Chapter 3
Molecular Basis of Cell Death Programs
in Mature T Cell Homeostasis
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Abstract Overview of Peripheral T Cell Homeostasis

The lymphocyte is a major class of white blood cell that defends the body from
attack by infectious agents and confers long-term protection through immunologi-
cal memory. Lymphocytes are also involved in pathological immune reactions
including graft rejection, allergies, and autoimmune disorders. Their remarkable
capacity to proliferate up to 5,000-fold in response to antigen must be counterbal-
anced by a controlled process of removing cells. This is achieved through molecular
pathways of programmed cell death, which maintain selective and specific homeo-
stasis of the numbers of lymphocytes and other immune cells. We focus principally
on cell death mechanisms in T lymphocytes that control the number of T cells of a
given antigen specificity represented in the finite T cell niche. Here, we discuss the
central role of caspases in the regulation of the general pathways of cell-extrinsic
and cell-intrinsic T cell apoptosis and programmed necrosis with an overview of
their importance for human health.

Keywords Lymphocyte ¢ Death receptor ¢ Fas ¢ RICD ¢ Mitochondria « CWID
* ALPS « XLP

3.1 Forms of T Cell Death

Although the concept of a programmed form of cell death was envisioned as early
as the 1950s, the major supporting data for this process were published in the 1970s
and 1980s [1]. These seminal studies were performed in Caenorhabditis elegans as
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Fig. 3.1 Electron micrographs of healthy (a) and apoptotic (b) cells. Red asterisk: Condensed
nucleus; white arrow: apoptotic bodies; blue arrow: intact membrane. Micrographs courtesy of
Dr. Lixin Zheng

part of an effort to trace the ontogeny of the entire worm’s embryonic cell lineages.
The process of programmed cell death was given the moniker “apoptosis,” which is
a Greek term referring to leaves falling off trees or petals falling off flowers, by
pathologists in 1972 [1]. In recognition of their contributions to understanding
apoptosis pathways, Brenner, Horvitz, and Sulston received the 2002 Nobel Prize in
Physiology or Medicine [2, 3]. In 1988, independent studies of cell death in mam-
malian cells by Vaux/Cory/Adams [4] revealed the critical role of BCL-2 (described
in detail below) in blocking programmed cell death of tumor cells. These studies
were extended by Korsmeyer [5] to demonstrate that BCL-2 also inhibits apoptosis
of non-transformed cells. The breadth of studies on cell death has become remark-
ably vast, and multiple forms of programmed cell death beyond apoptosis have now
been identified [6]. The focus of this chapter is on apoptosis in mature T lympho-
cytes with a brief discussion of a non-apoptotic form of cell death classified as
programmed necrosis.

3.1.1 Apoptosis

As elegantly demonstrated in C. elegans, apoptosis is a cellular process that results
from highly regulated biochemical events terminating in a controlled form of cell
death. During C. elegans development, 1,090 cells are generated, and 131 of these
cells invariably disappear through apoptosis. The genes controlling this process in
C. elegans are ced-3, ced-4, ced-9, and egl-1 via a pathway of epistatic relationships in
which EGL-1 —-| CED-9 —| CED-4 — CED-3 — cell death [7]. Mammalian cells under-
going apoptosis display distinctive hallmarks including cell shrinkage, nuclear conden-
sation, DNA fragmentation, apoptotic bodies, and membrane blebbing (Fig. 3.1) [8].
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In late-stage apoptosis, the so-called eat-me signals (e.g., phosphatidylserine)
appear on the cell surface and induce phagocytes to rapidly clear dying cells by
engulfment [9].

T lymphocytes have great potential for rapid expansion as they carry out their
task of orchestrating and executing immunological responses against invading
pathogens [10]. As such, apoptosis plays a critical role in homeostatic control of
T cell numbers and is important in safeguarding against the autoimmune diathesis
caused by rare pathogenic T cells that may expand during a response to infection
and overcome peripheral tolerance mechanisms. There are two main pathways dis-
cussed in detail below that induce apoptosis: receptor-mediated/extrinsic and mito-
chondrial/intrinsic. The intrinsic pathway of cell death is an ancient one closely
related to the cell death pathway delineated in nematodes. The extrinsic pathway,
however, only exists in vertebrates and is initiated by ligation of surface “death”
receptors that have major physiological roles in controlling lymphocytes.
Interestingly, the emergence of the extrinsic pathway in vertebrates [11] corre-
sponds with the evolution of lymphoid cells, which first appear in basal jawed ver-
tebrates [12], suggesting possible coevolution of death receptor signaling for control
of lymphocyte homeostasis.

3.1.2 Non-apoptotic Cell Death

The forms of cell death were originally simply categorized by the dichotomy of
either traumatic, injury-induced cell death called necrosis or noninflammatory, pro-
grammed cell death via apoptosis. We now appreciate that there are multiple, indi-
vidually nuanced forms of programmed cell death. Those observed in T cells include
apoptosis, necroptosis [13], and autophagic cell death [14]. There are also a variety
of mechanisms involving specific molecular pathways that account for pathological
cell death due to infectious agents, particularly viral cytopathicity [15]. The impor-
tance of non-apoptotic forms of cell death for T cell biology is still being estab-
lished, but the critical role of apoptosis is irrefutable.

3.2 Central Role of Caspases in Apoptosis

As with most tightly controlled cellular processes, the cascade of events leading to
apoptosis involves activation of a series of proteins with several regulatory steps
along the way. In the case of apoptosis, the cysteine-dependent, aspartate-directed
protease (caspase) enzymes, which are homologous to C. elegans’ CED-3, are cen-
tral mediators that function by cleaving substrate proteins after an aspartate residue.
Caspases are first synthesized as zymogens that include two enzymatic subunits and
an N-terminal pro-domain that, in one class of caspases, contains an 80—100-amino
acid protein—protein interaction motif of the death effector domain (DED) or
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Fig. 3.2 Key protein mediators of extrinsic (a) and intrinsic (b) cell death. Colored boxes denote
protein domains as indicated in the legends

caspase recruitment domain (CARD) variety [16]. These domains form a hexaheli-
cal bundle of tightly coiled alpha helices known as the death fold that binds through
homotypic interactions (i.e., DED-DED or CARD-CARD) to appropriate signal-
ing complexes containing the same death fold [17]. Following processing, the two
enzymatic subunits are released and the prodomain is destroyed. Crystal structures
of the mature enzyme indicate that two copies each of the enzymatic subunits inter-
act non-covalently to form a heterotetramer [18]. Caspases are involved in apoptosis
and inflammation. The inflammatory roles involve processing precursor forms of
cytokines and will not be further discussed. Those mediating apoptosis fall into two
categories: termed “initiator” and “effector” caspases (Fig. 3.2a). Initiator caspases
can be activated by cell-extrinsic signals (caspases 8 and 10) transduced via surface
receptors or by cell-intrinsic pathways (caspase 9) initiated by cell stress, such as
DNA damage or growth factor withdrawal. Initiator caspases contain either two
tandem DED domains (caspases 8 and 10) or a CARD domain (caspase 9), whereas
effector caspases (including caspases 3, 6, and 7) lack either recruitment domain.
An additional initiator caspase called caspase 2 has more recently been proposed to
be important in inducing apoptosis after DNA damage through a signaling complex
known as the PIDDosome [19]. Once activated, initiator caspases cleave (and
thereby activate) full-length pro-forms of the effector caspases. Effector caspases
act by cleaving various protein substrates to inhibit or alter their function and exe-
cute the apoptotic program. Cell death substrates that are targeted for cleavage by
effector caspases during apoptosis include cytoskeletal proteins (e.g., actin, plectin,
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ROCKI1, gelsolin), nuclear lamins, and inhibitor of the caspase-activated DNase
(ICAD) [20], which upon cleavage lead to cell shrinkage/blebbing, nuclear conden-
sation, and DNA fragmentation, respectively.

Caspase activity is negatively regulated by proteins in the inhibitor of apoptosis
(IAP) family [21], which includes XIAP, survivin, c-IAP-1, c-IAP-2, and NAIP.
IAP family proteins have multiple functions including ubiquitin ligase activity and
inhibition of active caspases. XIAP [22] is the best studied in this family, and it has
been demonstrated to bind caspases 3 and 7 with high affinity through its BIR2
domain and caspase 9 with low affinity through its BIR3 domain [23]. This binding
profile reveals the role of XIAP as a regulator of the downstream effector caspases
that function in both the extrinsic and intrinsic apoptosis pathways discussed below.
Once bound to a caspase, XIAP sterically hinders the enzyme active site to prevent
execution of the apoptotic program [24]. IAP proteins are, in turn, inhibited by the
mitochondrial proteins SMAC/DIABLO [25, 26] and OMI [27] (described further
in the discussion of the intrinsic pathway below) to allow apoptosis to proceed.
Regulation of caspase 8 is more complex, likely because this protease is unique in
its ability to participate in non-apoptotic signaling. Importantly, full-length caspase
8 participates in transducing signals required for T cell activation [28] by augment-
ing NF-xB activation downstream of the TCR [29]. Moreover, basal caspase 8 activ-
ity is required to prevent T cells from undergoing autophagic cell death [14].

3.3 Extrinsic, Death Receptor-Induced Apoptosis
and Necroptosis

Cell-extrinsic death pathways are initiated by ligation of death receptors expressed
on the surface of lymphoid cells.

3.3.1 TNFR Superfamily Death Receptors

The most important death-inducing receptors on the surface of T cells are members
of the TNF receptor (TNFR) superfamily that share structural similarities and con-
served cytoplasmic domains. Their signaling depends on trimer formation that is
characteristic of TNFR superfamily members and mediated by the pre-ligand-
binding assembly domain (PLAD) [30]. The ligands for the DD-containing TNFR
proteins are expressed as membrane-bound trimers [31] homologous to TNF-« and
can be cleaved from the cell surface by metalloproteinases to generate soluble forms
[32]. However, elegant mouse studies have demonstrated that TNFR ligands are
most active when in cell-surface, membrane-bound trimer form [31]. The death
receptors contain a death domain (DD), which forms the hexahelical death fold
described above, that nucleates formation of a protein complex required to
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Fig. 3.3 Caspase 8 and 9 activation pathways

transduce the death signal. Receptors included in this family of DD-containing
TNFR proteins are FAS, TNFR1, TRAIL-R1, TRAIL-R2, DR3, and DR6 [32].
DR3 and DR6 biology is relatively poorly understood, though ligands have been
identified (TL1A [33] for DR3 and APP [34] for DR6). Although they both have
some functions in the immune system [35—-37], DR3 primarily promotes T cell acti-
vation [33], and DR6 functions primarily in the nervous system [34]. Because our
current understanding attributes little role in T cell death, DR3 and DR6 will not be
discussed further in this chapter.

3.3.1.1 FAS

The prototype for the death receptor family is the FAS receptor (also known as
APO-1, CD95, or TNFRSF6), which exists as a multimer, likely a trimer, on the
surface of activated T cells due to homotypic interaction of the PLAD [38] domains.
Upon binding of membrane-bound, trimeric FAS ligand (FASL), higher order clus-
ters of FAS trimers termed signaling protein oligomerization transduction structures
[39] (SPOTS) are formed and permit downstream signaling. The first step in FAS
receptor signaling is formation of the death-inducing signaling complex (DISC),
which is formed by homotypic interaction of the DD domain of FAS with the DD
domain of the adaptor molecule FADD (Fig. 3.3). Structural analysis has revealed
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that the stoichiometry of FAS:FADD interactions is 5—7 FAS molecules with 5
FADD molecules [40], consistent with the formation of SPOTS [39]. In addition to
a DD domain, FADD also contains a DED domain, which mediates FADD-FADD
interactions that stabilize the DISC and recruit the DED-containing pro-caspases 8
and 10. Once pro-caspase 8 and 10 are recruited to the DISC, the pro-caspase zymo-
gens oligomerize and initiate a two-step proteolytic cleavage event that first removes
a C-terminal p10 or p12 peptide for caspases 8 and 10, respectively, and then liber-
ates the p18 or the p17 peptide for caspases 8 and 10, respectively, to enable forma-
tion of the active caspase heterotetramer consisting of two p10/p12 molecules and
two p18/p17 molecules [41]. Active caspases 8 and 10 then cleave the effector cas-
pases to execute the death program.

The susceptibility of a cell to FAS-induced apoptosis is variable, leading to a
categorization paradigm in which type 1 cells (e.g., T cells) die efficiently after
activation of effector caspases by activated caspases 8 and 10 and type 2 cells (e.g.,
hepatocytes and pancreatic beta cells) are resistant to death by this pathway unless
the caspase cascade is amplified. This amplification occurs when caspase 8 cleaves
BID [42-44], generating a pro-apoptotic truncated BID (tBID) protein that ampli-
fies apoptosis signaling by initiating the intrinsic pathway of cell death [45, 46].
XIAP has also been described to be a key reason why type 2 cells are more resistant
to FAS death [47].

Negative regulation of FAS signaling is achieved through the activity of c-FLIP,
a pro-caspase 8-like protein that is recruited to the DISC via its two tandem,
N-terminal DED domains. C-FLIP is a catalytically inactive caspase 8 paralog that
decreases the sensitivity of cells to FAS-induced death [48—51] by binding the DISC
and inhibiting processing of initiator pro-caspases [52, 53]. Another layer of nega-
tive regulation of caspase 8 is provided by TIPE2 [54], a member of the TNF-a-
induced protein-8 (TNFAIPS) family that contains a DED domain. TIPE2 functions
by binding caspase 8 and inhibiting activation of the transcription factors AP-1 and
NF-xB while promoting FAS-induced apoptosis. Mice deficient in TIPE2 succumb
to premature death with splenomegaly and multi-organ inflammation [54].
Formation of the DISC can also be impaired by sequestration of FADD by the DED-
containing PEA-15 molecule [55].

3.3.1.2 TNFR1

The cytokine TNF-a, which binds TNFR1 and TNFR2, has pleiotropic effects
including both cell activation and cell death [56]. TNFR1 but not TNFR2 contains
a DD domain important in recruiting adaptor molecules that signal for cell death by
apoptosis or necroptosis [32]. Binding of TNF-a to TNFRI1 induces consecutive
formation of two different signaling complexes [57] on the cell surface (complex I)
and then in the cytoplasm (complex II) [58]. Recruitment of the adaptor molecule
TNF receptor-associated protein with death domain (TRADD) via its DD domain
nucleates complex I and recruits the adaptor TNF receptor-associated factor-2
(TRAF2), a kinase called receptor-interacting protein-1 (RIP1), c-IAP-1, and
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c-IAP-2, leading to poly-ubiquitination of RIP1 by the c-IAPs and downstream acti-
vation of NF-kB and AP-1 transcription factors [32]. In a second step, the TNFRI1
complex is internalized, followed by de-ubiquitination of RIP1 by A20 and CYLD
(cylindromatosis), allowing for formation of a cytoplasmic DISC/complex II when
TRADD and RIP1 associate with RIP3, FADD, and pro-caspase 8 [58]. Complex II
signals the cell to die by either caspase 8-mediated apoptosis [59] or RIP3-mediated
necroptosis [60, 61]. RIP1 but not RIP3 contains a DD domain, but both contain a
RIP homotypic interaction motif (RHIM) that mediates RIP1:RIP3 interactions
[62]. RIP1 and 3 are kinases in the RIP family (including RIP1, RIP2/RICK/
CARDIAK, RIP3, RIP4/DIK/PKK, RIP5/SgK288, RIP6/LRRKI, and RIP7/
LRRK?2) whose substrates and functions are as yet largely unidentified [62].

The disparate cellular outcomes of TNFR1 ligation (i.e., activation, apoptosis, or
necroptosis) are determined through complex feedback inhibition that hinges on the
ubiquitination status of RIP1. Poly-ubiquitinated RIP1 acts as a prosurvival scaffold
molecule that activates NF-kB through complex I, and its kinase activity is not
required. NF-xB inhibits cell death through a process involving upregulation of
anti-apoptotic molecules including the c-IAP ubiquitin ligases and c-FLIP, which
translocates to complex II and inhibits caspase 8 processing [58]. Upon removal of
ubiquitin, RIP1 functions as a pro-death kinase as a part of the pro-apoptotic DISC
formed by complex II. If caspases are blocked, the RIP kinases can divert death
signaling to the pro-necroptotic pathway [57, 58]. An additional regulator of TNFR1
signaling is a DD-containing adaptor called silencer of death domains (SODD),
which has been found to associate with TNFR1 and DR3 [63] and negatively regu-
late their signaling, though the details of its action are still being defined. The
importance of TNFR1 in T cell homeostasis is still an open question, as animals
deficient in TNFR1 do not accumulate T cells (as would be expected if cell death
mechanisms were impaired) but instead exhibit deficient host defense and inflam-
matory responses [64]. Overall, TNFR1 signaling in T cells appears to lead pre-
dominantly to cytokine secretion, pro-inflammatory responses, and cell survival
[65] in vivo.

3.3.1.3 TRAIL-R1 and TRAIL-R2

The third major death-promoting TNFR superfamily signaling pathway is induced
by a ligand called TNF-related apoptosis-inducing ligand (TRAIL) [66]. TRAIL
has five distinct receptors with two, TRAIL-R1 (DR4) and TRAIL-R2 (DRS), con-
taining a functional DD domain and three acting as “decoy” receptors that impair
TRAIL-induced signaling by sequestering DR4 and DRS5 chains via the PLAD
domain [67]. The three “decoy” receptors include the membrane-associated pro-
teins TRAIL-R3/DcR1 and TRAIL-R4/DcR2 and the soluble protein osteoprote-
gerin/TNFRSF11B [68]. Upon binding of trimeric TRAIL to DR4 or DRS, higher
order clusters are formed, resulting in DISC assembly [69]. Similar to the FAS
DISC, FADD, pro-caspases 8 and 10, and sometimes c-FLIP are recruited to the DD
domain of DR4 or DRS. Unlike the other death receptors, DR4 and DRS require
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O-glycosylation in order to form the higher order clusters necessary for DISC for-
mation [69]. Moreover, polyubiquitination of pro-caspase 8 after formation of the
TRAIL DISC has been found to lead to aggregation of pro-caspase 8 and aug-
mented processing/activation to facilitate cell death [70]. The major roles of DR4
and DRS signaling seem to be primarily in controlling inflammation and tumor
susceptibility [71], but TRAIL can also induce cell death of CD8 T cells that failed
to receive cytokine signals from CD4 T cells (i.e., CD4 help) during priming [72].

3.3.2 Restimulation-Induced Cell Death

A major physiological process that employs death receptor-induced apoptosis in
T cells is restimulation-induced cell death (RICD). This death mechanism is also
called activation-induced cell death (AICD), but we like to distinguish the process
of activation from death induction since the latter requires restimulation. RICD
functions as a negative feedback mechanism to prevent overexpansion of T cells
during an immune response and occurs when T cells that are activated and cycling
in the presence of lymphokines (e.g., IL-2) undergo apoptosis in response to a sub-
sequent TCR stimulus [10, 73] (Fig. 3.4). This form of propriocidal regulation of
the T cell pool is initiated by signaling through the TCR [74] and depends largely
on extrinsic death signaling through FAS [75] and intrinsic death signaling through
BIM [76] (discussed below). In appropriate mouse strains with gene deficiencies in
FAS (Ipr mice) [77] or FASL (gld mice) [75], severe lymphoproliferation and
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autoimmunity occur in vivo with defective RICD observed in vitro. Although FAS
and FASL are broadly expressed on activated T cells, FAS-dependent RICD is only
initiated in cells that receive a TCR stimulus and not in bystander cells of different
specificities [74]. The TCR-induced signal that makes a cell competent to die has
not been clearly defined, though new protein synthesis is not required [74, 78].
Further studies examining the susceptibility of activated T cells to RICD have
identified an important role for cell cycling, as only cells in late G; or S phase were
found to die by RICD [79]. As discussed in the final section of this chapter, FAS-
mediated RICD is a critical process for healthy T cell homeostasis, and a deficiency
in any of the required signaling molecules results in severe accumulation of
lymphocytes and associated pathologies discussed further below.

3.4 Intrinsic, Mitochondrion-Dependent Apoptosis

In addition to cell-extrinsic death signals propagated by cell surface receptors, a
cell-intrinsic pathway of apoptosis has also been well defined. The intrinsic path-
way of cell death is triggered by cell stress (e.g., DNA damage or growth factor
deprivation) and is dependent on signals propagated from the mitochondria.
Mitochondria are organelles within the cell whose major function is the efficient
generation of ATP through oxidative phosphorylation in cell metabolism. However,
mitochondria also play a critical role in cell death, mainly through release of pro-
teins that induce apoptosis by caspase activation. This release occurs when the outer
mitochondrial membrane integrity is disrupted by pore formation, a process tightly
controlled by members of the BCL-2 family.

3.4.1 BCL-2 Family Proteins

The BCL-2 family of proteins is a key regulator of mitochondrion-dependent
apoptosis, and the family’s founding member, BCL-2, is the mammalian homo-
log of C. elegans’ CED-9. There are approximately 25 genes in the BCL-2 fam-
ily, and each contains one or more BCL-2 homology (BH) domains consisting of
BHI1 through BH4 (Fig. 3.2b). The family is broadly divided into three groups:
anti-apoptotic (e.g., BCL-2, BCL-xL, BCL-w, MCL-1, BFL-1), multi-domain
pro-apoptotic (e.g., BAX, BAK, BOK), and BH3-only pro-apoptotic (e.g., BIM,
BID, BAD, PUMA, NOXA, BMF, BIK, HRK, BLK) [80]. BAX and BAK (and,
in certain cell types, BOK) are pore-forming proteins and are termed “activa-
tors,” while BH3-only proteins are generally considered ‘“sensitizers” since they
function to sense various apoptotic stimuli (e.g., growth factor withdrawal sensed
by BIM and DNA damage sensed by PUMA). The BH3-only proteins are
homologous to C. elegans’ EGL-1 and promote apoptosis when triggered by
appropriate stimuli by binding anti-apoptotic BCL-2 family members and
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sequestering them to prevent their association with the multi-domain “activators”
of apoptosis. Protein—protein interactions within this family are mediated primar-
ily by the BH3 domain [81]. Regulation of mitochondrion-dependent, intrinsic
cell death relies heavily on shuttling of BCL-2 family members between different
compartments in the cell. Several of the BCL-2 family members contain a car-
boxy-terminal transmembrane domain that anchors them into the mitochondrial
outer membrane (MOM); however, presence of this transmembrane domain does
not dictate constitutive localization to mitochondria. In the case of the major
pore-forming, pro-apoptotic proteins, BAK remains inserted in the MOM, while
BAX is prevented from accumulating in the MOM by the action of BCL-xL and
possibly other anti-apoptotic BCL-2 proteins [81]. The pro-apoptotic, BH3-only
protein BID, on the other hand, promotes insertion of BAX in the MOM once it
is cleaved by caspase 8 to form tBID [81]. Once BAX and BAK oligomerize, a
pore (sometimes called the mitochondrial apoptosis-induced channel, MAC) is
formed in the MOM, leading to mitochondrial outer membrane permeabilization
(MOMP) and release of mitochondrial proteins that trigger downstream intrinsic
apoptotic signaling.

3.4.2 Role of Mitochondrial Intermembrane Proteins

Upon MOMP, soluble mitochondrial proteins including cytochrome ¢, second
mitochondria-derived activator of caspase (SMAC, also called DIABLO), OMI, and
apoptosis-inducing factor (AIF) are released. Cytochrome ¢ is a soluble protein
normally sequestered in the intermembrane space of mitochondria and functions as
an essential component of the electron transport chain. Upon release into the cyto-
plasm, cytochrome ¢ binds to inositol (1,4,5) triphosphate receptor (IP;R) present
on the membrane of the endoplasmic reticulum (ER) and initiates the release of ER
calcium stores [82]. The resulting waves of increased cytosolic calcium induce all
mitochondria to release cytochrome ¢ as a feed-forward mechanism of amplifying
apoptotic signaling [82]. Studies of the BH4 domain of BCL-2 have recently
revealed its capacity to bind the IP;R on ER, blocking release of calcium stores and
inhibiting pro-apoptotic calcium signaling [83]. Once cytochrome c enters the cyto-
plasm, it nucleates the formation of a structure termed the apoptosome (described in
detail below).

SMAC, OM]I, and AIF are also pro-apoptotic mitochondrial intermembrane pro-
teins that are released upon MOMP. SMAC and OMI promote apoptosis by inhibit-
ing the IAP proteins discussed in the caspase section above. SMAC inhibits IAP
proteins by physical interaction via its amino-terminal region [84], whereas OMI
irreversibly cleaves IAP proteins [85]. AIF mediates caspase-independent death
when liberated from mitochondria by calpain-mediated cleavage [86]. Once in the
cytoplasm, its nuclear localization signal directs AIF to the nucleus where it con-
denses chromatin and fragments DNA [87].
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3.4.3 APAF-1 Apoptosome

Upon its release from the mitochondria, cytochrome ¢ binds a soluble protein called
apoptotic protease-activating factor 1 (APAF-1). APAF-1, which is the mammalian
homolog of C. elegans’ CED-4 [88], is present in the cytoplasm and forms a hepta-
meric [89], wheel-shaped signaling platform [90] upon binding cytochrome c¢
(Fig. 3.3). APAF-1 is able to form this soluble receptor because it is a tripartite
protein containing an N-terminal CARD domain, a nucleotide-binding and oligo-
merization domain (NOD) with ATPase activity, and C-terminal WD40 repeats
[88]. Under steady-state, non-apoptotic conditions, APAF-1 is present in the cyto-
plasm as an autoinhibited monomer bound to dATP. Once cytochrome ¢ binds the
WDA40 repeats of APAF-1, the NOD ATPase hydrolyzes dATP to dADP to allow for
an initial conformational change [91]. However, this is not sufficient for apopto-
some assembly, and studies have shown that the dADP must be exchanged for dATP
to oligomerize APAF-1 [92]. Once oligomerized, the CARD domain of APAF-1
becomes accessible and enables recruitment of pro-caspase 9 through CARD:CARD
interactions. As described for the extrinsic pathway above, oligomerization of the
pro-caspase zymogen enables proteolytic processing that produces active caspase 9
[93]. The effector caspases 3, 6, and/or 7 are subsequently activated through caspase
9-mediated cleavage to proteolyze cell death substrates.

3.4.4 Cytokine Withdrawal-Induced Death

For T cell biology, the most appreciated inducer of intrinsic apoptosis is cytokine
withdrawal. At the conclusion of an immune response to infection, the expanded T cell
populations must contract to maintain homeostasis of T cell numbers. This vital con-
traction is mediated largely by cytokine withdrawal-induced death (CWID) [10, 94].
CWID is primarily understood in the context of IL-2 deprivation but can also occur
when other common gamma chain cytokines (e.g., IL-4, IL-7) are abruptly removed
from the environment [95]. The pro-apoptotic, BH3-only protein BIM is a key
mediator of CWID [96, 97] whose expression is tightly controlled by signals down-
stream of cytokine receptors. When key cytokines are withdrawn, T cells sense this
as growth factor deprivation, resulting in upregulation and stabilization of bim
mRNA as well as reduced turnover of the BIM protein [98, 99]. Moreover, the pro-
apoptotic protein PUMA is also upregulated upon cytokine withdrawal and func-
tions synergistically with BIM, though it can mediate BIM-independent CWID
under certain conditions [100]. Finally, degradation of the anti-apoptotic MCL-1
protein also contributes to cell death induced by withdrawal of growth cytokines
[101]. These events collectively result in a shift in the balance between anti- and
pro-apoptotic BCL-2 family members, tilting in favor of cell death through MOMP
and apoptosome formation. In patients with defective CWID, abnormally high
numbers of lymphocytes accumulate as a result of impaired T cell contraction
(Fig. 3.4) [102].
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3.5 Diseases of Failed Lymphocyte Apoptosis

The importance of homeostatic control of lymphocyte cell numbers in health and
disease has become evident through identification and characterization of patients
with failed lymphocyte apoptosis (Fig. 3.4).

3.5.1 Autoimmune Lymphoproliferative Syndrome

Autoimmune lymphoproliferative syndrome (ALPS) is a clinical condition in which
RICD fails to occur due to mutations in genes critical for homeostatic control of T
lymphocytes through FAS receptor signaling. An enigmatic population of mature
double-negative (CD4°CD8") T (DNT) cells accumulates in ALPS patients and is
used as a diagnostic indicator [103], though the nature of the DNT cells is still far
from completely understood. Massive accumulation of T cells in the lymph nodes
and spleen occurs due to disruption of the canonical FAS pathway [104] and results
in autoimmune cytopenias. Mutations in FAS, FASL, and caspase 10 are responsi-
ble for the large majority of ALPS disease cases [103]. Mutations in the FAS recep-
tor have been found that can be classified as homozygous, heterozygous, or somatic,
where heterozygous, dominant-interfering mutations are most common followed by
heterozygous somatic (acquired instead of inherited) mutations [103]. Notably, in
somatic ALPS, mutations in the FAS gene are found only in the DNT cells, empha-
sizing their connection with disease pathogenesis. Dominant interference of FAS
signaling by the presence of mutated FAS within a pool of wild-type FAS is caused
by poisoning of the trimeric receptor complex with a signaling-incompetent chain
[38]. The small subset of patients with an ALPS-type presentation who have been
screened for but lack mutations in known disease genes are categorized as ALPS-
unknown patients. There are also family members of affected ALPS patients who
carry a mutation in the disease-causing gene and have in vitro defects in RICD but
do not display clinical manifestations of ALPS. These individuals are referred to as
healthy mutation-positive relatives (HMPR), and their resistance to disease high-
lights the importance of genetic modifiers and background genes in disease penetra-
tion [105].

Other unique diseases related to ALPS have also been discovered. Patients with
mutated caspase 8 have a distinct disease termed caspase eight deficiency state
(CEDS), which is characterized by immunodeficiency, lymphoaccumulation, and
autoimmunity [28] due to the role of caspase 8 in non-apoptotic signaling pathways.
Another subcategory of ALPS-like disease, RAS-associated ALPS-like disease
(RALD), is caused by somatic, activating mutations in NRAS [102] or KRAS [106,
107] in hematopoietic cells. RALD patients exhibit defective CWID [102] and
RICD [76] due to reduced levels of the pro-apoptotic BIM protein caused by exu-
berant protein degradation and mRNA instability caused by RAS signaling.
Interestingly, the same genes mutated in RALD are also mutated in a subpopulation
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of pediatric patients with the severe myelodysplastic/myeloproliferative disease
juvenile myelomonocytic leukemia (JMML) and a subpopulation (approximately
35 %) of adult patients with chronic myelomonocytic leukemia (CMML) [108].
However, the expanded monocyte population in these cancers is monoclonal, while
in RALD the accumulating cells carrying the mutated NRAS or KRAS are of mul-
tiple different hematopoietic lineages and, therefore, likely occurred in an early
progenitor cell that has not yet undergone malignant transformation [108].

3.5.2 X-Linked Lymphoproliferative Disease-1

A more rare lymphoproliferative disease of failed lymphocyte apoptosis is X-linked
lymphoproliferative disease-1 (XLP1), which is caused by deficiency of the SH2-
containing adapter protein (SH2D1A/SAP) [109]. XLP1 patients are immunodefi-
cient and exhibit spontaneous lymphoproliferation and fulminant, often fatal,
infectious mononucleosis after infection by the B cell-tropic Epstein—Barr virus
(EBV). EBV infection in XLP1 patients is also often associated with secondary
hemophagocytic lymphohistiocytosis (HLH) in which a pro-inflammatory state
induces macrophage expansion and phagocytosis of other blood cells. The SAP adap-
tor binds to SLAM family members as well as TCR signaling components [110],
making it an important player in the adhesion and signaling events required for robust
T cell activation [111]. These defects have recently been found to be the cause for
lethal CD8 T cell accumulation in response to EBV infection since T cells from SAP-
deficient XLP1 patients fail to form robust T cell:B cell conjugates or transduce a
strong enough TCR signal to pass the threshold required for RICD [112].

3.6 Concluding Remarks

Programmed cell death is a critical regulator of T cell homeostasis that is required
to prevent pathological accumulation of lymphocytes. The study of genetic immu-
nological diseases has yielded fascinating insight into the basic biology of pro-
grammed cell death. Moreover, the study of human pathways has revealed clear
differences and additional complexity compared with C. elegans or even other
mammals. The continued exploration of lymphocyte homeostasis through the lens
of human genetics promises to yield additional medically important insights.
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