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Review

Role of caspase-8 in thymus function

N Pozzesi', A Fierabracci?, AM Liberati®, MP Martelli*, E Ayroldi', C Riccardi' and DV Delfino*"

The thymus is the primary organ responsible for de novo generation of immunocompetent T cells that have a diverse
repertoire of antigen recognition. During the developmental process, 98% of thymocytes die by apoptosis. Thus apoptosis
is a dominant process in the thymus and occurs through either death by neglect or negative selection or through induction
by stress/aging. Caspase activation is an essential part of the general apoptosis mechanism, and data suggest that
caspases may have a role in negative selection; however, it seems more probable that caspase-8 activation is involved in
death by neglect, particularly in glucocorticoid-induced thymocyte apoptosis. Caspase-8 is active in double-positive (DP)
thymocytes in vivo and can be activated in vitro in DP thymocytes by T-cell receptor (TCR) crosslinking to induce
apoptosis. Caspase-8 is a proapoptotic member of the caspase family and is considered an initiator caspase, which is
activated upon stimulation of a death receptor (e.qg., Fas), recruitment of the adaptor molecule FADD, and recruitment and
subsequent processing of procaspase-8. The main role of caspase-8 seems to be pro-apoptotic and, in this review, we will
discuss about the involvement of caspase-8 in (1) TCR-triggered thymic apoptosis; (2) death receptor-mediated thymic
apoptosis; and (3) glucocorticoid-induced thymic apoptosis. Regarding TCR triggering, caspase-8 is active in medullary,
semi-mature heat-stable antigen™ (HAS™ SP) thymocytes as a consequence of strong TCR stimulation. The death receptors
Fas, FADD, and FLIP are involved upstream of caspase-8 activation in apoptosis; whereas, Bid and HDAC7 are involved
downstream of caspase-8. Finally, caspase-8 is involved in glucocortocoid-induced thymocyte apoptosis through an
activation loop with the protein GILZ. GILZ activates caspase-8, promoting GILZ sumoylation and its protection from
proteasomal degradation.
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Facts Open Questions

e Caspase-8 is a proapoptotic member of the cysteine e Is a Fas-independent caspase-8-dependent pathway

protease family of caspases

Caspase-8 is activated in the death-inducing signaling
complex (DISC), which is induced by death receptor
signaling to participate in extrinsic (through direct cas-
pase-3 cleavage) and intrinsic (through Bid cleavage)
pathways of apoptosis

Apoptosis is a fundamental process in thymus physiology
as it mediates death by neglect (90% of all thymocytes) and
negative selection of autoreactive clones (5% of all
thymocytes) for preventing the development of auto-
immune diseases

The absence of caspase-8 leads to death of mice in utero.

involved in thymic negative selection or, more generally,
in thymic apoptosis?

Is inhibition of caspase-8 activation important in raising
resistance to drug therapy in thymic diseases, such as
thymomas?

Is a better understanding of the relationships between
caspase-8, different forms of cFLIP and RIPK1/RIPK3
crucial in driving thymocyte functions towards apoptosis,
necroptosis or proliferation?

What is the biological role of caspase-8-dependent
sumoylation/ubiquitination of substrates in thymocyte
function?

Inherited lack of caspase-8 in humans leads to the
development of immunodeficiency disease called cas-
pase-8 deficiency state (CEDS).

The thymus is the primary organ responsible for de novo
generation of immunocompetent T cells with a diverse
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repertoire for antigen recognition. However, this organ
decreases in size with age in a process termed age-related
thymic involution, which is evolutionarily conserved in
vertebrates'. The thymus is composed of thymocytes of
hematopoietic origin and thymic epithelial cells (TECs) of non-
hematopoietic origin. The latter comprises the main stromal
niche, termed the thymic epithelial space, which is involved in
supporting T-cell development and maturation.? T-cell devel-
opment in the thymus is complex, occurring through a
multistep process of proliferation, differentiation, and apoptosis.
This process produces a repertoire of T cells capable of
colonizing peripheral lymphoid organs to defend the body
against invading pathogens® and eliminates autoreactive
T cells to avoid autoimmune diseases.

The process of T-cell development from bone marrow-
derived precursors to fully mature T lymphocytes can take up
to 1 week. The thymus of a young adult mouse contains
approximately 108-2 x 108 thymocytes. About 5 x 107 new
cells are generated daily; however, only approximately 10° to
2 % 10° (2-4%) of these cells leave the thymus each day as
mature T cells. Despite the disparity between the number of T
cells generated and the number exiting, the thymus does not
continue to grow in size or cell number. This is because
approximately 98% of thymocytes that develop in the thymus
are eliminated by apoptosis.>* This eradication process
reflects the stringent screening that each thymocyte must
undergo in order for the body to recognize self-peptide/self-
MHC complexes and develop self-tolerance.®

Apoptosis in the thymus occurs through death by neglect or
negative selection. Stress and aging have also been shown to
induce apoptosis in this organ. Immature CD4*CD8"
double-positive (DP) thymocytes that fail to generate func-
tional antigen receptors or receive any T-cell receptor (TCR)
signals die by neglect, whereas potentially autoreactive
thymocytes are eliminated by apoptosis through negative
selection® (Figure 1). Death by neglect occurs in DP
thymocytes with insufficient affinity to self-antigens; however,
the precise mechanism of this process remains unresolved.
Negative selection depends on interactions between the (non-
self) antigen peptide associated with MHC molecules on the
surface of medullary TECs (mTECs) and the TCR complex on
the surface of DP thymocytes. If this binding is strong, DP
thymocytes undergo apoptosis and autoreactive thymocyte
clones are negatively selected. Thus, the appropriate inter-
action between mTECs and the TCR complex on DP
thymocytes is crucial for distinguishing between positively
and negatively selected thymocytes.”8

Two major pathways leading to apoptosis have been
described in the thymus, namely the intrinsic and extrinsic
pathways. Caspase-8, a member of the caspase family of
apoptotic cysteine proteases, is involved in both pathways.
Considered an initiator caspase, this protease consists of a
relatively large N-terminal dimerization domain and a death
effector domain (DED, present in caspase-8 and -10). Like
other initiator caspases, caspase-8 is expressed as a
monomer that requires dimerization for activation.

Caspase-8 is activated by the DISC following death
receptor signaling.® Upon ligation, death receptors such as
Fas multimerize in the cell membrane, leading to a conforma-
tional change in the intracellular domain of the receptor.'®"
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Figure 1 Importance of apoptosis inside the thymus. The development of
thymocytes to mature T cells takes place inside thymus. There are four basic steps
in this process. (1) A few CD4 ~ CD8 ~ DN cells (orange color) originating from the
bone marrow proliferate and differentiate into CD4+CD8 " DP cells. (2) A large
majority (80%) of these cells die by neglect (75%) or by negative selection (5%)
(violet cells). Only a small percentage of thymocytes survive by positive selection,
and these become (3) CD4 ™ SP (red cells) or (4) CD8 ™ SP (turquoise) cells ready
to migrate to peripheral lymphoid organs

This, in turn, leads to recruitment and multimerization of the
adaptor protein FADD, which contains a death domain that
interacts with the receptor and a DED that recruits monomeric
caspase-8.'2 Caspase-8 then undergoes dimerization and
activation through induced proximity.'>'* The subsequent
cleavage of caspase-8 stabilizes the dimer and leads
to caspase species with increased activity.'>2' Finally,
caspase-8 cleaves itself between the DEDs and the large
subunit, resulting in the release of a stable dimer from
the DISC.??

An alternative fate is the formation of heterodimers with a
homolog of caspase-8, cellular FLICE inhibitory protein
(cFLIP), that can also be recruited to the DISC. This homolog
contains mutations within the catalytic site that can inhibit
caspase-8 activation. This molecule can be subdivided into
two isoforms, long (cFLIP.) and short (cFLIPg). FLIPg inhibits
caspase-8 activation, whereas the caspase-8/FLIP_ hetero-
dimer, which contains unprocessed caspase-8, promotes
signaling towards cellular survival and activation rather than
apoptosis.?® Only after the caspase-8 subunit of this hetero-
dimer has been processed does this caspase species become
pro-apoptotic. Once activated (i.e., cleaved), caspase-8 can
directly cleave and activate caspase-3 via the extrinsic
pathway. Alternatively, activated caspase-8 cleaves Bid,
which triggers cytochrome c release from mitochondria that,
in turn, determines the activation of caspase-9 and, ultimately,
caspase-3 via the intrinsic pathway. Thus, caspase-8 activa-
tion is strictly linked to death receptor stimulation. As Bid is a
target of caspase-8/10 activity, the intrinsic and extrinsic
pathways have been proposed to be interlinked, although
probably only in certain cells or tissues.?* In the absence of
caspase activation, another form of programmed cell death,
now generally referred to as ‘necroptosis’ or ‘programmed
necrosis’, can be triggered.2>2% Activation of this pathway
is actively opposed by caspases, primarily caspase-8.
Active caspase-8 cleaves RIPK1, thereby inhibiting RIPK1-
dependent necroptosis of the cell. For a detailed overview on
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the general features of caspase-8, we refer the reader to the
review by van Raam and Salvesen.?’

Caspase-8 knockout mice exhibit the most dramatic
phenotype of all caspase knockout animals. These mice die
in utero around day 11 of gestation with primary defects in
cardiac development, growth retardation, and hematopoietic
progenitor deficiency.?® Importantly, knock down of two other
components of the caspase-8 activation pathway, FADD and
FLIP,, results in a similar phenotype.2>3° These results
indicate that the DISC and caspase-8 activation are not only
critical for triggering apoptosis but also essential for embryo-
nic development. Furthermore, catalytically active caspase-8
is required for rescuing lymphocyte development in caspase-
8-deficient mice.®' In humans, caspase-8 deficiency does not
prevent development. Homozygous individuals manifest
defective lymphocyte apoptosis and homeostasis and also
exhibit defects in the activation of T lymphocytes, B

lymphocytes, and natural killer cells, which leads to
immunodeficiency.®?
Although caspase-8 is also involved in survival

and development, this protease functions primarily to
trigger apoptosis. In this review, we will discuss the role of
(1) caspases in thymic apoptosis; (2) caspase-8 in
TCR-triggered thymic apoptosis; (3) caspase-8 in death
receptor-mediated thymic apoptosis; and (4) caspase-8 in
GC-induced thymic apoptosis.

Caspases and Thymic Apoptosis

Research has established that caspase activation has an
essential role in apoptosis. However, the role of caspases in
thymic negative selection remains unclear. Although studies
have previously reported that peptide-mediated thymocyte
deletion can be blocked by the pan-caspase inhibitor zZVAD-
FMK,®® more recent reports show that zVAD-FMK is
ineffective at halting negative selection in TCR transgenic
mice.®*3% Analysis of transgenic mice expressing p35, a
general caspase inhibitor that binds caspase-1, -3, -4, -6, -7,
and -8, has led to mixed results regarding caspase activity in
negative selection.®® Furthermore, the abrogation of Apaf-1,
which is part of the cytochrome ¢/Apaf-1/caspase-9 complex,
does not perturb negative selection.®* However, overexpres-
sion of inhibitor of apoptosis (IAP), a protein that binds to and
inhibits caspase activity, leads to partial inhibition of negative
selection.®” Taken together, these data suggest that cas-
pases may have a role in negative selection; however,
caspase-independent pathways alone have been shown to
be sufficient in inducing negative selection. These pathways
may include the translocation of apoptosis-inducing factor
(AIF) or DNase EndoG from the mitochondria to the nucleus
and other unidentified pathways.®®° Nevertheless, it seems
more probable that caspase activation is involved in death by
neglect and, specifically, in GC-induced thymocyte apoptosis
that may be involved in this process.*® Finally, only certain
caspases, such as caspase-3 and caspase-8-like proteases
but not caspase-1, are active in DP thymocytes in vivo and
can be activated when DP thymocytes are induced to undergo
apoptosis in vitro by TCR crosslinking.*!
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Caspase-8 in TCR-Triggered Thymocyte Apoptosis

In the thymus, TCR stimulation represents a crucial step for
the positive selection of T lymphocytes, negative selection of
autoreactive thymocyte clones, and death by neglect. In order
for these processes to occur, at least two different parameters
must be aligned, the intensity of TCR stimulation and the
thymic subpopulation involved. TCR stimulation intensity
determines the fate of the stimulated cell. If the intensity is
low or absent, thymocytes will die by neglect; however, with
moderate stimulation, thymocytes will survive and be posi-
tively selected. Strong TCR stimulation promotes thymocyte
apoptosis by negative selection.

At least two thymic subpopulations participate in these
processes: DP thymocytes (the main subset involved) and
medullary semi-mature heat-stable antigen” (HSA™) CD4*
CD8 " single-positive (SP) thymocytes. TCR stimulation of
DP thymocytes leads to Fas-independent apoptosis regard-
less of the strength of TCR stimulation. This mechanism was
identified based on studies of Fas-deficient /pr/lpr cells and
non-obese diabetic (NOD) mice. On the other hand, in
medullary semi-mature HSA" CD4 *CD8~ SP thymocytes,
TCR-induced apoptosis is Fas independent following low-
to-intermediate TCR stimulation but is Fas/caspase-8-depen-
dent with strong TCR stimulation.*? These findings have also
been observed in vivo in peptide-injected TCR-transgenic
mice.*® Thus, caspase-8 activation in DP thymocytes*' is Fas
independent, while caspase-8 activation in medullary semi-
mature HSA™ SP thymocytes is Fas dependent as a
consequence of strong TCR stimulation*? (Figure 2).

In Fas-deficient Ipr/lpr and NOD mice, the defect in Fas/
caspase-8-dependent apoptosis following strong TCR stimu-
lation is associated with a predisposition towards developing
autoimmune diseases. These observations suggest that Fas-
dependent caspase-8 activation may be, at least in part,
involved in the elimination of autoreactive T-cell clones by
negative selection. This defect was most prominent in
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Figure 2 TCR-triggered thymocyte apoptosis. TCR triggering determines
apoptosis in two types of thymocyte subpopulations: (1) CD4*CD8 " DP and (2)
HASMCD4+CD8~ SP cells. Apoptosis is dependent on the Fas/caspase-8
pathway only when strong TCR stimulation occurs in HAS"CD4 * CD8 ~ SP cells



medullary semi-mature HSA™ CD4*CD8~ thymocytes and
correlates with the upregulation of cFLIP, the principal
inhibitor of caspase-8 activation in the DISC,*? in response
to a strong TCR signal. Nevertheless, the role of cFLIP is
complex. Despite inhibition of Fas/caspase-8-dependent
apoptosis, the number of thymocytes in viral FLIP transgenic
mice is lower than in control littermates. Moreover, these
thymocytes respond to CD3-mediated stimulation, suggesting
that TCR-mediated stimulation may be Fas/caspase-8 inde-
pendent.** In support of this possibility, cFLIP has been
shown to trigger a RIPK1/RIPK3-dependent necroptosis
pathway that results in cell death.*4¢

Another important negative regulator of apoptosis involved
in TCR-mediated thymocyte cell death is Fas apoptosis
inhibitory molecule (FAIM)*”. FAIM is upregulated in thymo-
cytes upon TCR engagement and blocks caspase-8 and -9
activity. FAIM ~/~ thymocytes are, in fact, highly susceptible
to TCR-mediated apoptosis with increased activation of
caspase-8 and -9. Furthermore, injection of anti-CD3 antibody
leads to augmented depletion of CD4"CD8" T cells in the
thymus of FAIM~/~ mice compared with wild-type controls,
suggesting that FAIM has a role in inhibiting thymocyte
apoptosis.*® TCR crosslinking of FAIM ~/~ thymocytes leads
to elevated levels of the orphan nuclear receptor Nur77, which
has a role in thymocyte apoptosis. Interestingly, in the
absence of FAIM, Nur77 ubiquitination and degradation is
reduced. FAIM ~/~ thymocytes also exhibit a defect in TCR-
induced activation of Akt, whose activity is required for Nur77
ubiquitination. Further analyses utilizing FAIM-deficient pri-
mary thymocytes and FAIM-overexpressing DO-11.10 T cells
indicate that FAIM acts upstream of Akt, thereby promoting its
localization to lipid rafts and affecting its activation. Taken
together, these studies define a TCR-induced FAIM/Akt/
Nur77 signaling axis that is critical for modulating the
apoptosis of developing thymocytes.*® One intriguing hypo-
thesis proposes that FAIM may be involved when TCR
triggering shifts thymocyte fate towards survival (positive
selection) instead of death (negative selection).

Involvement of Caspase-8 in Death Receptor-Stimulated
Thymocyte Apoptosis

Indirect information about the involvement of caspase-8
activation in death receptor-dependent thymocyte apoptosis
was gleaned from studies in which molecules upstream or
downstream of caspase-8 were inhibited or knocked down
(Figure 3).

Upstream molecules

Fas: The work of Kishimoto and Sprent*? indicates that the
Fas pathway is involved in negative selection but only in a
small population of semi-mature SP thymocytes. However,
the Fas pathway is active in DP thymocytes, indicating its
involvement in processes other than negative selection and
thus, possibly, in death by neglect. Of all the death receptor
pathways, Fas signaling has a critical role in thymocyte
apoptosis; therefore, Fas receptor expression must be strictly
regulated in thymocytes. As mentioned previously, FAIM is a
negative regulator of Fas.*® One positive regulator of Fas is
MSSP, a transcription factor that regulates c-myc, alpha-
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Figure 3 Molecules involved in the caspase-8 pathway in the thymus.
Caspase-8 is activated through stimulation of Fas and recruitment of FADD.
Upstream molecules that negatively regulate this pathway are FAIM and FLIP,
whereas MSSP positively regulates the Fas/caspase-8 pathway. Once activated,
caspase-8 cleaves and activates downstream caspase-3, HDAC7, and Bid, thus
promoting thymocyte apoptosis

smooth actin, MHC class |, MHC class 2, and thyrotrophin
receptor. Thymocytes from MSSP knockout mice exhibit
reduced Fas expression, resulting in abrogation of Fas/
caspase-8-mediated induction of apoptosis.*® Moreover,
lipid raft disruption by cholesterol depletion abolishes
Fas-triggered recruitment of FADD and caspase-8 to the
membrane, DISC formation, and cell death.*°

FADD: As mentioned above, upon triggering, Fas recruits
FADD which, in turn, recruits caspase-8 to form the DISC.
FADD is critical for viability as FADD-deficient homozygous
mice die in utero. In newborn chimeras, thymocytes from
FADD~’~ animals are completely resistant to Fas-mediated
apoptosis but less sensitive to TNF-mediated apoptosis,
indicating a lack of redundancy in Fas-mediated apoptotic
pathways. However, thymocyte subpopulations were appar-
ently normal, as they resembled those of wild-type mice,
while the thymocyte number decreased to an undetectable
level with age. These results along with the observed
similarities between FADD ~/~ and IL-2R beta-deficient mice
suggest that: (1) Fas/FADD-dependent caspase-8 activation
is not crucial for thymocyte development and (2) that there is
an unexpected association between cell proliferation and
apoptosis.®! The latter could be due to caspase-8-mediated
proliferative effects.?” Data from FADD-deficient mice pub-
lished by Winoto and colleagues®' were recently confirmed in
another model. T-cell-specific FADD-deficient mice were
shown to possess normal numbers of thymocytes and
slightly reduced peripheral T cell numbers, whereas B-cell-
specific FADD deletion led to increased peripheral B-cell
numbers. 52

CFLIP: cFLIP can be recruited by FADD in the DISC instead
of or in association with caspase-8. Although cFLIPg is
composed solely of two DEDs, in addition to these domains,
cFLIP_ contains an (inactive) caspase-like domain that
renders the protein structurally similar to pro-caspase-8.
Both cFLIPs and cFLIP_ suppress apoptosis by inhibiting
caspase-8 activation, albeit at different levels of

Cell Death and Differentiation



- )

Caspase-8 and the thymus
N Pozzesi et a/

230

pro-caspase-8 processing. To investigate the consequences
of deregulated cFLIPs expression in vivo, Ick/cFLIPg-
transgenic mice overexpressing cFLIPg in thymocytes and
mature T cells were established. As expected, Fas ligand-
induced apoptosis was impaired in these transgenic T cells.
However, thymic and splenic cell numbers, as well as CD4/
CD8 cellularity, were normal in these animals. Unlike in Fas-
deficient mice, Thy "B220*CD4 ~CD8 "~ peripheral T cells
did not accumulate in the Ick/cFLIPs-transgenic mice.
Despite the capacity of cFLIPg to inhibit Fas-induced
apoptosis, T-cell lymphomagenesis was not observed in
IckicFLIPg-transgenic mice. Interestingly, the number of
V8" memory T cells increased upon staphylococcal
enterotoxin B injection, suggesting a specific in vivo function
for cFLIPg in the maintenance of restimulated T cells.53
Finally, the total number of thymocytes was reduced in 4-8-
week-old FLIP-overexpressing transgenic mice in which
thymocytes were resistant to Fas-induced apoptosis, further
suggesting that Fas-dependent caspase-8 activation and
apoptosis is not involved in thymocyte development. Notably,
this reduction was also observed in FLIP transgenic mice
with a Fas '~ background, suggesting that this reduction is
Fas independent.**

TRAIL: The importance of TNF family of death receptors,
other than Fas, in thymocyte negative selection has been
the subject of many studies, with equivocal results. Thus, in
order to clarify the role of the FADD/caspase-8 pathway in
this process, intrathymic negative selection of TRAIL-
deficient thymocytes has been investigated using four
well-established models, including antibody-mediated
TCR/CD3 ligation in vitro, stimulation with endogenous
superantigen in vitro and in vivo, and treatment with
exogenous superantigen in vitro. These models were
unable to demonstrate a role for TRAIL signaling, suggest-
ing that this pathway is not a critical factor for thymocyte
negative selection.>*

IRF5: The transcription factor IFN regulatory factor 5 (IRF5),
which is involved in the activation of innate immune
responses, has recently been shown to be critical for DNA
damage-induced apoptosis and tumor suppression. In
particular, IRF5 is involved in a stage of Fas signaling that
precedes the activation of caspase-8 and c-Jun N-terminal
kinase. In addition to hepatocytes, IRF5 is also required for
apoptosis in dendritic cells (DCs) activated by hypomethy-
lated CpG but not in thymocytes and embryonic fibroblasts
in vitro. Thus, these findings reveal a cell type-specific
function for IRF5 in the complex regulatory mechanism of
death receptor-induced apoptosis.>®

Downstream molecules

Bid: Studies using Bid-deficient mice demonstrated that this
proapoptotic Bcl-2 family member is not involved in thymo-
cyte development. When Bid~/~ thymocytes were treated
in vitro with anti-Fas antibody, caspase-8 remained active,
but the caspase-8-dependent mitochondrial apoptotic path-
way was blocked. In these thymocytes, mitochondrial
dysfunction was delayed, cytochrome ¢ was not released,
effector caspase activity was reduced, and cleavage of
apoptotic substrates was altered. Thus the Fas/caspase-8-
mediated mitochondrial apoptotic pathway is important in
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thymocytes,® but this pathway does not appear to be critical
for thymocyte development.
Histone deacetylase 7 (HDAC?): Several novel putative
caspase-8 substrates were identified by the prediction of
protease specificity program. One such protein was HDAC?7,
which was shown to undergo cleavage faster than any other
caspase-8 substrate described to date. Studies have
demonstrated that HDAC7 is cleaved in primary CD4*
CD8™" thymocytes undergoing extrinsic apoptosis. Impor-
tantly, cleavage of HDAC?7 alters its subcellular localization
and abrogates its ability to repress Nur77. Thus, these data
demonstrate a direct role for initiator caspase-mediated
proteolysis in promoting gene transcription.®” In immature
CD4"CD8* thymocytes, HDAC7 represses, in fact, the
transcription of Nur77, a pro-apoptotic protein involved in the
death of T lymphocytes during negative selection.>®%° T-cell
receptor stimulation of immature thymocytes triggers nuclear
export of HDAC7. This leads to a loss of transcription
repression and a MEF2D-dependent induction of Nur77
expression and apoptosis.®*¢

Two possible outcomes of caspase-8-mediated HDAC7
cleavage in thymocytes can be envisaged. First, cleavage
could promote expression of Nur77 and feed forward to
enhance apoptosis. This may be important for promoting
apoptosis in cells that have reduced levels to executioner
caspases or high levels of apoptosis inhibitors, such as XIAP.
Alternatively, if the N-terminal cleavage fragment is trans-
ported back into the nucleus, a dominant-negative effect may
result. The caspase-generated N-terminal fragment of
HDAC7 may bind to MEF2D, preventing transcription of
Nur77 in a way that cannot be switched off, because it cannot
be exported to the nucleus, promoting thymocyte cell survival.
This hypothesis is challenged by the recognized instability of
the caspase-generated HDAC7 N-terminal fragment.®?

Role of Caspase-8 in GC-Induced Apoptosis in
Thymocytes

Although initiation of GC-induced thymic apoptosis relies on
the GC receptor (GR) and de novo gene expression, the
effector phase differs among cell types. Proteasomal degra-
dation, as well as caspase-3, -8, and -9 activity, is essential for
GC-induced apoptosis in murine thymocytes; however, these
enzymes are dispensable in splenic T cells. The role of GC-
induced apoptosis, including the involvement of caspase-8, in
the thymus is still controversial. (Please refer to the excellent
review by Ashwell et al. for more information about this
field®®). Although some studies demonstrated that caspase-8
activation is dispensable for thymocyte apoptosis, others
have shown it to be critical. Mann et al.®* showed that both
spontaneous and GC-induced thymocyte apoptosis are
associated with both cellular depolarization and repression
of Na*/K*-ATPase. These effects were blocked by the pan-
caspase inhibitor (zZVAD) but not by specific inhibitors of
caspase-8, -9, and -3. Among GCs, methylprednisolone
(MPS) induces early stages of rat thymocyte apoptosis, as
indicated by an increase in Annexin-V-positive events and a
sequential increase in NO production by mitochondrial and
endoplasmic reticulum membranes. MPS activates caspase-
6 and caspase-3 but not caspase-8. Finally, the thymocyte



apoptotic pathway induced by MPS primarily involves the
mitochondria but not the endoplasmic reticulum.®®

Other studies have focused on the critical role of caspase-8
in GC-induced thymocyte apoptosis. In one model of in vitro
thymocyte apoptosis, caspase-8 inhibition abrogated cyto-
chrome c release, caspase-9 and caspase-3 activation, and
apoptosis, suggesting that caspase-8 inhibition can indirectly
inhibit caspase-9 and/or that dexamethasone (DEX)-induced
caspase-8 activation is upstream of mitochondria. Thus, it can
regulate caspase-3 directly or through cytochrome c release
and, ultimately, caspase-9/caspase-3 activation. Critical
signaling events upstream of caspase-8 activation include
expression of Src kinase, PI-PLC, and aSMase as inhibition
of their synthesis abolished caspase-8 processing and
apoptosis.®® Another study showed that caspase-8 activation
may be critical for promoting GC-induced thymocyte apoptosis.
More specifically, mouse thymocyte apoptosis was triggered
by DEX-induced caspase-8, -3, and -9 processing along with
caspase-8-independent loss of mitochondrial membrane
potential. This DEX-induced apoptosis was found to be
dependent on caspase-8 but not caspase-9, as it was
abolished by inhibition of caspase-8 and -3 but not caspase-9
processing. Inhibition of sphingosine production reduced
caspase-8 activation. In addition, inhibition of the proteasome
impaired activation of all three caspases. Altogether, these
data indicate that DEX-induced apoptosis is mediated, in par,
by sphingosine that, along with proteasome activity, con-
tributes to the processing of caspase-8 and caspase-3
independent of mitochondria.®”

Besides promoting thymocyte apoptosis, GCs modulate the
transcription of numerous genes that have an important role in
triggering thymic apoptosis. For example, GC-induced leucine
zipper (GILZ) is strongly upregulated in the thymus and has
been demonstrated to function in thymocyte development.
GILZ was originally identified in 1997, during a systematic
study of genes transcriptionally induced by GCs and
responsible for GC-activated apoptosis.®® Subsequently,
GILZ was shown to mediate several GC functions, such as
modulation of T-lymphocyte activation, IL-2 production,
apoptosis, and cell proliferation.®®~"" As the basic character-
istics and regulation of the GILZ protein were being clarified,
many unexpected features of this protein began to emerge,
which provided new insight into the physiological role and
function of GILZ itself. Because of the variety of protein
interactions and its abundance in several cell types, GILZ has,
in fact, a crucial role in controlling protein trafficking and
signaling. Most recently, novel functions have been defined,
including regulation of T helper cell differentiation”?”® and DC
function,”*”® increase of epithelial Na* channel-mediated
Na™ transport in the kidney,”®”” and control of malignant
transformation through inhibition of Ras-driven tumori-
genesis.”""®7° Young adult GILZ-overexpressing transgenic
mice exhibit dramatically reduced numbers of CD4 " CD8™"
thymocytes and increased ex vivo thymocyte apoptosis.
Apoptotic pathway analysis detected reduced antiapoptotic
Bcl-xL expression and increased activation of caspase-8 and
caspase-3 in a sequential manner. In older GILZ-transgenic
mice, perturbation of thymic subset numbers was amplified
over time, as demonstrated by further reduction in CD4*
CD8 " cells and increase in CD4"CD8 , CD4~ CD8 —, and
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CD8 "CD4 ~ cell numbers. Thus, GILZ appears to be part of a
novel pro-apoptotic GC pathway.”® Possible cross-talk
between GILZ and caspase-8 in DEX-treated thymocytes
has been evaluated. The expression of DEX-induced GILZ
protein was reduced when caspase-8 activity was inhibited.
Inhibition of the proteasome abrogated this reduction in GILZ
expression, suggesting that DEX-induced caspase-8 activa-
tion protects GILZ from degradation. It has been hypothesized
that this caspase-8-dependent protection of GILZ could be
due to caspase-8-driven sumoylation, which consequently
inhibits GILZ ubiquitination. In fact, GILZ binding to SUMO-1
in vitro and in vivo is dependent on caspase-8 activation. This
correlates with studies, reported in the same article, on
caspase-8-deficient mice and cell lines, which display a
concomitant reduction in GILZ expression in thymocytes and
lymphocytes.®® These results suggest that caspase-8 activa-
tion protects GILZ from proteasomal degradation and induces
its binding to SUMO-1 in GC-treated thymocytes.®° Taken
together, these results suggest a feedback loop between
GILZ and caspase-8 that begins with GR-mediated Gilz gene
expression. Once expressed, GILZ induces caspase-8
activation, which in turn promotes GILZ maintenance through
its sumoylation and subsequent inhibition of its ubiquitination/
proteasomal degradation. Thus, GC-dependent transcription
of Gilz is necessary but not sufficient for its expression. In
order to promote its expression, GCs must also protect GILZ
from proteasomal degradation through caspase-8 activation
(Figure 4).

Regarding death receptors involvement by GCs, the
expression pattern of Fas and DRS5, both inducing cell death
through caspase-8, was analyzed in the thymus after either
y-irradiation or DEX treatment. Both Fas and DR5 were
induced in the thymus by ionizing radiation in a p53-
dependent manner, whereas only DR5 was induced by DEX
in a p53-independent manner.8! Studies have established
that caspase-8 is activated during GC-induced thymic
apoptosis. Nevertheless, the importance of this activation in
the economy of the apoptotic process in the thymus remains
controversial. The discrepancy observed in the different
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Figure 4 The GILZ-caspase-8 loop. The binding of GCs to their GR stimulates
transcription of Gilz. Once Gilz is translated, it activates caspase-8 from pro-
caspase-8, and the active caspase-8 causes Sumo-1 to bind GILZ. Sumo-1 binding
competes with ubiquitin binding and inhibits proteasomal degradation of GILZ
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studies could be due to the various experimental conditions
tested, such as the type of GC used, the strain of mice, and the
different apoptotic pathways stimulated by GCs. Different
GCs have, in fact, different apoptotic activity that is related to
their ability to induce both genomic (e.g., caspase-8, -9, and -3
activation and GILZ expression) and non-genomic effects
(e.g., PI-PLC phosphorylation).8? For instance, live imaging
by confocal microscopy revealed that lysosomal cathepsin B,
an unrecognized component of this pathway to date, becomes
rapidly activated in thymocytes after GC exposure. This is
followed by leakage of cathepsin B into the cytosol, nuclear
condensation, and processing of caspase-8 and -3. Collec-
tively, the apoptotic program induced by GCs is comprised of
cell type-specific and shared features.®3

The biological significance of GC-induced thymocyte
apoptosis remains unclear. It is reasonable to think that GCs
can participate in death by neglect and age- and stress-
related thymic involution. A new interesting finding suggests
that GC-induced caspase-8-dependent thymocyte apoptosis
is involved in thymic atrophy as a consequence of acute
Trypanosoma cruzi infection. Blockade of GR activity with
RU486 prevented DP thymocyte apoptosis together with
caspase-8 activation in a murine model of acute T. cruzi
infection. These findings indicate that DP T-cell apoptosis
following experimental T. cruziinfection is dependent on GC
stimulation for promoting caspase-8 activation.®*

Conclusions

Caspase-8 is a critical molecule as its absence leads to death
of mice in utero. Upon activation, its main function is to
promote apoptosis and, in thymus, apoptosis of negative
selection is critical to eliminate autoaggressive T-cell clones
that, if not eliminated, could contribute to develop autoimmune
diseases. Despite the involvement of caspase-8 in apoptosis,
there is no clear evidence demonstrating the involvement of
caspase-8 in impairing thymic central tolerance. Thus, the role
of caspase-8 in the thymus is still uncertain, although this is
probably the consequence of an inability to experimentally
dissect this issue. As an example, all data on caspase-8 in the
thymus were gathered by decreasing its expression. How-
ever, it would be very informative if data on caspase-8
overexpression were also available. An alternative hypothesis
is that the role of caspase-8 in thymic apoptosis is not critical,
whereas caspase-8 would rather be involved in thymocyte
proliferation. This hypothesis is supported by studies on
CEDS, a rare human disease in which the main clinical
manifestation is immunodeficiency, and this implies an
involvement of caspase-8 in thymocyte proliferation rather
than in apoptosis.®® This review highlights the role of caspase-
8in TCR-triggered, death receptor-triggered, and GC-induced
apoptosis. Questions remain as to whether or not the thymus
is involved in autoimmune symptoms present in humans with
caspase-8-deficiency and if this could be a consequence of
impaired negative selection. Additionally, it is important to
further elucidate the novel function of caspase-8 in inhibiting
proteasomal degradation of other molecules involved in
apoptosis and proliferation besides GILZ. Future studies will
clarify these questions and potentially enable the develop-
ment of therapeutic strategies that modulate caspase-8
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activation for the treatment of immunodeficiency state or
other unknown caspase-8-dependent disorders.
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