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Apoptosis during lymphoid development
Sue J Sohn, Arvind Rajpal and Astar Winoto™

Recent investigations have provided important insights into how
signaling through the antigen receptors determines whether a
cell survives or dies. In T cells, Grb2 and MAP kinases play
essential roles in differentiating between apoptotic and survival
signals. The PTEN phosphatase and Bim, a pro-apoptotic Bcl-2
family member, regulate apoptosis in both T and B cells. In B
cells, antigen receptor-mediated death can be rescued by
co-stimulation, in which the roles of protein kinase C and BAFF, a
TNF family member, have been recently elucidated. In a recently
identified mechanism of regulating inflammation, receptors such
as c-mer and glycoproteins such as MFG-E8 were found to
participate in the clearance of apoptotic cells.
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Abbreviations

Apaf-1 apoptotic protease-activating factor 1
BCR B-cell receptor

DP CD4*CD8™ double-positive

ERK extracellular signal-related kinase
GR glucocorticoid receptor

JNK c-Jun N-terminal kinase

MAP mitogen-activated protein
MEK/MKK MAP kinase kinase
MEKK/MKKK MEK/MKK kinase

MFG-E8 milk fat globule EGF factor 8
PI3K phosphatidylinositol-3 kinase
PKC protein kinase C

PS phosphotidylserine

PTEN phosphatase and tensin homolog
PTK protein tyrosine kinase

TCR T-cell receptor

TNF tumor necrosis factor
Introduction

Apoptosis plays a central role in the generation of the
lymphoid system. Developing T and B cells are destined
to die, unless a functional antigen receptor is produced
through gene rearrangements to trigger a rescue signal.
The lymphocytes with functional receptors are screened
on the basis of individual receptor specificity, and cells

bearing ‘self-reactive’ receptors are eliminated by apop-
tosis to protect the organism from inappropriate assault.
Mature lymphocytes are further subjected to apoptotic
death after a normal immune response to regulate acti-
vated lymphocytes, in response to self-antigen, or via
homeostatic mechanisms that balance the relative repre-
sentation of various components of the immune system.
In this review, we focus primarily on recent advances
made in our understanding of the apoptotic regulation of
developing lymphocytes. For a review of homeostatic
regulation of lymphocytes through the processes of acti-
vation-induced cell death, we refer the readers to a recent
review [1]. We will discuss molecular mechanisms of the
T-cell default death pathway (death by neglect), T-cell
antigen receptor-dependent death (negative selection),
and B-cell antigen receptor-mediated death. We also
include in our discussion the regulation involved in the
removal of apoptotic cells.

Apoptosis of developing T cells

Immature T cells that fail to generate functional antigen
receptors or fail to receive any T-cell receptor (T'CR)
signals die by default, a process commonly referred to
as ‘death by neglect’. The precise mechanism of death by
neglect remains unresolved; however, recent studies have
centered around defining the mechanisms that sensitize
the CD47CD8" double-positive (DP) thymocytes to
apoptosis. Data from several earlier studies suggested that
sensitivity to glucocorticoids plays a role. The ultimate
fate of an immature T cell thus poised for death may be
reversed by a signal through the surface TCR, if the
interaction between the TCR and its ligand is ‘weak’.
A ‘strong’ signal immediately triggers apoptosis (negative
selection). The molecular basis of how the survival- and
death-inducing signals are differentiated by the TCR
remains an important fundamental question. In addition,
the regulation of effector mechanisms of apoptosis in
developing T cells has been of great interest. We omit
a discussion of the role of the TNF receptor family in
thymocyte death in this review because studies conducted
in mice expressing a dominant-negative mutant FADD,
which inhibits signals from all death domain-containing
receptors, show that these receptors play a relatively minor
role in the regulation of apoptosis in developing T cells [2].

Death by neglect

DP thymocytes are exquisitely sensitive to apoptotic
signals. When cultured 7z vitro most of them die within
72 hours. The addition of outside stimuli, such as gluco-
corticoids, irradiation or anti-CD3/CD28 antibodies,
accelerates their demise. What determines the sensitivity
of these DP cells is still an open and interesting question.

www.current-opinion.com

Current Opinion in Immunology 2003, 15:209-216



210 Lymphocyte development

DP T cells express a reduced level of Bel-2, which could
partly explain their apoptotic tendency. Other factors,
such as endogenous glucocorticoids, have also been sug-
gested to play an essential role in death by neglect, as
adrenalectomized mice display increased thymic cellu-
larity and DP cells display keen sensitivity to corticoster-
oids in the absence of T'CR stimulation. Signals from the
TCR can antagonize the apoptotic effect of glucocorti-
coids, leading to the hypothesis that the combined signals
from steroid hormones and TCR determine the fate of
individual thymocytes [3]. However, mice reconstituted
with glucocorticoid receptor-negative (GR/7) fetal liver
cells display normal thymic composition and cellularity as
well as death by neglect [4°], suggesting either that
glucocorticoids might not play a requisite role in this
process or that alternative corticosteroid receptors exist
to mediate thymocyte cell death.

Inside the cells, Bel-2 family members clearly play an
essential role in the process of thymocyte death by
neglect. Overexpression of either Bcl-2 or Bel-xLL protects
DP thymocytes from dying and leads to an increased
thymic cellularity. Conversely, deletion of Bim (a Bcl-2
homology region 3 [BH3]-only pro-apoptotic Bcl-2 family
member) leads to delayed thymocyte apoptosis [S]. Abro-
gation of both Bax and Bak, two of the pro-apoptotic
Bcl-2 family proteins downstream of Bim, also results in
the prolonged survival of thymocytes in culture [6°°].
Bax~""bat™'~ DP thymocytes are additionally resistant
to cytokine withdrawal and glucocorticoid-induced apop-
tosis, suggesting that Bcl-2 family members play a crucial
role in many aspects of cell death, including death by
neglect [6°°]. In contrast to the requirement of Bcl-2
family members, the mitochondrial release of cyto-
chrome-c to activate apoptotic protease-activating factor
1 (Apaf-1) and caspase-9, long thought to be the central
event in initiating apoptosis, was recently shown not to be
essential in thymocyte death. Thymocytes isolated from
mice reconstituted with apaf-1~'" or caspase-9~'~ fetal
liver cells are as sensitive as their wild-type counterparts
to death by neglect and other apoptotic stimuli [7°°].
These data lead to an interesting notion that the cyto-
chrome-c/Apaf-1/caspase-9 ‘apoptosome’ amplifies rather
than initiates apoptotic signals, and that Bcl-2 regulates an
alternative caspase pathway independent of the apopto-
some complex (see Figure 1).

Death by negative selection

Engagement of the T'CR results in the rapid induction of
intracellular events, including the activation of Src- and
Syk-family protein tyrosine kinases (PTKs), protein
kinase C (PKC) and mitogen-activated protein (MAP)
kinases. Induction of a ‘strong’ signal, generated by self-
antigen, commits the cell to apoptosis. This indicates that
the life-versus-death choice can be made at the level of
the TCR, on the basis of TCR-ligand interactions. It is
thought that antigen receptor-proximal events in an

apoptotic signal (negative selection) are similar to those
in a survival signal (positive selection), whereas down-
stream events diverge (for reviews, see [8-10]). Consis-
tent with this view, activation of P'TKs is required for
both signals, but the MAP kinase pathways differentially
regulate the apoptotic and survival signals in DP thymo-
cytes.

Activation of the MAP kinase (MAPK) pathways involves
sequential phosphorylation and activation of a three-
kinase cascade: MEKK-MEK-MAPK. In T cells, the
MAP kinases ERK1/2, Jnk1/2, p38 [11] and ERKS (A
Winoto, unpublished data) are activated in response to
TCR crosslinking. Targeted disruption of the es#/ gene,
or expression of dominant-negative Ras (activator of
ERK1/2), specifically blocks positive selection [12,13].
Inhibition of p38 with a pharmacologic inhibitor, disrup-
tion of the jn& genes [14,15], or expression of dominant-
negative Jnk, renders thymocytes resistant to TCR-
induced apoptosis and results in a block in negative
selection. Because of embryonic lethality of p38x gene
disruption, the requirement for p38a in T-cell death has
not been directly assessed [16,17]. Taken together, these
results implicate the MAP kinase pathways in being able
to differentiate apoptotic and survival signals generated
by the interactions of TCR with a negatively or a posi-
tively selecting ligand, respectively (see Figure 1).

Nonetheless, the activation of specific MAP kinases does
not correlate completely with the ultimate decision to live
or die. For example, ERK1/2 are activated in response to
negatively and positively selecting ligands [18]. Disrup-
tion of the genes encoding the upstream activators MAP
kinase kinase (MKK, also called MEK) and MKK kinase
(MKKK, also called MEKK) has also led to somewhat
confusing results. Deletion of MKK6, a p38 MKK, leads to
decreased apoptosis in thymocytes [19]; however, the
absence of MKK4 (an MKK that activates Jnk) potenti-
ates T cell apoptosis in the thymus [20] and MKK?7
(another Jnk MKK)-deficiency does not block activation
or apoptosis. Interestingly, deficiency of MEKK2 (an
MKKK that activates both Jnk and p38) results in
increased thymocyte death in response to treatment with
anti-CD3 antibody [21], inconsistent with the prediction
that immature T cells with reduced Jnk and p38 activa-
tion would be resistant to apoptosis. These apparently
conflicting data probably reflect the existence of a com-
pensatory mechanism that ultimately results in the
adjustment of activation thresholds for downstream path-
ways.

More recently, the disruption of a single allele of the grb2
gene was shown to block thymic negative selection [22°°].
Grb2 is a src homology 2 (SH2)/SH3 domain-containing
adaptor molecule that interacts with Sos (a guanine
nucleotide exchange factor) and is thought to activate
the MAP kinase pathways. This defect correlates with the
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A schematic diagram of signaling pathways involved in TCR- mediated apoptosis in death by neglect and negative selection. DP thymocytes undergo
death by neglect via a pro-apoptotic Bcl-2 protein-regulated pathway (Bim, Bax and Bak). Activation of Bax and Bak by Bim leads to cytochrome-c
(cyt-c) release from mitochondria, which in turn activates Apaf-1 and caspase-9. Caspase-9 then activates downstream caspases, leading to

apoptosis. Death by neglect can be inhibited by the expression of anti-apoptotic proteins, such as Bcl-2 and Bcl-xL. It is not clear if an additional
death by neglect pathway to cyt-c/Apaf-1/caspase-9 exists but, in thymocytes, the cyt-c/Apaf-1/caspase-9 pathway is dispensable for apoptosis.
Engagement of TCR/CDS3 by a negatively selecting antigen leads to activation of the pro-apoptotic Bim — Bax/Bak pathway and the four MAP kinase
pathways (ERK1/2, p38, Jnk and possibly ERK5) leading to apoptosis. Engagement of TCR/CD3 by a positively selecting antigen activates PI3K and
the ERK1/2 MAP kinases, leading to survival. Activation of MAP kinases appears to be regulated by the quantity of Grb2 adaptor protein. PTEN, a
negative regulator of the PI3K pathway, is implicated in apoptosis induced by negative selection. Broken lines depict putative pathways that remain to

be fully elucidated. IAP, inhibitor of apoptosis.

inhibition of Jnk and p38 activation, but not ERK1/2
activation. Furthermore, in support of the model that a
‘strong’ signal generates an apoptotic signal, Jnk and p38
are shown to exhibit higher activation thresholds, requir-
ing higher concentrations of phorbol myristate acetate
(PMA) to reach the equivalent level of activation as
ERK1/2 [22°°]. Thus, diminution of Grb2 protein levels
attenuates MAP kinase signals, affecting Jnk and p38 first
because of their intrinsically higher activation thresholds.
These results further suggest that the different signal
‘strengths’ are translated into the extent of Grb2- and Sos-
dependent activation of downstream MAP kinases. The
events that follow Jnk or p38 activation in thymocytes

undergoing negative selection remain unclear. However,
a p38 inhibitor has been shown to block TCR-mediated
translocation of Bax to mitochondria, suggesting that the
activation of MAP Kkinases may ultimately trigger the
mitochondrial pathway of apoptosis [23].

A recently described MAP kinase, ERKS, which activates
the transcription factor myocyte enhancer factor (MEF)-2
[24,25], may also regulate thymocyte apoptosis by its
ability to induce Nur77, an orphan steroid receptor impli-
cated in T-cell apoptosis (see Figure 1; [25]). Interest-
ingly, the catalytic domain of ERKS5 is most closely
related to ERK1/2, and pharmacological inhibitors of
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the ERK1/2 pathway also block ERKS5 [26]. ERKS can be
activated by MEKS5 and the upstream MEKK2Z and
MEKK3 [27,28]. ERKS5 is distinct from other MAP
kinases as it contains a unique large carboxy-terminal
region. This region contains a binding site for the MEF2
transcription factors and a powerful transcription activa-
tion domain [25]. Truncation of this activation domain
leads to a dead ERKS protein that can inhibit Nur77
expression. Conversely, a catalytically inactive ERKS fails
to induce transcription. This unusual mechanism allows a
rapid response to outside stimuli to induce a high level
transcription of a normally weakly transcribed gene. The
role of ERKS in thymocyte selection has yet to be
explored, as ERKS5-deficient mice die at day 11 of gesta-
tion due to angiogenesis defects [29,30].

Nur77, and its family member Nor-1, are orphan steroid
nuclear proteins that are rapidly upregulated in response to
TCR stimulation in thymocytes (for a recent review, sece
[31];[32,33]). Disruption of either ##777 or nor-1 alone does
not lead to any obvious thymic defects, but a dominant-
negative protein can inhibit negative selection. These data
suggest overlapping roles for Nur77 and Nor-1 in negative
selection [34,35]. Expression of either Nur77 or Nor-1 in
thymocytes leads to massive cell death that is dependent
on the transcriptional activity of Nur77 [36]. Although the
downstream transcriptional targets of Nur77 in thymocytes
are unknown, there is some evidence to suggest that
Nur77-dependent death in a prostate cancer cell line
(LNCaP) may involve direct recruitment of the molecule
to the mitochondria [37]. However, only 15-20% of the
LNCaP cells transfected with a green fluorescent protein
(GFP)-Nur77 fusion protein display mitochondrial trans-
location of the molecule when treated with phorbol ester,
calcium ionophore and synthetic retinoid analogs. The
mitochondrial targeting of Nur77 in LNCaP cells leads
to the release of cytochrome-c, which is followed by
apoptosis and can be antagonized by the expression of
Bcl-2. However, in transgenic animals, Bcl-2 coexpression
cannot rescue the Nur77 apoptotic activity (A Winoto,
unpublished data). Furthermore, AK'T (also called protein
kinase B)-dependent phosphorylation of Nur77 decreases
its transcriptional activity with a corresponding reduction
in apoptotic activity in RAT'1 fibroblasts [38°,39°]. These
data suggest that, although mitochondrial translocation
could be a putative mechanism of action for Nur77-
mediated apoptosis in some cell lines, transcriptional activ-
ity of Nur77 is required for thymic negative selection.

Given the crucial role of phosphatidylinositol-3 kinase
(PI3K)-AKT in lymphocyte development and homeos-
tasis, phosphatase and tensin homolog (P’ TEN), a nega-
tive regulator of the PI3K pathway and a known tumor
suppressor, is an essential candidate for study. T-cell
specific deficiency of PTEN leads to increased thymic
cellularity due to a defect in negative selection. In male
HY TCR transgenic mice, in which most DP thymocytes

normally undergo apoptosis, deficiency of PTEN
increases the absolute number and the proportion of
DP cells. In PTEN-deficient mice, CD4™" cells accumu-
late in the periphery and the mice die prematurely at 17
weeks of age due to the formation of lymphomas. T cells
from these mice display autoreactivity, a reduced apop-
totic response to superantigen and serum, and cytokine
withdrawal [40°°]. How the loss of PTEN protects thy-
mocytes from negative selection is not clear, but the most
likely scenario involves an increased activity of AKT,
which leads to overproduction of anti-apoptotic mole-
cules or enhanced repression of pro-apoptotic proteins.

In addition to their role in death by neglect, the Bcl-2
family members are also involved in negative selection.
Bim deficiency renders thymocytes resistant to apoptosis
induced by anti-CD3 antibodies or antigen in O'T-IT'TCR
transgenic mice and male HY TCR transgenic mice.
These mice display a twofold to threefold increase in
mature B and T cells in the periphery and, with age, they
are susceptible to lymphadenopathy and autoimmune
diseases mimicking Bcl-2 transgenic mice [41°°]. Simi-
larly, mice with deletions of Bax and Bak, two pro-
apoptotic Bcl-2 family members that are required for
the Bim activity, also exhibit defects in negative selection
[6°°]. The mechanism of Bim-mediated apoptosis
requires translocation of the molecule from the dynein
motor complex to the mitochondria where it interacts
with Bcl-2 and Bcel-xLh [42]. Overexpression of Bcl-2 or
Bcl-xLL protein, however, does not protect thymocytes
from negative selection, suggesting that many pathways
lead to negative selection, only one of which involves the
Bcl-2 family members. How T'CR signaling via the MAP
kinases and PTEN in turn regulates Bim translocation
remains to be elucidated.

Itis widely established that the activation of caspases is an
essential part of the general mechanism of apoptosis.
However, the role of caspases in negative selection is
still not clear. Although it had previously been reported
that peptide-mediated thymocyte deletion can be
blocked by the pan-caspase inhibitor zZVAD-FMK [43],
more recent reports show that ZVAD-FMK is ineffective
in halting negative selection in TCR transgenic mice
[44,45]. The analysis of transgenic mice expressing
p35, a general caspase inhibitor that binds to caspases-
1, -3, -4, -6, -7 and -8, has led to mixed results regarding
negative selection [45,46]. Abrogation of Apaf-1, which is
part of the cytochrome-c/Apaf-1/caspase-9 complex, does
not perturb negative selection [44]. However, overexpres-
sion of a baculoviral protein inhibitor of apoptosis (IAP), a
protein that binds to and inhibits caspase activities, leads
to partial inhibition of negative selection [47]. Taken
together, these data argue that caspases might play a part
in negative selection but, in the absence of caspase
activation, caspase-independent pathways are sufficient
to induce negative selection. These pathways may
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include the translocation of apoptosis-inducing factor
(AIF) or DNase endoG from mitochondria to the nucleus
[48,49], or other yet-to-be identified pathways.

Regulation of B-cell apoptosis

In contrast to T cells, the apoptotic response of B cells
triggered by B-cell receptor (BCR) engagement in many
cases simulates death by neglect. The crosslinking of
BCRs induces immature and mature B cells to undergo
apoptosis, unless co-stimulation by IL-4, CD40L or B-cell
activating factor (BAFF) amongst others, provides a
counteractive survival signal. Thus, apoptosis of a B cell
reflects the lack of appropriate co-stimulation. Biochemi-
cally, inhibition of apoptosis has been linked to activation
of NF-«B and the PI3K pathway, and the induction of
anti-apoptotic Bcl-2 family members.

BAFF (also called BLys, TALL-1, THANK or ZTNF4) is
a fairly recent addition to the growing list of B-cell co-
stimulatory molecules. It is a TNF family cytokine that
interacts with three different receptors (BCMA, TACI
and BAFF-R) to regulate the NF-xB pathway. In vitro,
BAFF increases the survival of immature and mature B
cells [50]. Analyses of mice lacking BAFF, TACI or
BAFF-R have indicated that BAFF, for the most part,
inhibits the apoptosis of B cells, so that its absence
reduces the number of circulating B cells [51,52°,53°].

The events immediately following BCR engagement
resemble TCR-mediated signaling, including the activa-
tion of Src- and Syk-family P'TKs, PKC and MAP kinase
pathways (reviewed in [54]). Recent data suggest that the
activation of PKC plays an important role in regulating
BCR signals. Mice lacking PKCB exhibit immunodefi-
ciency with overall increases in the phosphorylation of
PTK and Ca*" signaling [55], suggesting that hyper-
responsiveness may also induce apoptosis in B cells.
Deficiency of PKC{ in mice was recently reported to
accelerate B-cell apoptosis iz vitro, with defects in the
induction of NF-kB-dependent genes and an impaired
humoral response [56]. Interestingly, deficiency of PKCS
in mice results in an accumulation of hyperproliferative B
cells and production of autoreactive antibodies without a
block in the apoptotic response [57°,58°]. Taken together,
these data suggest that PKC-dependent regulation of pro-
and anti-apoptotic signals in B cells (modifiable by co-
stimulation) is complex, perhaps involving direct and
feedback mechanisms to modulate the ‘strengths’ of
BCR signals. Moreover, employing multiple species of
PKC may permit the divergence of BCR signals to a
multitude of downstream pathways.

The importance of PI3K in B-cell apoptosis was revealed
by disruption of the gene encoding the PI3K catalytic
subunit p1105. Mice lacking p1106 exhibit a block in
differentiation of B1 and marginal zone B cells, together
with a concomitant increase in apoptosis, decreased AK'T
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activity and reduced Bcl-xL levels [59°]. In addition, an
increased number of B cells accumulate in mice lacking
PTEN, a negative regulator of PI3K.

It remains unclear if MAP kinases are required for B-cell
apoptosis, but most data suggest that MAP kinases play a
minor role. B cells develop normally and are not reduced
in number in Jnkl- [15], Jnk2- [14], or Mekk2- [21]
deficient mice. Deficiency of MKK4 in B cells does
not lead to defects in IgM-mediated apoptosis iz vitro,
although a fraction of mice develop lymphadenopathy
with T-and B-cell expansion and activation [60], suggest-
ing that the MKK4-]Jnk pathway may play some role in
the apoptosis of peripheral lymphocytes. Recently, the
survival of pre-B cells transformed by the BCR-ABL
translocation product has been shown to depend on the
Jnk1 protein [61], indicating that the activation of Jnkl
may play an anti-apoptotic role in pre-B cells.

Earlier studies indicated that the mitochondrial pathway
of apoptosis plays a significant role in B-cell apoptosis. In
further support of this notion, and in parallel to their
effects on T cells, Bim-deficient mice also exhibit defects
in B-cell apoptosis, leading to an accumulation of B cells
[S]. However, biochemical events leading from the anti-
gen receptor to the mitochondria remain unresolved.

Clearance of apoptotic cells

Despite the high numbers of apoptotic cells that are
generated in the course of lymphocyte maturation and
immune responses, apoptotic cells do not normally accu-
mulate because of their rapid removal by scavenger cells.
"This is important for the prevention of secondary necrosis
and the release of pro-inflammatory cytokines, which can
injure surrounding tissues (reviewed in [62]). Recent
advances in understanding the regulation of clearance
of apoptotic cells have been facilitated by identification of
receptors that specifically recognize apoptotic cells.
Among these are the scavenger receptors, complement
receptors, CD14, CD36, and phosphotidylserine (PS)-
specific receptors. Defects in several of these receptors
have been directly linked to increased accumulation of
apoptotic cells, heightened inflammatory responses and
autoimmune phenotypes in mice. A PS-specific receptor,
c-mer, is a membrane tyrosine kinase expressed on
macrophages and it binds to PS exposed on the surfaces
of apoptotic cells via GAS6 [63]. Elimination of the
intracellular domain of c-mer greatly inhibits the uptake
of apoptotic cells by macrophages, leading to an accumu-
lation of apoptotic bodies in lymphoid organs [64]. More-
over, these mice develop lupus-like autoimmune disease
over time, including increased production of anti-chro-
matin antibodies and renal glomerulonephritis [65°].
These phenotypes recapitulate the characteristics of
Clqg-deficient mice [66], which are also implicated in
the clearance of apoptotic cells [67]. These data support
the hypothesis that, in certain autoimmune diseases, the
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impaired removal of dying cells may be directly respon-
sible for the inappropriate priming of lymphocytes and a
dysregulated inflammatory response. More recently,
MFG-ES, a secreted glycoprotein expressed abundantly
in mammary glands, was shown to mediate the binding of
aminophospholipids (expressed on apoptotic cells) to
o,B; integrin (expressed on scavenger cells) [68°°]. It
was proposed that MFG-ES facilitates the rapid clearance
of apoptotic epithelial cells during involution of mam-
mary tissue. Thus, the employment of secreted factors
that act as adaptors between apoptotic and scavenger cells
may constitute an additional regulatory process in the
clearance of apoptotic cells.

Conclusions

Many unresolved questions remain in our understanding
of lymphoid development. For example, the precise nat-
ure of antigen receptor-mediated survival versus death
signaling and the effector phase of apoptosis in central
tolerance are still unclear. Recent advances have revealed
the roles of the Bcl-2 family proteins Bim, Bax and Bak in
T- and B-cell apoptosis. However, the mitochondrial
‘apoptosome’ was shown to be dispensable for thymocyte
apoptosis, implying a potentially novel mechanism of
regulation by the Bcl-2 family proteins. Recent studies
also suggest a new level of apoptotic regulation imposed
by PTEN, which antagonizes the PI3K/AKT pathway,
although activation of PTEN by antigen receptor engage-
ment has yet to be demonstrated. The requirement for
caspases in T cell negative selection remains controversial,
but the apparent inconsistencies obtained in different
studies point to an existence of caspase-independent
pathways. Despite many similarities, T and B cells employ
different mechanisms to distinguish apoptotic and survival
signals. In 'T" cells, a quantitative interpretation of the
effects of gro2-heterozygosity adds to the model of signal
strength in cell fate decisions. In B cells, the inclusion of
co-stimulatory signals leads to activation of the anti-apop-
totic pathways, reflecting that a more qualitative distinc-
tion is involved in cell fate decisions. Further studies of
the signaling pathways in T' and B cells should lead to a
significant understanding of how the immune system
develops and how the decision to die or live is made.
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