background. While Foxp3-mutant mice that
have lost their regulatory T cell function can survive up to
50 days, AIRE ~'~/Foxp3-mutant mice die within 28 days
because of accelerated autoimmunity [7°°]. Thus, both
peripheral and central tolerance play indispensable roles
in preventing the immune system from attacking self-
organs. Equally interesting is the extensive autoimmune
damages detected specifically in the liver and lung of
these mice but not in other organs examined. It is possible
that another, yet-to-be identified AIRE-independent
mechanism operates to remove thymocytes that are auto-
reactive to organs other than the lung and liver. The
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significance of thymic expression of peripheral antigens
for controlling autoimmunity was further illustrated in a
study of an eye antigen interphotoreceptor retinoid-bind-
ing protein (IRBP) [8°°]. IRBP was identified as a domi-
nant eye-specific protein lost in AIRE-deficient animals.
Amazingly, the transfer of IRBP-deficient thymic stromal
cells into nude mice resulted in eye-specific autoimmu-
nity [8°°]. T'hus, the absence of a single peripheral antigen
in the thymic stroma, even in the presence of functional
regulatory T cells (Tregs) and peripheral tolerance (nude
mice are defective in thymic stromal cells and hence
transfer of the IRBP-deficient stromal cells should restore
generation of mature T cells, including Tregs), could still
lead to defects in negative selection and consequently to
autoimmunity.

How AIRE works is still not clear. AIRE is regulated
transcriptionally by NF-kB2 (p52) and thus »527/~ mice
also exhibit defective negative selection [9°]. AIRE con-
tains several zinc finger domains and thus one possible
scenario is that AIRE acts as a ‘general’ transcriptional
regulator for promiscuous gene expression in mTECs.
However, one study reported that although AIRE
deficiency did not affect expression of the RIP-OVA
transgene in thymic stromal cells, the negative selection
of OVA-specific T cells was still impaired [6]. In another
study, negative selection of fodrin-specific T cells was
shown to be defective in AJRE~'~ mice despite its con-
tinued expression in thymic stromal cells [10]. To explain
these results, an alternative hypothesis was put forward
where, instead of acting as a general transcriptional acti-
vator, AIRE regulates differentiation of thymic stromal
cells [11,12]. Several lines of experimental data support this
alternative hypothesis. First, distinct expression patterns of
‘tissue-restricted’ genes were observed among different
types of thymic epithelial cells [11], suggesting that not all
thymic epithelial cells are equal. More recently, it was
found that genes associated with stem cells and progenitor
cells, for example, Nanog, Oct4, and Sox2, are expressed in a
subset of thymic epithelial cells in an AIRE-dependent
manner [13°]. Thus, AIRE might regulate thymic epi-
thelial differentiation and indirectly affect expression of
‘tissue-specific’ genes in different thymic stromal cell
types.

Signaling molecules regulating negative
selection

Cbl proteins are ubiquitin ligases thought to negatively
regulate TCR signaling. Inactivation of both c¢c-Cbl and
Cbl-b, two of the Cbl family members, leads to enhanced
negative selection [14°]. In female H-Y T'CR transgenic
mice, where the majority of thymocytes normally
undergo positive selection to become CDS8+ cells,
depletion of CD4*CD8" double-positive (DP) thymo-
cytes was instead noted in ¢-Cb//Cbl-b double-deficient
background. Interestingly, although most membrane-
proximal events are unaffected in ¢-Cb/™'~|Chl-b~'~

thymocytes, NF-kB was found to be constitutively phos-
phorylated. However, the effect of Cbl deficiency on two
important downstream molecules involved in negative
selection, Nur77 and Bim (see below), was not analyzed
in this paper. In a somewhat similar finding, thymocytes
initially develop normally in a strain of mice expressing a
mutant form of ¢-Cbl with an impaired RING finger
domain (c-Cbl C379A knockin mice). Notably, as the
mice age, thymic cellularities drop precipitously [15°]. In
six-week-old mice, for example, their thymi are 10% the
size of the wild-type littermate controls. Membrane-
proximal TCR signaling events are also normal in these
c-Cbl C379A mice, and the levels of Bim and its related
pro-apoptotic and anti-apoptotic Bcl-2 family members
remain unaffected. By contrast, phosphorylation of AK'T
is highly elevated. However, this latter event is not likely
to directly enhance thymocyte apoptosis because phos-
phorylated (activated) AK'T is normally associated with
inhibition of apoptosis [16,17], and expression of a con-
stitutively activated AK'T protein in T cells does not
induce apoptosis in transgenic mice [18,19]. Thus, other
changes in pro-apoptotic or anti-apoptotic pathways must
account for the age-dependent depletion of thymocytes
in these c-Cbl C379A knockin mice. These data point to
an intricate balance of positive and negative forces that
shape apoptotic responses during T cell development.

In the context of negative selection, Cbl proteins may
influence signaling pathways involving not only Bim, a
pro-apoptotic member of the Bcl-2 family, but also the
Nur77 family of orphan steroid nuclear receptors as well
as the regulators of the mitogen-activated protein (MAP)
kinase cascades. Misshapen-Nck-interacting kinase-
related kinase (MINK) (MAPKKK®6 or ASK?2) is a mem-
ber of the Ste20 kinase family acting as an upstream
activator of the MAP kinase cascades. MINK was shown
to activate both the c-Jun N-terminal kinase (JNK) and
p38 MAP kinase pathways [20]. In a recent paper, MINK
expression was found to be the highest in DP thymocytes,
and MINK-deficient mice displayed defective negative
selection in several models of negative selection [21°].
"This might be related to the ability of MINK to regulate
JNK activation and the subsequent Bim expression
because both are severely compromised in MINK-
deficient thymocytes. However, others have reported that
inhibition of JNK or p38 activities with pharmacological
inhibitors did not lead to changes in Bim expression levels
[22°]. Thus, the effects of MINK on JNK and Bim are
most likely the results of MINK regulating two indepen-
dent pathways.

How these molecular events translate into differential
effects of positive versus negative selection during T cell
development remains a mystery. A small difference in
ligand affinity for the 'TCR is responsible for shifting the
threshold from positive to negative selection signals [23°].
For example, conformational changes at the TCR might
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reflect subtle differences of ligand—receptor avidity [24°].
Consistent with this notion, a CD3-specific antibody
detects TCR/CD3 complexes on the surfaces of T cells
undergoing negative selection but not, if at all, those on
thymocytes undergoing positive selection [24°]. This
conformational change may subsequently translate to
activation of MINK and other MAP kinase pathways.
In addition to JNK and p38, there are two additional
classes of MAP kinases: extracellular signal-related kinase
1/2 (ERK1/2) and ERKS. ERK1/2 is required for positive
but not negative selection [25] while JNK and p38 are
required for negative selection but not for positive selec-
tion [26]. The role of ERKS5 in T cell development has not
been fully characterized, but constitutively activated
ERKS can activate Nur77 transcription [27], suggesting
that the ERKS pathway may participate in negative
selection. Recently, ERK1/2 were found to localize dif-
ferentially between positively and negatively selected
thymocytes [23°]. ERK1/2 are found in the membrane
for cells receiving negative selection signals but are
evenly distributed in the cytoplasm of positively selected
thymocytes. The physiological significance of this differ-
ential localization remains to be investigated. Nonethe-
less, this observation is consistent with the model wherein
high avidity interactions with a negatively selecting
ligand induce a ‘stronger’ signal and recruit ERK1/2 to
the plasma membrane better than low avidity stimulation
by a positively selecting ligand.

If Bim is the only BH3 molecule involved in
negative selection, why is Bcl-2
overexpression unable to efficiently inhibit
negative selection?

The NOD strain of mice suffers from diabetes. This is
partly because of defective negative selection. Using
DNA microarray analysis, two groups have examined
the gene expression profiles of wild-type and NOD mice.
Both groups have identified Bim and Nur77 among genes
that are upregulated in stimulated wild-type but not
NOD CD4"CDS8" thymocytes [28-30]. These results
are consistent with previous functional studies for
the roles of Bim and Nur77 family in negative selection
[31-34]. The relationship between Bim and Nur77 family
members, if any, however, is not clear. Interestingly,
Nur77 was reported to translocate from the nucleus to
mitochondria in LNCaP cells and in peripheral T cells
[35,36]. The phenomenon was independently confirmed
in other cancer cell lines [37-39]. There, Nur77 associates
with Bcl-2 through a linker region between the BH3 and
BH4 domains of Bcl-2, exposing the BH3 domain and
converting Bcl-2 into a pro-apoptotic molecule [36].
Nur77 is also capable of interacting with two other Bcl-
2 family members, Bcl-B and Bcl-2A1 [40]. However,
neither of them possesses a BH4-BH3 linker region. How
Nur77 can convert them to pro-apoptotic molecules is not
clear. If Nur77 interacts with Bcl-2 or Bcel-2A1 during
negative selection, and in fact Bcl-2A1 is expressed

abundantly in DP thymocytes [41], Bim and Nur77
may constitute two distinct pathways in negative selec-
tion that converge at the mitochondria. This hypothesis
could explain the disparity between the effects of Bim
deficiency and Bcl-2 overexpression on negative selec-
tion. Although negative selection is defective in Bim '~
mice, it is only inefficiently blocked by overexpression of
Bcl-2, a normally anti-apoptotic downstream negative
regulator of Bim [31,42-44]. Overexpression of Bcl-2
was sufficient to block most Bim-mediated apoptosis
(irradiation, glucocorticoid, and death-by-neglect) but
was unable to efficiently inhibit negative selection.
One formal possibility is that expression of Bcl-2 is not
high enough in these transgenic mice to prevent negative
selection (but is high enough to block all other forms of
apoptosis). T'o make such a stoichiometric argument, we
speculate that a Bcl-Z-interacting protein is specifically
induced during negative selection to prevent Bel-2 from
antagonizing Bim completely or that another BH3-only
protein that binds to Bcl-2 poorly [45] is induced during
negative selection and whose expression is affected in
Bim™'~ mice. Another possibility, given the potential for
Bcl-2 to switch from an anti-apoptotic to pro-apoptotic
molecule, is that induction of Nur77 in negatively
selected thymocytes promotes Bcl-2 to mediate apoptosis
in developing thymocytes. Although expressed at low
levels in DP thymocytes, Bcl-2 has been shown to be
induced during negative selection [46]. Thus, in the
presence of Nur77, Bcl-2 is unable to block the Bim
action. However, one recent report suggested that
Nur77 does not translocate to mitochondria in anti-
CD3/CD28-stimulated DP thymocytes [47]. Nur77 can
also transcriptionally upregulate several apoptotic genes,
including Fasl. and TRAIL, two of the apoptotic TNF
family members and a novel gene NDGI [48]. Further-
more, a dominant negative Nur77 protein, which resides
mostly in the nucleus, can inhibit negative selection.
Although this dominant negative protein might be able
to inhibit the endogenous Nur77 translocation to mito-
chondria via homodimerization [49], it is also likely to
inhibit transcription of apoptotic genes like Fasl. [50].
Thus, Nur77 (and its family member Nor-1) might act
through two distinct mechanisms, one via the nucleus and
the other via the mitochondria. Additional experiments
are necessary to elucidate the signal transduction path-
ways of negative selection.

Conclusions

As evidenced by the genetic data, central and peripheral
tolerance work together to prevent autoimmune diseases.
The observation that Bim and Nur77 levels are sup-
pressed in thymocytes in multiple autoimmune disease
models, although mostly correlative, render further sup-
port for their roles in negative selection. With the poten-
tial for Bcl-2 to act as a pro-apoptotic molecule, we can
now consider a modified model wherein Bim/Bcl-2 path-
way functionally, and perhaps synergistically, interacts
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with the MAPK/Nur77 pathway (Figure 1). These intra-
cellular molecular events are triggered by the interaction
between TCR and its ligand, and whether these inter-
actions result in strictly quantitatively or qualitatively
distinct signals remains unresolved. Nonetheless, the
crucial role of AIRE in the formulation of antigenic
repertoire as well as functional differentiation of thymic
stromal cells and their contribution to thymocyte negative
selection, suggest that further studies are required to
understand the cellular context in which thymocytes
differentiate.

Figure 1
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A schematic diagram of proteins and the pathways involved in
negative selection. NF-kB2 regulates AIRE expression in the thymic
stromal cells. AIRE in turn controls expression of ‘tissue-specific’
antigens, either directly or indirectly through regulation of thymic
stromal cell differentiation. Thymocytes receiving negative selection
signals initiate a cascade of signaling pathways, including
sequestration of ERK1/2, activation of the MINK kinase and the
downstream kinases like JNK, p38 and ERK5, which are negatively
regulated by Cbl. Expression of apoptotic effector molecules like
Bim, Nur77, and the Nur77 family member, Nor-1 is affected by
activities of these kinases. Nur77 may interact with Bcl-2 at the
mitochondria and turns the normally anti-apoptotic protein into a
pro-apoptotic molecule. However, further experimentation is
necessary to see whether this actually occurs in thymocytes.
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