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Summary
Programmed cell death is essential for the maintenance of lymphocyte homeostasis and immune
tolerance. Dendritic cells (DCs), the most efficient antigen presenting cells, represent a small cell
population in the immune system. However, DCs play major roles in the regulation of both innate
and adaptive immune responses. Programmed cell death in DCs is essential for regulating DC
homeostasis and consequently, the scope of immune responses. Interestingly, different DC subsets
show varied turnover rates in vivo. The conventional DCs are relatively short-lived in most
lymphoid organs, while plasmacytoid DCs are long-lived cells. Mitochondrion-dependent
programmed cell death plays an important role in regulating spontaneous DC turnover. Antigen-
specific T cells are also capable of killing DCs, thereby providing a mechanism for negative
feedback regulation of immune responses. It has been shown that a surplus of DCs due to defects
in programmed cell death leads to overactivation of lymphocytes and the onset of autoimmunity.
Studying programmed cell death in DCs will shed light on the roles for DC turnover in the
regulation of the duration and magnitude of immune responses in vivo, and in the maintenance of
immune tolerance.
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Introduction
Different cell types in the immune system, including T cells, B cells, and the less abundant
NK cells, macrophages and DCs, are maintained in relatively constant numbers after
development (1–7). Homeostasis is important for keeping a functional and balanced immune
system, but the mechanisms for homeostatic regulation in the immune system is poorly
understood. For a particular cell type to maintain a stable number, its rate of programmed
cell death needs to be kept in balance with the rate of renewal from its precursors. DCs are
the most efficient antigen presenting cells for the uptake, processing and presentation of
antigens to stimulate antigen-specific lymphocytes (8). Although DCs represent a small
population of cells in lymphoid and non-lymphoid organs and tissues, they are key
regulators of both innate and adaptive immune responses (9,10). DCs may also play
important roles in the development and maintenance of immune tolerance (8,11). Injection
of excessive activated DCs can induce the development of systemic or tissue-specific
autoimmune diseases in mice (12,13). Either over-accumulation or depletion of DCs may
disrupt immune tolerance (14–16). Maintenance of DC homeostasis by programmed cell
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death is likely to have major impacts on the scope of antigen-specific immune responses and
immune tolerance.

Turnover rates of different DC subsets
When DCs were first identified as a cells type with characteristic protrusion of dendrites and
distinct functional properties, they were found to have low proliferation potentials, yet
constantly undergo rapid turnover under steady state conditions (17,18). Many different
subsets of DCs in different organs with distinct phenotypic and functional properties have
been described (10,19–21). DCs represent a heterogeneous population that can be
distinguished by their cell surface markers, in vivo localizations, migratory properties,
cytokine productions and other functional properties (10). The main subtypes of DCs
include the conventional DCs that can be found in different organs and tissues, and
plasmacytoid DCs (pDCs) (21). pDCs are a specialized DC subtype that is a major producer
for interferon-α, while conventional DCs are more complex and can be further divided into
migratory DCs, such as Langerhans cells in epidermal tissues, interstitial DCs and
lymphoid-tissue-resident DCs (10,19–22). Resident DCs in lymphoid tissues constitute the
majority of DCs in the thymus and spleen, and about half of DCs in the lymph node.
Lymphoid-tissue-resident conventional DCs can be further distinguished based on their
surface expression of CD4 and CD8, including CD8+, CD4+CD8− and CD4−CD8−
conventional DCs. The surface phenotype, lifespan and functions for residential DCs in
different tissues are likely to be influenced by their local microenvironment (20,22).

The lifespan of DCs in vivo has been evaluated by a series of studies that measure the
kinetics for the labeling of DC with 5-bromodeoxyuridine (BrdU) (23–26). Isolated DCs
generally do not proliferate in vitro (24,26). Consistent with the low proliferative potential
of differentiated DCs, pulsing with BrdU for a period of two hours gives rise to only
marginal labeling of DCs (24,26). The labeling of differentiated DCs in lymphoid organs by
BrdU likely represents the newly generated DCs from precursors that have the potentials to
proliferate (5). DCs in the spleen and mesenteric lymph nodes show rapid kinetics of BrdU
labeling with no lagging time (26), suggesting that DCs are either derived from residential
DC precursors or rapidly replenished from the blood stream. However, thymic DCs show an
initial lag in BrdU labeling, followed by rapid incorporation of BrdU (26). The discontinuity
in the labeling curve for the thymic DC lineage could be explained by the existence of
different thymic DC lineages, or the replenish by DC precursors from different tissues that
take time to migrate to the local lymphoid organs or thymus. However, the possibility of a
delay for BrdU to reach the thymus cannot be ruled out.

We and others have observed that conventional DCs are labeled rapidly in vivo by BrdU
(24,26,27). In particular, near 50% of CD11c+CD11b+ DCs in the spleens are labeled by
BrdU in 48 h, suggesting that these DCs in the spleens have a half-life of approximately two
days. CD8+ DCs are labeled slightly faster than CD8− DCs (24,26). Comparing to
lymphoid-tissue-resident DCs, Langerhans cells have a slower kinetics of BrdU labeling
(26), indicating that Langerhans cells belong to a different cell lineage with a slower rate of
cell death and self-renewal. In contrast to conventional DCs, CD11clowPDCA-1+ pDCs
display significantly slower rates of BrdU labeling, with a half-life of eight to nine days
(25,27), suggesting that pDCs are long-lived cells similar to T cells in vivo. Therefore,
different DC subsets have distinct kinetics of self-renewal in vivo. However, the functional
significance for such differences among DC subsets is currently unknown.

Regulation of DC homeostasis
DCs are present in small numbers (usually around 1%) in lymphoid organs, and even less in
non-lymphoid tissues and in the blood (28). Although the precise mechanism for the

Chen and Wang Page 2

Immunol Rev. Author manuscript; available in PMC 2012 February 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



maintenance of DC homeostasis is not clear, emerging evidence suggests that cytokines may
be important regulators. Fms-like tyrosine kinase receptor-3 ligand (Flt3-L) is a cytokine
crucial for the development of both conventional DCs and pDCs (29–31). It has been
reported that Flt3-L promotes both survival of DCs and the differentiation DCs from their
precursors (31,32). Using CD11c–DTR transgenic mice that express the receptor for
diphtheria toxin (DTA) in DCs, it has been shown that depletion of DC by injection of DTA
results in elevated levels of Flt3-L and increased generation of DCs from precursors (33).
The level of Flt3-L in serum returns to normal when DC number is restored (33). An
independent study has shown that DC expansion in response to Treg ablation also requires
local production of Flt3-L (5). These results suggest that an Flt3-L-dependent feedback
mechanism is involved in homeostatic control of DC numbers in vivo.

Cytokines are important regulators of cell death in DCs. It has been shown that GM-CSF
synergizes with Flt3-L to maintain the total numbers of conventional DCs in vivo (34,35).
Interestingly, we have observed that withdrawal of GM-CSF from cultured bone marrow-
derived DCs leads to up-regulation of pro-apoptotic Bim and accelerated cell death in DCs
(36). GM-CSF may help to maintain DC homeostasis by inhibiting Bim-dependent
apoptosis. In contrast to GM-CSF, IL-10 has been shown to promote cell death in DCs by
inhibiting the expression of anti-apoptotic molecules Bcl-2 and Bcl-xL (37). Thymic stromal
lymphopoietin (TSLP) produced by non-hematopoietic cells such as fibroblasts, epithelial
cells and different types of stromal cells can promote the survival of DCs in vitro (38).
Whether TSLP is indeed involved in the protection of DC viability in vivo remains to be
determined. In addition, whether TSLP affects the expression of apoptosis signaling
molecules in DCs should be examined. Although TGF-β1 is important for the development
of Langerhans cells (39–41), TGF-β1 has been shown to induce apoptosis in monocyte-
derived DCs (42). Whether TGF-β1 might induce apoptosis in certain DC subsets for
immunosuppression will be interesting to investigate.

Based on their rates of BrdU labeling, we estimate that 40–50% of CD11c+CD11b+

conventional DCs in the mouse spleen undergo cell death in 48h in vivo (27). However,
isolated CD11c+CD11b+ DCs undergo even faster cell death during in vitro culture (27).
Interestingly, a majority (approximately 90%) of pDCs isolated from the mouse spleen
undergo cell death after 24 h of in vitro culture (27). This is different from the predicted
lifespan of pDCs by in vivo BrdU labeling studies that show a relatively slow rate of self-
renewal for pDCs with approximately 5% of BrdU labeling over 24 h (27). This suggests
that the local microenvironment of lymphoid organs plays an essential role in regulating the
lifespan of DCs. Although conventional DCs have a shorter lifespan than pDCs in vivo, they
survive better during in vitro culture than pDCs (27). Therefore, the local microenvironment
of the spleens appears to be even more critical for the survival of pDCs. Cell-cell contact
with other cell types in the spleen, as well as cytokines in the spleen environment may help
to maintain the survival of DCs in vivo.

Besides the regulation by cytokines and other soluble factors, direct cell-cell contact for DCs
with other cell types in the local microenvironment may also play an important role in the
regulation of DC homeostasis. For example, Treg cells may inhibit Flt3-L productions to
suppress novel DC generation from their precursors (5,43). Formation of the immunological
synapse between DCs and antigen-specific T cells has been shown to inhibit DC apoptosis
(44). In addition, interaction with matrix in lymphoid tissues may help to sustain DC
survival. Whether adhesion molecules and other cell surface receptors may induce pro-
survival signaling into DCs through interactions with other cells or matrix remains to be
determined.
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DCs in the lymph node during cognate interaction with T effector cells
As professional antigen presenting cells, DCs are important for the activation of antigen-
specific T cells. However, the interactions between DCs and T cells are not unidirectional.
The activation status of T cells may determine whether T-DC interaction promotes or
inhibits cell death in DCs. It has been shown that the presence of naïve T cells helps to
promote the survival of DCs in vitro or in lymph nodes (38,44). DCs have been observed to
form cognate conjugates with antigen-specific T cells in the draining lymph nodes at 24 h
after adoptive transfer (45). However, most of these DCs disappear from the lymph nodes 48
h post transfer (45). One possibility is that DCs migrate out of the lymph nodes after they
have activated T cells. However, it is more plausible that DCs are killed by T cells that they
have previously activated. Indeed, DCs can undergo rapid cell death after interaction with
antigen-specific CD4+ T cells in vitro (46). CD8+ T cells have also been demonstrated to kill
DCs during anti-tumor immune response and viral infections (47,48). In addition, mouse
CD62L−CCR7− effector memory T cells have been demonstrated to kill the antigen-loaded
DCs in lymph nodes (49). Antigen-specific T cells may therefore function as negative
feedback regulators by killing antigen-specific DCs.

We have observed that activated T cells can kill DCs through a Fas- and perforin-dependent
manner in vitro (Fig. 1) (14). Perforin-dependent elimination of DCs limits the scope of
CD8+ T cell activation (50). Interestingly, memory CD8+ T cells may release TNF-α before
the release of cytotoxic granules, leading to TNF-α-induced expression of an endogenous
granzyme B inhibitor, PI-9, to protect DCs from CTL killing (51). Whether such a protective
mechanism is unique to central memory T cells has not been determined.

Induction of cell death in antigen-presenting DCs by activated T effector cells provides an
important mechanism for feedback regulation of antigen-specific immune responses. This
many help to restrict the scope of an immune response to a specific antigen by preventing
excessive T cell activation. However, such a negative feedback mechanism should not take
place too quickly. Elimination of antigen-presenting DCs by activated antigen-specific T
cells too early in an immune response could result in poor immune responses. Indeed, rapid
deletion of DCs by activated viral-specific T cells has been shown to cause
immunosuppression after infection by measles virus or lymphocytic choriomeningitis virus
(47,52). On the other hand, inhibition of DC apoptosis by T cells after formation of
immunological synapse may be essential for efficient immune responses (44). It will be
interesting to investigate the temporal relation of T cell activation by DCs and T cell-
mediated killing of DCs, and how this regulates the magnitude of primary, secondary and
memory responses to antigens presented by DCs. Studying the regulation of cell death ion
DCs may help to improve the strategies for successful DC-based vaccination.

Interaction of Treg cells with DCs
It has been well established that CD4+FoxP3+ Treg cells can inhibit the activation of T
effector cells (53–55). Treg cells may inhibit T effector cells through direct cell-cell contact
or secretion of soluble factors. Intriguingly, co-transfer of Treg cells with DCs leads to
decrease of DCs in draining lymph nodes (56). Treg cells may lead to a decrease in the
lifespan of DCs in this case. However, a direct effect of Treg cells on the regulation of DC
lifespan has yet to be demonstrated. An in vitro study shows that Treg cells can employ a
perforin/granzyme-dependent mechanism to kill DCs (57). Treg-mediated killing of DCs
could provide an alternative mechanism for immunosuppression by Treg cells. It will be
interesting to determine whether Treg cells could directly induce cell death in DCs in vitro
and in lymphoid organs to inhibit DC-dependent immune responses.
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Loss of Treg cells has been shown to induce the increases in total DCs, especially the
conventional CD11c+CD11b+ DCs (43). Treg cells could also indirectly regulate the
lifespan of DCs through other cell types. Increased Flt3-L and accelerated generation of DCs
from the committed precursors of conventional DCs (pre-cDCs) have been observed after
Treg depletion (5). This suggests that Treg cells may have a suppressive role in restricting
the generation of DCs from their precursors by inhibiting Flt3-L production from an
unidentified cell type (43).

Although temporary deletion of DCs through injection of DTA into CD11c-DTR transgenic
mice leads to weakened immune responses (58), constitutive ablation of DCs by DC-specific
expression of DTA in CD11c-DTA transgenic mice has been shown to break immune
tolerance (16). DCs are important for supporting homeostatic expansion of Treg cells in the
periphery (59). In particular, it has been shown that certain DC subsets are capable of
inducing the development of Treg cells (60). The expression of indoleamine 2,3
dioxygenase, an enzyme important for the degradation of tryptophan, in pDCs, allows for
direct activation of Treg cells (61). Local microenvironment or engulfment of apoptotic cells
may also confer tolerogenic properties to DCs to induce the generation of Treg cells (62,63).
We also observed a small but reproducible increase of CD4+FoxP3+ Treg cells in
autoimmune mice harboring apoptosis deficiency in DCs (14). How apoptosis-deficient DCs
overcome the inhibition by Treg cells to over-activate T effector cells still needs to be
elucidated. A potential direct interaction between DCs and Treg cells in immune regulation
will be a very interesting topic to study.

DC apoptosis in the regulation of antigen-specific immune responses
Increased survival of DCs with the expression of Bcl-2 transgene has been shown to
enhance antigen-specific T cell activation and antibody production (64,65). Increased total
DC numbers could allow more DCs to trigger the activation of T cells simultaneously.
Increased survival may also prolong the duration for DCs to stimulate T cells. Conversely,
temporary ablation of DCs may limit antigen-specific immune responses to infections (58).
Cell death in DCs may inhibit the induction of tumor-specific immune responses (66), while
suppressing apoptosis in DCs can enhance the potency of DC-based vaccine to trigger
tumor-specific immunity (67–70). These data suggest that the lifespan of DCs indeed affects
the magnitude of immune responses to antigens.

We have observed that inhibition of apoptosis in DCs leads to accumulation of DCs, over-
activation of lymphocytes and the breakdown of immune tolerance (14). Consistently, it has
been shown that conditional deletion of Fas on DCs induces the development of systemic
autoimmune responses (15). Deficiency in Bim, a Bcl-2 family member involved in
mitochondria-dependent apoptosis, has also been shown to contribute to DC accumulation,
enhanced T cell activation and the development of autoimmune diseases (36). Therefore,
perturbation of programmed cell death in DCs can have a profound effect in the disruption
of antigen-specific immune responses and immune tolerance.

Types of programmed cell death
DCs are generated from their precursors that have intermediate potentials for proliferation
(5). Because DCs no longer proliferate after differentiation, the homeostasis of DCs must be
maintained through the balance between their regeneration from precursors and programmed
cell death. Regulation of the intrinsic apoptosis pathway likely regulates the rate of
spontaneous cell death in DCs. Interaction with other cell types in the immune system,
especially T effector cells and Treg cells, may also play crucial roles in regulating the
survival and functions of DCs (Fig. 2). Here we will focus on the regulation of DC
homeostasis by programmed cell death.
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Death receptor-mediated apoptosis
Apoptosis is the best-characterized form of programmed cell death. Necrosis and autophagic
cell death may also play important roles in cell death when apoptosis pathways are
suppressed (71–75). After significant expansion of antigen-specific lymphocytes,
programmed cell death is important for the contraction of these expanded cell types (3,7,76).
Two major apoptosis pathways, including the death receptor-mediated and mitochondrion-
dependent apoptosis, have been intensively studied in the immune system. The tumor
necrosis factor receptor (TNFR) superfamily members contain characteristic cysteine-rich
repeats in the extracellular domains. Some of the TNFR family members that contain the
conserved death domain (DD) in the intracellular region are called death receptors, including
Fas, TNFR I, DR3, TRAIL-R1/DR4, TRAIL-R2/DR5, and DR6 (77). After engagement by
their ligands, Fas and TRAIL receptors, bind to an adaptor, FADD, through homotypic
interactions of their DDs (78–80). FADD then recruit caspase-8 to the death receptor
through another homotypic interactions of their death effector domains (DEDs), resulting in
the formation of the death-inducing signaling complex (DISC) to initiate caspase activation
(80–82). Caspase-10 is a conserved caspase homologous to caspase-8. Caspase-10 gene has
been reported to be in many species, such as sea squirt, zebra fish, xenopus, chicken, rabbit,
rhesus monkey and human (NCBI Genebank), but it is not found in mice (83). Mice may
have lost caspase-10 during evolution. Caspase-10 is also recruited to DISC and mediates
death receptor-induced apoptosis (84,85). Caspase-8 and caspase-10, the two caspases may
have overlapping and distinct functions (86,87). Caspase-8 and caspase-10 mutations have
been identified in human autoimmune patients that contribute to autoimmunity or
immunodeficiency (88,89). Deletion of caspase-8 in mice causes early embryonic lethality
(90), suggesting that caspase-8 is a non-redundant caspase in mice. Other death receptors
use similar but more complicated signaling modules to initiate cell death signaling (91).
Death receptor-dependent apoptosis are usually triggered by the ligands that belong to the
TNF superfamily (77). DCs have been shown to express death receptors such as Fas, TNF
receptors and TRAIL receptors, and are susceptible to FasL, TNF and TRAIL-mediated
apoptosis (14,92,93).

Mitochondrion-dependent apoptosis
Induction of DNA damage or inhibition of DNA repair, loss of growth factors, as well as
other factors triggering cellular stress that are sensed by the BH3-only proteins of the Bcl-2
family, can induce the intrinsic mitochondrion-dependent apoptosis pathway, resulting in the
release of cytochrome C from mitochondrion into the cytosol (94–96). Cytochrome c
interacts with Apaf-1 and caspase-9, leading to caspase-9 activation and subsequent
activation of downstream effector caspases and apoptosis (95). Smac/Diablo is also released
from mitochondrion to promote caspase activation by neutralizing the inhibitors of apoptosis
(IAPs) (97,98). In addition, endonuclease G and apoptosis inducing factor (AIF) are released
from mitochondrion and may cause cell death in a caspase-independent manner (99,100).
Accumulating evidence suggests that DCs are sensitive to mitochondrion-dependent
apoptosis and Bcl-2 family members are important for the regulation of programmed cell
death in DCs (3,27,36,64).

Alternative cell death pathways
It has been shown that Receptor Interacting Protein 1 (RIP1) and RIP3 kinases mediate
necrotic signaling when caspases are inhibited (72–74). In the absence of caspase activation,
cells under stress may also attempt to rescue themselves through autophagy, a process of
degradation of self-components by autophagosomes (101,102). However, excessive
autophagy will lead to cell demise (71,103). It appears that apoptosis involving caspase
activation is a rapid and predominant form of programmed cell death. When apoptosis
pathways are inhibited, necrotic or autophagic cell death may take place. Interestingly,
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autophagy has been shown to be important for antigen processing in DCs (104). Whether
autophagic or necrotic cell death also play important roles in the regulation of programmed
cell death in DCs remains to be determined.

Fas-dependent apoptosis in DCs
It has been well established that lymphocytes are susceptible to Fas-mediated apoptosis.
Several studies have demonstrated that DCs can be induced to undergo apoptosis through
Fas (46,105,106). However, other studies have shown resistance to Fas-dependent cell death
in DCs (107–109). Such variations could be due to different sources of DCs used in the
assays. In autoimmune lpr mice, both lymphocytes and DCs undergo significant expansion
(110). If DCs are refractory to Fas-mediated apoptosis, however, the expansion of DCs in
Fas-deficient lpr mice would have to be attributed to the effects other than the intrinsic
apoptosis defects in DCs. We have therefore performed a screening for the signaling
molecules of the Fas signaling pathway in DCs (14). Because activated T cells are known to
harbor an active Fas-signaling pathway, we compared Fas signaling pathway in DCs and T
cells. Interestingly, we observed no significant difference between DCs and T cells in the
expression of Fas, FADD, caspase-8 and FLIP that are important components for the
formation of the death-inducing signaling complex (14). This suggests that the Fas signaling
pathway is active in DCs.

It has been observed that T cells are capable of killing DCs (46–48). We have therefore
determined whether DCs are susceptible to T cell-mediated killing through Fas. Using allo-
specific T cells derived from mixed lymphocyte reaction, we demonstrate that both CD4+ T
cells and CD8+ T cells are capable of killing DCs (14). Perforin−/− T cells killed DCs less
efficiently than wild type T cells, suggesting the involvement of perforin in T cell-mediated
killing of DCs (14,50). Using soluble Fas or TRAIL receptors, we observed that killing of
DCs by perforin−/− T cells were completely inhibited by Fas-Fc, but not TRAIL-R-Fc,
suggesting that Fas is the dominant death receptor employed in T cell-mediated killing of
DCs in addition to perforin (Fig. 1). These in vitro data suggest that T cells kill DCs through
a Fas- and perforin-dependent mechanism.

To determine a potential role for Fas in regulating apoptosis in DCs, we generated
transgenic mice expressing the baculoviral p35, a potent inhibitor for caspase-8 and several
downstream caspases, but not caspase-9, in DCs (DC-p35) (111). DCs from DC-p35
transgenic mice show reduced Fas-dependent apoptosis, leading to the accumulation of
conventional DCs and pDCs. This supports a role for Fas-mediated apoptosis in regulating
DC homeostasis in vivo. Consistent with our studies, conditional knockout of Fas in DCs
also lead to significant expansion of DCs (15). These in vivo data shows that Fas-mediated
apoptosis indeed plays an important role in regulating DC homeostasis in vivo. It has been
reported that deficiency in perforin exacerbates lymphoproliferation and autoimmunity in
Fas-deficient lpr mice (112). It will be interesting to test whether perforin and Fas synergize
to maintain immune tolerance through induction of cell death in DCs.

Other TNFR family members in the regulation of cell death in DCs
Decoy receptor 3 (DcR3), also known as TR6 or M68, is a soluble member in the TNF
receptor superfamily (35,113,114). It can bind to both FasL and LIGHT, and inhibit
apoptosis by interfering with FasL-Fas interaction or suppressing the interaction between
LIGHT and lymphotoxin β receptor (LTβR). The up-regulation of DcR3 in cancer patients is
associated with DcR3-mediated inhibition of cell death (113,115). Following stimulation of
Toll like receptors, myeloid derived DCs have been shown to release DcR3 (116).
Interestingly, however, it has been shown that DcR3 can bind to heparan sulfate
proteoglycans on DCs to promote cell death by up-regulation of TRAIL R2/DR5 (117). In
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addition, DcR3 has also been shown to interfere with DC differentiation and maturation
(118). The potential roles for DcR3 in the promotion or inhibition of cell death, and in DC
development in vivo remain to be elucidated.

Death receptors such as Fas, TNF receptors and TRAIL receptors are expressed on DCs
(14,92,93). Knockout studies show that the TRAIL receptor (TRAIL-R) in mice has no
obvious apoptosis functions for apoptosis signaling in DCs, but rather inhibits DC functions
through suppression of NF-κB activation (92). Intriguingly, TRAIL-R2/DR5-induced
activation of caspase-8 can promote the immunogenicity of DCs through the generation of
apoptotic bodies (119). Whether rapid cell death in DCs might promote antigen presentation
will also be very interesting to study. It has been reported that microfilariae, the parasite
stage of Brugia malayi in the blood, can trigger FasL- and TRAIL-induced cell death in DCs
(120). This may be responsible for immune suppression during filarial infections. The
involvement of different death receptors in DCs in vivo remains to be clarified. How
microbes and viruses exploit the cell death pathways in DCs to escape the surveillance by
the immune system will be an interesting area to explore.

Signals from CD40 may boost the survival of DCs through activation of NF-κB and AP-1
(121). It has been reported that the effect for CD40 to promote DC survival is less potent
than that of TSLP (38). RANKL is another member of the TNF superfamily that is
expressed on T cells or DCs (122–124). RANKL interacts with RANK of the TNFR
superfamily expressed on DCs to promote the survival and cytokine production by DCs
(122–124). This may be related to the ability for RANK to induce NF-κB that promotes the
expansion of anti-apoptotic molecules in DCs (122,124). Indeed, DCs in p50/RelA double
knockout mice do not survive and up-regulate anti-apoptotic molecules in response to
stimulation by RANKL or LPS (125), suggesting an important role for p50/RelA in the
maintenance of DC survival. Osteoprotegerin, a decoy soluble receptor for RANKL that
interferes with RANKL-RANK interaction, may suppress the anti-apoptotic effects of
RANK to promote cell death in DCs (126). Although RANKL can promote DC survival
(122,124), it can also induce the expression of Fas on DCs to promote Fas-dependent
apoptosis in DCs (127). Therefore, the effect on RANKL in promoting or inhibiting the
survival of DCs may vary depending on whether FasL-expressing T cells are present.

Bcl-2 family members in the regulation of cell death in DCs
The Bcl-2 family proteins are upstream regulators for mitochondrion-dependent apoptosis
(128,129). Bcl-2 family members share one or more conserved Bcl-2 homology (BH)
domains and can be divided into three subfamilies. The anti-apoptotic subfamily proteins,
the pro-apoptotic Bax- and Bak-like proteins and the pro-apoptotic BH3-only subfamily.
Pro-apoptotic Bax and Bak can oligomerize to form pores on the outer mitochondrial
membrane that cause mitochondrial membrane permeabilization. The anti-apoptotic Bcl-2
family proteins can bind to pro-apoptotic Bax or Bak to sequester and inhibit these
molecules (76). BH3-only proteins, on the other hand, are the upstream sensors for different
apoptosis signaling (130). BH3-only proteins can function as “de-repressors” to inhibit the
anti-apoptotic molecules, resulting in the aggregation of Bax or Bak. Alternatively, BH3-
only proteins may directly activate pro-apoptotic Bax or Bak to trigger mitochondrial
membrane permeabilization. Aggregation of Bax and Bak then leads to the release of
cytochrome c from the mitochondrial intermembrane space to the cytosol and activation of
caspases (128–130). We have found that knockout of anti-apoptotic Bcl-2 accelerates the
rates of renewal of DCs by BrdU labeling (27), while deletion of pro-apoptotic Bcl-2 family
member, Bim, inhibits spontaneous apoptosis in DCs (36). This suggests that Bcl-2 family
members that are important modulators for mitochondrion-dependent apoptosis regulate the
lifespan of DCs in vivo (Fig. 3).
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Anti-apoptotic Bcl-2 and Bcl-xL
Transgenic expression of Bcl-2 in DCs suggests that inhibition of cell death in DCs
promotes antigen-specific immune responses in vivo (64,65). We have found that
transfection with Bcl-2 prolongs the survival of primary bone marrow-derived DCs in vitro
(27). In addition, knockout of Bcl-2 leads to faster DC turnover in vivo (27). However, we
have observed that DCs only express very limited levels of Bcl-2 (14,27). Moreover, we
have found that Bcl-2, different from Bcl-xL, is not readily inducible after stimulation via
TLRs or CD40 (14,36). Therefore, we propose that the limited expression of Bcl-2
contributes to rapid cell death in DCs, however, regulation of DC survival is more likely
achieved through regulated expression of Bcl-2 family members other than Bcl-2.

In contrast to Bcl-2, we have found that Bcl-xL is readily induced in conventional DCs by
different stimuli from CD40 or TLRs (14,36). This suggests that Bcl-xL, rather than Bcl-2,
is important for promoting DC survival in response to different stimulations. In pDCs that
express TLR9, CpG also leads to significant up-regulation of Bcl-xL (27). Therefore, Bcl-xL
is an important molecular target for various stimuli to promote the survival of different DC
subsets. Based on the levels of steady state expression and inducibility in DCs, we postulate
that limited expression of Bcl-2 contributes to an active mitochondrial apoptosis pathway in
DCs, whereas Bcl-xL is a molecular target for various stimuli to inhibit programmed cell
death in DCs.

BH3-only proteins in DCs
While comparing the expression of apoptosis signaling molecules in T cells and DCs, we
observed that the expression of several BH3-only molecules was limited in DCs, including
Bim, BAD, Bnip3L/Nix and PUMA (14). Interestingly, several of these BH3-only
molecules, including Bim, BAD and Nix, were inducible after stimulation of TLRs (14,36).
However, further analyses showed that Bad was constitutively phosphorylated at Serine 112
and serine 136 residues (36). Moreover, TLR stimulation significantly increased the
phosphorylation of Bad at serine 155 (36). It has been shown that phosphorylation
suppresses the pro-apoptotic activity of BAD by inhibiting its binding to Bcl-xL (131).
Signals that induce dephosphorylation of BAD may promote cell death in DCs.

We have also generated Nix/Bnip3L-deficient mice with the intention of testing the roles for
Nix in regulating apoptosis in DCs. However, we have not found accumulation of DCs in
Nix−/− mice (132,133). We have also detected no defect in DC apoptosis in response to a
variety of stimuli (132,133). Moreover, Nix−/− mice do not display autoimmune symptoms
(our unpublished data). Rather, Nix−/− mice display abnormalities in mitochondrial
autophagy during terminal erythroid cell differentiation (133). However, TLR stimulation
can induce up-regulation of Nix (14). Whether Nix might regulate DC functions when it is
induced, such as during infections, remains to be determined.

Bim is a pro-apoptotic BH3-only protein in the Bcl-2 family that has been shown to play a
important role in regulating apoptosis and homeostasis of lymphocytes (134). Bim can be
rapidly induced in DCs by different stimuli, such as CD40 ligation, TLR stimulation and
cytokine withdrawal (36). Moreover, deficiency in Bim causes significant expansion of
lymphocytes and autoimmunity in mice (134). In Bim−/− mice, defective negative selection
for autoreactive T cells and B cells likely contributes to the development of autoimmune
diseases (135,136).

Bim is an important mediator for spontaneous cell death in DCs. We have observed that
deficiency in Bim reduces spontaneous cell death in both conventional DCs and pDCs
derived from mouse spleens, as well as in bone marrow-derived conventional DCs (36).
Withdrawal of GM-CSF also leads to significant up-regulation of Bim in DCs (36),
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suggesting that up-regulation of Bim may be responsible for increased spontaneous cell
death in DCs in the absence of GM-CSF. It has been reported that activation of MAP
kinases and induction of FOXO1 are involved in the expression of Bim (137–139). It will be
interesting to determine whether GM-CSF receptor signaling suppresses the expression of
Bim through regulation of MAP kinase signaling.

Stimulation of TLRs leads to up-regulation of Bim in both CD11c+CD11b+ conventional
DCs and CD11clowPDCA-1+ pDCs (36). Simultaneously, anti-apoptotic Bcl-xL is also up-
regulated in DCs by TLR stimulation (36). Interestingly, TLR stimulation enhances the
survival of DCs during in vitro culture (36). The increased expression of the pro-survival
Bcl-xL may therefore have a dominant effect to antagonize the action of induced Bim,
resulting in improved survival of TLR-stimulated DCs. The balance between pro-apoptotic
(such as Bim) and anti-apoptotic (such as Bcl-xL) Bcl-2 family proteins, as well as their
temporal expression patterns, may determine the survival and lifespan of DCs.

In adoptive transfer studies, we found that Bim−/− DCs survived better than their wild type
counterparts after transfer into recipient mice (36). This suggests that Bim−/− DCs undergo
reduced spontaneous cell death in vivo. Interestingly, co-transfer with antigen-specific T
cells reduced the total numbers of DCs in the draining lymph nodes, supporting the findings
that antigen-specific T cells promotes the loss of antigen-bearing DCs in vivo (45). Similar
degrees of reduction of wild type and Bim−/− DCs in the draining lymph nodes were
observed in the presence of antigen-specific T cells (36). This is consistent with the
possibility that Bim does not affect the susceptibility of DCs to killing by antigen-specific T
cells in vivo.

Regulation of the lifespan in different DC subsets by Bcl-2 family members
The susceptibility for DCs to apoptosis may play an important role in determining the
lifespan of DCs in vivo. The lifespan of different DC subsets vary significantly in vivo. We
have therefore investigated the molecular mechanisms that account for the differences in the
lifespan between conventional DCs and pDCs. We enriched CD11clowPDCA-1+ pDCs and
CD11c+CD11b+ conventional DCs from mouse spleens and examined the expression of
apoptosis signaling molecules by Western blot. We detected less anti-apoptotic Bcl-2 and
Bcl-xL in conventional DCs than in pDCs or T cells (27). We also transfected Bcl-2 and
Bcl-xL into primary DCs derived from mouse bone marrow. We observed that both Bcl-2
and Bcl-xL can inhibit spontaneous cell death in DCs (27). It has been reported that
transgenic overexpression of Bcl-2 in DCs slows down DC replacement in the mouse spleen
by BrdU labeling (64). Consistently, we also observed that conventional DCs and pDCs in
the spleens of bcl-2−/− mice were labeled faster with BrdU than in wild type controls. These
data suggest that Bcl-2 and Bcl-xL helps to prolong the lifespan of both conventional DCs
and pDCs in vivo. Interestingly, conventional DCs expressed significantly more pro-
apoptotic Bax than pDCs or T cells (27). The relatively lower ratios of between pro-
apoptotic and anti-apoptotic molecules are correlated with the faster rates of spontaneous
turnover in conventional DCs in vivo.

It has been well established that stimulation with TLR stimuli induces the activation and
maturation of DCs (8,140). DC maturation is characterized by higher expression of co-
stimulatory molecules on DCs and improved capacities for DCs to activate antigen-specific
T cells (8,141). We observed that stimulation with TLR stimuli increased the expression of
Bcl-xL and promoted the survival of conventional DCs and pDCs (27). It has been reported
that pDCs express TLR9, a receptor for CpG, but lack most other TLRs (10). CpG, but not
ligands for other TLRs, induced up-regulation of Bcl-xL in pDCs. In addition to the up-
regulation of co-stimulatory molecules, prolonged survival of DCs is another potential
mechanism for increases in the immunogenicity of DCs induced by TLR stimulation or
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other maturation signals. A basic helix-loop-helix transcription factor, E2-2, has been
identified as the key factor in determining the lineage of pDCs (142). E2-2 is also expressed
in B cells (142). It will be interesting to determine whether E2-2 directs the expression of
similar apoptosis signaling molecules in pDCs and B cells, and whether these genes are
indeed responsible for the slower turnover in pDCs and in B cells.

Other factors in regulating DC cell death
An increasing number of receptors and cytokines are implicated in the regulation of cell
death in DCs. It has been reported that stimulation of CD14 by LPS induces apoptosis in
terminally differentiated DCs through activation of NFAT (143). CCR7 may promote DC
survival through inhibition of death signaling (144), while IFN-β may induce apoptosis in
mature DCs through activation of caspase-11 and caspase-3 (145). After injection of LPS
into mice, such IFN-β-induced cell death in DCs may help to ameliorate LPS-induced
inflammatory responses (145). Therefore, cell death in DCs is likely to be regulated by an
array of cytokines and chemokines during immune responses in vivo.

Mechanisms for the establishment and maintenance of immune tolerance
Thymic development of T effector and Treg cells

T cell maturation in the thymus involves both positive and negative selections (146–149).
After somatic rearrangement of the genes coding for the TCRs, the TCR-expressing cells
need to interact with the MHC molecules on the epithelial cells in the thymus. Most of these
MHC molecules are occupied by self-peptide. Only the cells expressing TCRs with
sufficient affinity for the self-MHC/peptide complexes can survive. This is followed by
negative selection to delete T cells expressing TCR with high affinity for self-MHC/peptide
complexes, resulting in the elimination of the highly self-reactive T cells. However, thymic
selection is not fool proof in eliminating autoreactive T cells. All T cells that mature and exit
the thymus are somewhat self-reactive. Different mechanisms for peripheral tolerance are
critical for keeping T cells in check to prevent autoimmunity. FoxP3+ natural Treg cells
developed in the thymus also populate the peripheral lymphoid organs to inhibit the scope of
T cell activation (150,151). FoxP3+ Treg cells provide a dominant suppression mechanism
to help to maintain peripheral tolerance.

Apoptosis in the protection of peripheral tolerance
During an immune response, antigen-specific T cells can undergo significant clonal
expansion. After the clearance of antigens, however, these expanded antigen-specific T cells
need to be cleared during the contraction phase of the immune response. It has been well
established that apoptosis in the immune system plays a critical role in the maintenance of
immune tolerance (1,7,152). Different genes in the apoptosis pathway has been linked to the
development of autoimmune diseases in mice and humans. lpr mice, which lack Fas
expression due to a retroviral insertion in the intron of Fas gene (153), develop spontaneous
autoimmune and lymphoproliferative diseases (152). gld mice with similar autoimmune
manifestations harbor a point mutation in the extracellular region of FasL that abolishes its
interaction with Fas (154). Consistent with the studies in mice, mutations in Fas or FasL
gene have also been identified in the human Autoimmune Lymphoproliferative Syndrome
(ALPS) (7,155–158). These patients display various degrees of autoimmune symptoms,
accumulation of lymphocytes and the accumulation of the unusual TCRαβ+CD4−CD8−
DNT T cells (7). Similar to lpr mice, ALPS patients display characteristic apoptosis
deficiency in Fas-mediated apoptosis in T cells (7). It has been shown that thymic negative
selection is normal in lpr mice (159). Therefore, Fas mutation likely causes the breakdown
of peripheral tolerance.
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Inhibition of apoptosis in the T cell compartment in transgenic and
conditional knockout models

Mutations of Fas gene lead to the development of lymphoproliferation and autoimmune
symptoms in both humans and mice (152,155,156), supporting an essential role for Fas-
dependent apoptosis in the protection of immune tolerance. Because Fas plays an important
role in T cell apoptosis, it is logical to postulate that defective apoptosis in T cells is the
main culprit in the breakdown of immune tolerance. Several lines of transgenic mice have
been generated to inhibit apoptosis in T cells. However, these transgenic mice do not display
the salient autoimmune phenotypes observed in lpr mice (160–166). The expression of Fas
is important for limiting the gene expression of FasL genes (167), T cell-specific knockout
of Fas results in up-regulation of FasL on activated T cells, leading to accelerated killing of
Fas-expressing cells (168). T/Fas−/− mice develop severe lymphopenia and succumb to a
fatal wasting syndrome caused by massive leukocyte infiltration in the lungs, characterized
by chronic inflammation resembling idiopathic pulmonary fibrosis (IPF) in humans (168).
Nevertheless, mild lymphoproliferation was observed when T/Fas−/− mice were crossed
once to the autoimmune prone MRL strain. Autoantibody production was observed in T and
B cell-specific Fas knockout mouse models from another study (15). However, it is clear
that non-lymphoid cells are critically important for the development of autoimmune and
lymphoproliferative symptoms in Fas-deficient mice (168).

Programmed cell death of DCs in the protection of immune tolerance
DC accumulation due to apoptosis deficiency

In the human Autoimmune Lymphoproliferative Syndrome, we have detected apoptosis
deficiency in DCs in some patients (88). We hypothesized that DCs with apoptosis
deficiency play an important role in the development of autoimmunity (88). DCs have been
suggested to be can important regulator for immune tolerance (8,11). Immunization with
excessive activated DCs has been shown to induce systemic and tissue-specific autoimmune
responses (12,13). To test whether apoptosis in DCs might affect immune responses and self
tolerance, we generated transgenic mice expressing a baculoviral caspase inhibitor, p35,
under the control of a DC-specific CD11c promoter (14). DC-p35 mice display
accumulation of DCs with aging (14). However, the expression of co-stimulatory molecules
on DCs was not changed (our unpublished data). We have also observed that apoptosis
deficiency in DCs leads to increases in spontaneous T cell activation, but not T cell
expansion in DC-p35 mice (14). Therefore, we postulate that decreased cell death in DCs
results in uncontrolled T cell activation, but not T cell expansion. In DC-p35 mice, we have
failed to detect the unusually TCRαβ+B220+CD4−CD8− double negative T cells (DNT) that
are abundant in Fas-deficient lpr mice. This suggests that the accumulation of DNT in lpr
mice is not caused by apoptosis-deficient DCs.

Normal negative selection and Treg cell development in DC-p35 mice
We have also determined the effects of DC accumulation on thymic negative selection.
C57BL/6 mice carry an endogenous superantigen, mtv-9, that deletes approximately 60% of
Vβ5+ T cells during thymic development (169,170). We observed similar deletion of
CD4+Vβ5+ T cells in DC-p35 and control mice on the C57BL/6 background (14). This
indicates that negative selection of autoreactive T cells is likely to be normal in DC-p35
mice. Therefore, apoptosis deficiency in DCs preferentially affects peripheral tolerance to
induce autoimmunity. We detected normal levels of Treg cells in the thymus and spleen of
DC-p35 mice (14). Moreover, Treg cells isolated from DC-p35 were normal in suppressing
the proliferation of antigen-specific T cells. This suggests that autoimmunity in DC-p35
mice is not due to a reduction in Treg cells or the loss of Treg cell activity. Therefore, DC
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accumulation in DC-p35 mice leads to selective overactivation of T effector cells without
affecting Treg cell development. Whether apoptosis-deficient DCs might disrupt the
functional balance between T effector and Treg cells remains to be determined.

Induction of systemic autoimmunity by apoptosis deficiency in DCs
DC-p35 mice produce antinuclear autoantibodies and display lymphocyte infiltration in
multiple tissues (14). Consistent with our studies, Stranger et al. showed that conditional
knockout of Fas in DCs also leads to the development of systemic autoimmunity, including
the development of antinuclear antibodies, increases in serum immunoglobulins,
splenomegaly and leukocytes infiltrations in different tissues (15). We have consistently
observed that DCs in the spleen and lymph nodes express high levels of CD40, MHC-II,
B7.1, B7.2 and ICAM-1 in wild type DCs. Although significant DC accumulation and
spontaneous T cell activation are observed in DC-p35 mice, these surface markers are not
increased on DCs (our unpublished data). This suggests that the increased survival, but not
increased activation status, are important for the development of autoimmune diseases in
these mice. However, genetic background also plays an important role in determining the
onset and severity of autoimmunity in DC-p35 mice. The effects for apoptosis deficiency in
causing autoimmune responses are more prominent in the autoimmune-prone MRL strain
than the C57BL/6 background (14). Therefore, both apoptosis deficiency in DCs and other
genetic or environmental risk factors are likely to be important for the development of
severe autoimmune diseases.

Mechanisms for apoptosis deficient DCs in the over-activation of lymphocytes
What is the main source of FasL to induce Fas-dependent apoptosis in DCs? It is well
known that activated T cells produce high levels of FasL that can cause autocrine cell death
in T cells (171). Other cell types that do not produce significant levels of FasL, such as B
cells, may depend on FasL-producing T cells to undergo Fas-dependent apoptosis (172).
Although differentiated DCs express high levels of Fas on the cell surface, the expression of
FasL at the protein and mRNA levels was relatively low in DCs (our unpublished data).
Therefore, DCs likely dependent on other cell types, most likely the activated T cells, as the
main donor for FasL to induce Fas-dependent cell death (Fig. 1). We have found that the
conventional CD11c+CD11b+ DCs express low levels of FasL (14). The CD11clowPDCA-1+

pDCs do not have detectable levels of FasL on the cell surface (our unpublished
observation). Using allo-specific T cells, we observed that activated T cells are capable of
killing DCs in Fas- and perforin-dependent manner (14). However, Fas deficiency dose not
affect spontaneous cell death in DCs (36). It therefore appears that Fas-dependent apoptosis
is not critical for regulating spontaneous cell death, but is involved in T cell-induced cell
death in DCs.

Upon activation by antigen-presenting DCs, T cells up-regulate Fas on the cell surface but
remain insensitive to Fas-mediated apoptosis at the beginning. IL-2 sensitizes T cells to Fas-
mediated apoptosis and activation-induced cell death after re-engagement of TCRs
(173,174). FasL is significantly induced in activated T cells (171). This may allow activated
T cells to kill DCs that have activated them. We observed that activated T cells are indeed
capable of killing DCs in a Fas- and perforin-dependent manner in vitro (14). This could
provide an interesting negative feedback mechanism for activated T cells to quench immune
responses by deleting antigen-bearing DCs. Defective Fas-mediated cell death in DCs may
abolish such a feedback mechanism, resulting in uncontrolled T cell activation. It will be
important to determine whether T cells employ Fas- and perforin-dependent mechanisms to
kill DCs and restrict the scope of immune responses in vivo.
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Deficiency of Bim in DCs in the induction of autoimmunity
Bim in spontaneous cell death of DCs

Bim−/− mice display systemic autoimmune symptoms with aging. We have observed that
Bim−/− DCs, but not Fas-deficient lpr DCs, are defective in spontaneous cell death (36).
This suggests that Bim, but not Fas, regulates spontaneous cell death in DCs (36). Therefore,
Bim-deficient DCs and Fas-deficient DCs may display survival advantages at different
phases of immune responses. During the contraction phase of immune responses, T cells and
DCs may also undergo spontaneous cell death. This could be due to the disappearance of the
cytokines that are required to sustain cell survival. Interestingly, we observed that
withdrawal of GM-CSF from in vitro DC culture induced Bim expression and increased
spontaneous cell death in DCs (36). It will be interesting to determine whether other
cytokines important for prolonging the survival of DCs can also suppress Bim expression in
DCs.

Bim−/− DCs have prolonged survival and are more efficient in inducing the proliferation of
antigen-specific T cells in vitro and in vivo (36). Although we detected increased production
of IL-12 by Bim−/− DCs, intracellular staining of IL-12p40/p70 showed that the production
of IL-12 was similar between wild type and Bim−/− DCs on a per cell basis. Therefore,
increased T cell activation and cytokine production is potentially due to the availability of
more live DCs in Bim−/− mice.

Autoimmunity in Bim−/− mice
Defective negative selection in the thymus has been detected in Bim−/− mice (135). This
suggests that autoreactive T cells may escape thymic selection and induce autoimmune
responses in Bim−/− mice. However, defective thymic negative selection most likely can be
attributed to an intrinsic defect of apoptosis in T cells of these mice (135). Compared with
control mice, Bim−/− mice contains slightly increased CD4+FoxP3+ Treg cells in both the
spleen and the lymph nodes (36). This implies that the development of autoimmunity in
Bim−/− mice is not due to a loss of Treg cells. In adoptive transfer experiments, we observed
that Bim−/− DCs have the propensity for inducing autoantibodies in recipient mice (36).
This is consistent with the possibility that increased lifespan of DCs promotes the
breakdown of immune tolerance.

We have consistently observed that DCs in the spleens and lymph node express high levels
of the surface markers, including CD40, MHC-II, B7.1, B7.2 and ICAM-1 (36). Although
DCs are accumulated in Bim−/− mice and show the propensity for the over-activation of
lymphocytes and induction of autoimmune responses, DCs do not display increased levels of
MHC-II co-stimulatory molecules, including CD40, B7.1, B7.2 and ICAM-1 (36). This
suggests that the increased survival, but not increased activation status, are important for the
development of autoimmune diseases in these mice.

Bax−/−Bak−/− mice
Deletion of Bax and Bak in mice has shown that Bax and Bak are essential for carrying out
all mitochondrion-dependent apoptosis (175,176). Although born at lower than expected
rates, some Bax−/−Bax−/− mice can survive to adulthood (175). However, these mice show
growth retardation and develop autoimmune symptoms. Interestingly, Bax−/−Bak−/− mice
display distinct defects in thymic negative selection for autoreactive T cells (170). We have
observed that Bax- and Bak-dependent apoptosis in DCs helps to regulate DC survival and
functions in vivo (our unpublished observations). Further studies will shed light on whether
Bax- and Bak-dependent mitochondrial apoptosis in DCs is involved in the regulation of
antigen-specific immune responses and immune tolerance.
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Potential physiological functions for rapid DC turnover
Naïve T cells are relatively long-lived cells that undergo slow self-renewal (177). After
antigen-specific stimulation and clonal expansion, however, activated T lymphocytes
undergo significant programmed cell death (3,7,76,177). This is important for the clearance
of expanded lymphocytes after immune responses to maintain lymphocyte homeostasis.
Different from lymphocytes, however, fully differentiated DCs do not proliferate. Although
the lifespan of different subsets of DCs varies considerably, conventional DCs are mostly
short-lived. Why conventional DCs that no longer proliferate need to harbor active cell
death pathways is still a mystery.

In the absence of antigen stimulation, resting T cells likely undergo slow rates of
homeostatic proliferation and cell death. DCs, on the other hand, are the sentinels that may
be constantly undertaking the task of sensing potential antigens that they encounter. DCs
may uptake apoptotic cells in the body, and the relatively harmless microorganisms that
each individual is likely to be exposed to, such as those from the environment and gut flora.
It has been shown that DCs constitutively present self antigens (178). Most of antigen
processing and presentation by DCs would be futile without inducing immune responses.
Whether such constant routine as antigen-presenting cells represents a molecular wearing
and tearing for DCs is an interesting possibility that should be investigated.

Activated T cells can potentially induce Fas- and perforin-dependent cell death in DCs (14).
This suggests an important negative feedback mechanism in shutting down the immune
responses by inducing cell death in DCs. In our in vitro studies, we usually observe rapid
decrease in the number of live DCs in culture. However, apoptotic DCs are difficult to detect
(our unpublished observations). Apoptotic DCs are presumably taken up rapidly by live DCs
in the culture. It could be envisioned that apoptotic DCs are also rapidly engulfed by
neighboring DCs in vivo. Whether this process promotes presentation of antigens that have
been processed in apoptotic DCs will be interesting to study.

Concluding remarks
DCs play important roles in the regulation of multiple aspects of innate and adaptive
immune responses. Programmed cell death is important for maintaining the homeostasis of
DCs in vivo. Dysregulated programmed cell death in DCs may change the lifespan of DCs in
vivo and lead to the breakdown of immune tolerance. However, molecular mechanisms for
apoptosis and other forms of programmed cell death in DCs have not been as well
characterized as in lymphocytes. The effects of various receptors, cytokines and chemokines
may affect the lifespan of DCs at various stages of immune responses. The interplays
between different cell types and cytokines in regulating programmed cell death in DCs will
be a challenging but important area for investigation.

Currently, most of our understanding of programmed cell death in DCs has come from
studies of CD11c+CD11b+ conventional DCs derived from mouse spleen and lymph nodes,
or monocyte-derived DCs cultured from mouse bone marrow or human peripheral blood.
We have used purified TLR ligands to stimulate pattern recognition receptors on DCs. The
in vivo effects of viral or bacterial infections on the survival and turnover of DCs should be
studied. This will enable us to determine how DCs behave in response to various sources of
antigens, such as infections, cancers and allergens, and how various antigen sources affect
the lifespan of DCs. With the delineation of DC development from different precursors (5),
it is now feasible to trace the development of individual DC subsets in different tissues. The
relations between homeostatic proliferation of DC precursors, differentiation and
programmed cell death of DCs in different tissues should be studied.
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The precise mechanisms for apoptosis-deficient DCs in the overactivation of lymphocytes
and the breakdown of immune tolerance remain to be elucidated. DCs deficient in Fas-
mediated apoptosis may be resistant to killing by the antigen-specific T cells that they have
activated. Although these DCs do not have a steady state survival advantage over DCs that
have a functional Fas pathway, they potentially survive better during cognate T-DC
interactions. This is particularly relevant for interactions between DCs and T cells that
express high levels of FasL. How various T cells types, including Th1, Th2, Th17, Treg and
the recently defined follicular T help cells (Tfh) (179) influence the survival and
immunogenicity of DCs under various settings of immune responses will be of great interest
to investigate.

We have observed that stimulation of DCs via TLRs leads to simultaneous up-regulation of
anti-apoptotic Bcl-xL and pro-apoptotic Bim and BAD (14). However, DCs survive better
after TLR stimulation, suggesting that anti-apoptotic molecules may overpower the effects
of pro-apoptotic molecules to promote DC survival. What happens after stimulatory signals
disappear has not been studied. Will anti-apoptotic molecules continue to show an advantage
over the pro-apoptotic molecules? Simultaneous induction of both pro-apoptotic and anti-
apoptotic machineries may program DCs for cell death if anti-apoptotic molecules undergo
faster turnover after stimulation signals are removed. Will dephosphorylation of BAD
promote cell death in DCs? Investigating the turnover and posttranslational modification of
cell death molecules may provide a clear picture of the regulation of programmed cell death
in DCs after apoptosis signaling molecules are induced.

It is relatively straightforward to define the molecular mechanisms for rapid cell death in
conventional DCs. However, the functional significance for such rapid DC death remains
unknown. As the sentinel of the immune system, DCs may be constantly encountered with
antigens or stimulated by infections agents that trigger their pattern recognition receptors.
Apoptotic DCs could be rapid engulfed by other DCs. Will this facilitate antigen processing
and presentation if apoptotic DCs contain processed antigens? Does engulfment of apoptotic
DCs promote cross presentation of extracellular antigens to the MHC-I pathway for
stimulation of cytotoxic T cells? Addressing these questions will undoubtedly shed light on
the functions of programmed cell death of DCs in immune regulation.
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Figure 1. T cell-mediated killing of DCs
Activated T cells produce FasL and also secrete cytolytic granules containing perforin and
granzyme B. DCs can be killed by antigen-specific T cells through Fas- and perforin-
dependent manners. Triggering of Fas can lead to the activation of caspase-8 and caspase-10
(in humans) and trigger a downstream caspase cascade to induce apoptosis. Cytolytic
components secreted by T cells depend on perforin to enter DCs. Granzyme B may direct
cleave effector caspases to induce apoptosis. Other components may also induce other forms
of programmed cell death. However, alternative cell death pathways in DCs have not been
well characterized.
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Figure 2. Interactions of DCs with T effector cells and Treg cells in immune responses
DCs process and present antigens to activation antigen-specific T effector cells, while T
effector cells may provide survival signals to DCs. Treg cells inhibit DCs potentially
through suppression of DC renewal. After activation, however, T effector cells may kill
antigen-presenting DCs through Fas- and perforin-dependent manner. Treg cells may induce
cell death in DCs, however, a molecular mechanism for Treg-mediated suppression of DC is
unknown. Most activation T cells undergo programmed cell death (PCD) after the clearance
of antigens, while some will survive as memory cells. Whether DC influence PCD in
activated T cells and the generation will be interesting to investigate.
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Figure 3. Regulation of mitochondrion-dependent cell death in DCs
Conventional DCs have limited expression of Bcl-2 that is correlated with high rate of
spontaneous cell death. Signaling from TLRs can induce the expression of Bcl-xL to
promote DC survival.
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