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Molecular characteristics of immunogenic cancer cell
death
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Apoptotic cell death is initiated by a morphologically homogenous entity that was considered to be non-immunogenic and non-
inflammatory in nature. However, recent advances suggest that apoptosis, under certain circumstances, can be immunogenic.
In particular, some characteristics of the plasma membrane, acquired at preapoptotic stage, can cause immune effectors
to recognize and attack preapoptotic tumor cells. The signals that mediate the immunogenicity of tumor cells involve elements of
the DNA damage response (such as ataxia telangiectasia mutated and p53 activation), elements of the endoplasmic reticulum
stress response (such as eukaryotic initiation factor 2a phosphorylation), as well as elements of the apoptotic response (such as
caspase activation). Depending on the signal-transduction pathway, tumor cells responding to chemotherapy or radiotherapy
can express ‘danger’ and ‘eat me’ signals on the cell surface (such as NKG2D ligands, heat-shock proteins and calreticulin) or
can secrete/release immunostimulatory factors (such as cytokines and high-mobility group box 1) to stimulate innate immune
effectors. Likewise, the precise sequence of such events influences the ‘decision’ of the immune system to mount a cognate
response or not. We therefore anticipate that the comprehension of the mechanisms governing the immunogenicity of cell death
will have a profound impact on the design of anticancer therapies.
Cell Death and Differentiation (2008) 15, 3–12; doi:10.1038/sj.cdd.4402269; published online 16 November 2007

Eukaryotic cells can die through different pathways and with
distinct morphological changes, depending on the cell type
and the precise cause of cell death. On the basis of our current
understanding of cell death mechanisms, the fate of dying
cells can be classified according to phenomenological and
ultrastructural changes.1,2 However imperfect, the classifica-
tion of cell death modalities suggests the existence of at least
three different types of cell death.
Apoptosis, or type 1 cell death, is primarily defined by its

morphological hallmarks,3 including chromatin condensation,
nuclear fragmentation, shrinkage of the cytoplasm and
formation of apoptotic bodies. Apoptosis is usually, but
not exclusively, associated with caspase activation4,5 and
mitochondrial membrane permeabilization.6,7 Apoptotic
cell death is a widespread and constantly occurring mechanism
in living organisms, and is essential for normal development,
tissue homeostasis and numerous other physiological pro-
cesses. For example, during early development, up
to 50% of existing cells undergo apoptosis in the human
embryonic brain.8 Because of the vital role of apoptosis
in development and homeostasis, the immunological conse-
quences of cell death have been a major focus of research
in the past decade. This is largely due to the numerous
pathological phenomena that have been assigned to

immunogenic cell death, including excessive immune
responses (that cause autoimmune and chronic inflammatory
diseases) or deficient immune response (that finally
cause death by failure to control microbial or neoplastic
disease).
Apoptosis in cancer cells can be induced by a panoply

of distinct triggers as diverse as hypoxia, shortage of nutrients
or growth factors, and radiotherapy or chemotherapy. As a
means of protecting the host, physiological apoptosis is
rapidly and specifically recognized by phagocytic cells9 (e.g.,
macrophages, immature dendritic cells (DCs), endothelial
cells, fibroblasts). After recognition, apoptotic bodies are
silently removed by phagocytosis; this event is associated
with the release of potent anti-inflammatory mediators like
transforming growth factor-b (TGF-b),10 prostaglandin E211 or
platelet-activating factors12 in order to avoid local inflamma-
tory reactions. Therefore, apoptosis has been unanimously
considered as an immunologically silent type of cell death.11–14

However, recent studies have revealed that apoptotic tumor
cells induced by anthracyclines15 or ionizing irradiation16–18

were able to induce a potent immune response in vivo,
opening new questions on the pretended non-immunogenicity
of apoptotic cell death. Thus, the apparent morphological
uniformity of apoptosis ‘hides’ a biochemical heterogeneity in
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thus far that some types of apoptosis are non-immunogenic
while others are immunogenic.19–21

Autophagy, or type 2 cell death, is a slow process leading to
the degradation of intracellular organelles after sequestration
in double-membraned vacuoles.22 During autophagy, cells
usually fail to manifest signs of apoptosis such as chromatin
condensation, although sometimes apoptosis can follow an
initial massive autophagic vacuolization.23 Interestingly,
autophagy can lead either to cell death or to cell defense
against acute stress. However, it is not clear whether cells can
actually die through autophagy (meaning that autophagy
would be responsible for cell death) or whether cells rather die
with autophagy (meaning that autophagy would accompany
cell death, yet would not participate in the lethal catabolic
cascade). At present, the immunological impact of autophagic
cell death is not well characterized.
Necrosis, or type 3 cell death, is morphologically character-

ized by swelling of the cytoplasm and oncosis, leading to the
rupture of the plasma membrane, and the release of swollen
and damaged organelles. Unlike apoptosis, the biochemical
features of necrosis are poorly understood.24 Necrosis is
usually considered to be immunologically harmful, because
of the sudden release of proinflammatory mediators.25

Indeed, necrotic cell death often causes the release of
proinflammatory cytokines, such as interleukin-8 (IL-8),
IL-10, tumor necrosis factor-a (TNF-a),26 or of terminal
mediators of inflammation, like high-mobility group box 1
(HMGB1).27,28

When considering normal, non-transformed cells, it is
commonly assumed that the immunological consequences
of cell death follow a classical dichotomy of immunogenic
necrosis versus non-immunogenic (or even tolerogenic)
apoptosis. This theory is supported by common sense. If
each second several millions of cells succumb to apoptosis
in the lifetime of an adult healthy individual, then it appears
counterintuitive that apoptotic cell death would elicit an
immune response.9,29 Thus, one of the classical events
associated to apoptosis is the exposure of phosphatidylserine
residues on the plasma membrane leading to the silent
removal of apoptotic bodies by macrophages.11,12 Recent
studies, however, have challenged this conceptual dichotomy
and shed light on crucial interactions between apoptotic tumor
cells and some components of the immune system.17,30

Among these components, DCs have been shown to play a
central role in the recognition of apoptotic cell death and in the
initiation of an immune response, in response to various cell
death-associated stimuli (Table 1). These events leading to
the activation of the immune system can be mediated by the
exposure of different proteins at the plasma membrane, by
the release of inflammatory cytokines, or by the immunogenic
properties of end-stage degradation products. The regulation
of the immune response to dying cells is a crucial mechanism
in living organisms. An example of excessive immune
response to dying cells leading to the autoimmune pathology
is systemic lupus erythematosus.31 In particular, it has been
shown that apoptotic cell clearance defects related to C1q
deficiency and other defects in the complement pathway lead
to the development of autoantibodies to intracellular antigens
bound on the surface of apoptotic cells. In contrast, escape
from the immune-mediated surveillance of stressed or dying

cells is one of the characteristics of tumor cells,32 leading to
their uncontrolled proliferation.
This review will summarize the current state of the art of the

connections between tumor cell death and the immune
system, with special emphasis on cell death-related mechanisms
involved in the induction of an immune response to dying
tumor cells (Figure 1). We anticipate that the detailed
molecular comprehension of immunogenicity of cancer cell
death may open new strategies in cancer therapy.

Plasma Membrane Characteristics of Immunogenic Cell
Death

Exposure of proteins on the plasma membrane is one of the
crucial features of cell death.33 Some proteins can act as ‘eat
me’ signals (such as phosphatidylserine) and facilitate the
engulfment of dying cells33 by professional antigen-present-
ing cells (APCs) while others act as ‘don’t eat me signal,34

(such as CD47) and mediate repulsion between the potential
pray and its phagocyte. Such eat me and don’t eat me signals
exposed at the surface of dying cells are recognized by a
specific set of APC receptors that in turn determine the
appropriate immunological response.

Heat-shock proteins. Heat-shock proteins (HSPs) are a
family of chaperone proteins that ensure the correct
(re)folding of proteins in stress conditions. Although they
are usually located in the intracellular compartment, at least
two members of this family, HSP70 and HSP90, can be
expressed at the surface of the plasma membrane and
participate in the activation of the immune system. While
many types of cellular stress can lead to the transcriptional
and translational activation of inducible HSPs, it is not known

Table 1 Main determinants of immunogenic cancer cell death and their effects
on DCs

Tumor cells Dendritic cells

Plasma membrane components
HSP70 Cross presentation of

tumor-derived antigens
HSP90

Calreticulin Phagocytosis

Phosphatidylserine residues Recognition
Integrins

Proinflammatory mediators
HSP70 DC maturation
HSP90

HMGB1 Antigen processing and
presentation

Uric acid through TLR2 and
NALP3 ATP

DC maturation

Late-stage degradation products
DNA through TLR9 ATP DC maturation

RNA through TLR3 DC activation

PTX3 Regulation of DC
maturation
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through which mechanisms HSPs translocate to the cell
surface. For the purpose of this discussion, it is important to
note that many tumors overexpress HSPs, presumably as a
response to a ‘stressful’ environment.35,36 However, the
mere overexpression of HSPs (which often mediate
cytoprotective and apoptosis-inhibitory effects) within the
cell is probably different, in immunological terms, from their
presence on the cell surface.
HSP70 belongs to a family of an ATP-dependent chaper-

one protein that regulates the folding of newly synthesized
polypeptides and the transport of these proteins to distinct
subcellular compartments.37 When located inside cells,
HSP70 inhibits apoptosis at multiple levels. HSP70 may
interact with apoptosis protease-activating factor-1 (Apaf-1),
thereby inhibiting the formation of the apoptosome (the
caspase-9-activating complex) that is required for post-
mitochondrial caspase activation.38 HSP70 can also inhibit
caspase-independent apoptosis by blocking the translocation
of apoptosis-inducing factor (AIF) into the nucleus, thereby
preventing AIF-mediated chromatin condensation.39,40 It has
also been suggested that HSP70 can act at the premitochon-
drial level by inhibiting the proapoptotic transcription factor
p5341 or stress kinases, including c-JunN-terminal kinase 1 or

ERK.42 Finally, HSP70 can block the translocation of Bax
to the mitochondrial outer membrane, thereby preventing
the Bax-dependent release of proapoptotic proteins from
mitochondria.43

Intracellular HSP90 also exerts prominent cytoprotective
functions. HSP90 can bind to numerous signaling proteins,
including steroid receptors, MyoD,44 v-Src45 or Raf-1.46When
bound to these proteins, HSP90 ensures the correct
conformational maturation of these receptors. HSP90 has
also antiapoptotic properties, for instance by negatively
effecting Apaf-1.47 HSP90 directly interacts with Apaf-1 and
inhibits the formation of the apoptosome by blocking the
recruitment of procaspase 9. Another role played by HSP90 in
apoptosis inhibition is its interaction with phosphorylated Akt.
Indeed, interaction of HSP90 and Akt leads to both promotion
of cell survival through inactivation of Bad and caspase-9, and
inhibition of apoptosis through NF-kB activation.48 Moreover,
it has been reported that HSP90 would also have antiapopto-
tic properties by inhibiting the action of calpains in neuro-
blastoma cells exposed to ischemia/reperfusion stress.
Under some circumstances, HSP70 and HSP90 can also

be found on the surface of the plasma membrane, where they
can have immunostimulatory properties (Figure 2a). It has
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Tumor eradication
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tumor cell death

HMGB1
HSP70
HSP90

Calreticulin

Uptake of apoptotic bodies
Maturation of dendritic cells

Presentation of tumor derived antigens

Tumor cells

CTL

T helper

DC

CTL

T helper NK

NK T

T Regs

Figure 1 Main steps of the induction of an antitumor immune response. Induction of tumor cell death leads to recognition of cell death by DCs. Apoptotic bodies are
engulfed by APC, and tumor-derived antigens are processed and presented along with CMH and costimulatory molecules, after DC maturation, to naive T lymphocytes. This
process can be amplified at different steps. Selection of immunogenic inducers of cell death allows enhancing of recognition and phagocytosis of apoptotic debris, maturation
of DCs, processing and presentation of tumor-derived antigens. This leads to the induction of a cytotoxic immune response, involving CD4þ and CD8þ T lymphocytes,
resulting in complete eradication of tumor cells. Additional immunotherapies targeting DCs and T lymphocytes can further enhance this immune response
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been reported that, in PC12 tumor cells, HSP70 can interact
with phosphatidylserine.49 Indeed, the tight binding of HSP70
to phosphatidylserine residues on the membrane leads to an
acceleration of apoptosis. Moreover, proteomic analysis of
lipid rafts revealed the presence of HSP70 and HSP90 family
members on the plasma membrane, along with trafficking
factors.50,51 The presence of HSP70 on the outer leaflet of the
plasma membrane may be linked to its primary chaperone
and transport function.

When present at the plasma membrane, HSP70 and, to a
lesser extent, HSP9052 are major determinants of the
immunogenicity of stressed or dying cells. Reportedly,
HSP70 and HSP90 play a major role in cross-presentation
of tumor-derived antigenic peptides on major histocompati-
bility complex (MHC) class I molecules, leading to specific
CD8þ T-cell responses.53,54 It has been shown in mouse
models that HSPs were essential for the cross-presentation of
antigenic peptides by MHC class I.55,56 The recognition of the
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Figure 2 Overview of the main immunogenic determinants of dying tumor cells. (a) Plasma membrane characteristics of immunogenic cell death. Upon apoptotic cell
death induced by anthracyclines or g-irradiation, calreticulin is translocated to the membrane, thereby dictating the immunogenicity of tumor cell death by determining the
phagocytosis by DCs. During tumor cell death, HSP70 and HSP90 can be transferred to the plasma membrane, and cross-present tumor-derived peptides to CD8þ T cells,
leading to a cytotoxic response. HSP70 and HSP90 also stimulate NK cell lysis, through NKG2A ligands. In response to HSP family members, DCs are able to maturate and
release proinflammatory cytokines. (b) Inflammatory cytokines released from dying cells. Necrotic cell death is associated with the release of numerous proinflammatory
cytokines, including HSP family members, uric acid, which stimulates DCs and increases cytotoxic response, IL-6, IL-8, IL-10, TNF-a, and also HMGB1, which binds to TLR4,
and regulates antigen processing and presentation. Of note, some of these components, such as HMGB1, can also be released during apoptotic cell death, leading to the
induction of an immune response. (c) End-stage degradation products with proinflammatory properties. During late stages of cell death, cellular components with
proinflammatory properties can be released from the cell debris. These include RNA molecules, which are recognized by TLR3 and lead to DC stimulation, DNA molecules,
which interact with TLR9, or nucleotides. Importantly, late-stage apoptosis can be associated with the induction of PTX3, which interacts with the immunological synapse
formed by DCs and apoptotic bodies. PTX3 modulates the immune response triggered by dying cells. (d) P53 activation in cancer cells and its immunological consequences.
The DNA damage response pathway includes the activation of the protein p53, which leads to tumor cell apoptosis, but also to stimulation of the immune system through
expression of NKG2D ligands, triggering NK-mediated lysis. Activation of p53 is also associated with the induction of tumor cell senescence, which is accompanied by
secretion of various chemoattractants, and upregulation of inflammatory cytokines
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HSP–peptide complex by DC is mediated by a complex
formed by Toll-like receptor 4 (TLR4) and CD14.57,58 TLR4 is
also involved in intracellular antigen processing and presenta-
tion, as well as in the activation of the NF-kB pathway in
DC.57,58 This latter activation, which is perceived as a danger
signal, results in the release of proinflammatory cytokines
(TNF-a, IL-1b, IL-12, IL-6 and granulocyte macrophage
colony-stimulating factor (GM-CSF) and hence in the cyto-
kine-mediated activation of the host immune system.59,60

In line with its immunostimulatory properties, HSP70 has
also been shown to promote maturation of DCs, via the
upregulation of CD86 and CD40.61 HSPs present on the
surface of stressed or dying cells can interact with a number
of receptors present on the surface of APCs. Thus, it has been
suggested that HSP70 could interact with CD40, or scavenger
receptors LOX-1 or SR-A.62 Recently, HSP90 has also been
shown to directly bind to the CD91 receptor on APCs.63

Interestingly, HSP family members also stimulate another
cell type of the innate immune system, the natural killer (NK)
cells. The activity of NK cells is tightly regulated by means of
inhibitory or activating receptors, including killer cell immuno-
globulin-like receptors, immunoglobulin-like transcript re-
ceptors or C-type lectin receptors. The presence of HSP
familymembers on the surface of stressed or dying cells leads to
the activation of NK cells, by preventing the recognition of HLA-E
peptide complexes by the inhibitory receptor complex CD94/
NKG2A.64 As a result, stressed cells that bear HSP70 at their
surface are efficiently destroyed byNK cells. HSP70 also plays a
role in activating NK cells through their CD94 receptor. Indeed,
HSP70 present on tumor cells can induce NK cell activation via
its C-terminal substrate binding domain.65,66 This NK activation
could be partially prevented by blocking CD94.67

These mechanisms have a considerable importance for
the recognition and destruction of tumor cells by the
immune system. Systematic analyses of human tumors
revealed that a large number of tumor cells were expressing
HSP at their plasma membrane.68 This includes colon,
pancreas, breast, head and neck tumors, and acute myeloid
leukemia cells. Moreover, the expression of HSP could be
increased when distinct cytotoxic stress69 was applied to
tumor cells, leading to enhanced NK-mediated killing of
malignant cells.
Recently, the role of HSP90 in increasing immunogenicity

of tumor cells has been highlighted. In 29 patients with
colorectal carcinoma, administration of autologous tumor-
derived HSP90 resulted in increase of NKG2D or NKp46
receptors on NK cells, correlating with increased cytotoxic
activity. In human myeloma, a recent study showed that
treatment by bortezomib, a proteasome inhibitor, specifically
induced apoptosis-associated exposure of HSP90 on the
surface of tumor cells, whereas g-irradiation or dexametha-
sone-induced apoptosis failed to do so.When tumor cell death
was induced by bortezomib, apoptosis was associated with an
increased DC-mediated immunogenicity as assessed by the
phenotypic maturation of DC and their ability to activate
human T cells in vitro.70

Altogether, these results suggest that the presence of
proteins from the HSP family at the plasma membrane
facilitates the recognition of stressed or dying cells, leading to
their elimination by the immune system.

Calreticulin. Calreticulin (CRT) is a Ca2þ -binding protein
with a high capacity of buffering Ca2þ yet a low affinity for
this divalent ion. CRT is mainly located in the lumen of
the endoplasmic reticulum (ER) and is involved in the
modulation of Ca2þ signaling and Ca2þ homeostasis.71–73

It chaperones several proteins and interacts in particular with
the disulfide isomerase Erp57.74 The function of CRT in the
cytoplasm is not entirely clear. However, CRT has been
suggested to regulate nuclear protein transport,75 signaling
via nuclear steroid receptors and integrin. As this is true for
HSP, CRT can be found on the surface of stressed and dying
cells. Again, the mechanisms accounting for its translocation
from inside the cell (endo-CRT) to the cell surface are
elusive.
When bound to the plasma membrane of cells upon

apoptosis initiation, CRT is a crucial determinant of the
phagocytosis of dying tumor cells by macrophages and DCs17

(Figure 1a). Moreover, cells that undergo apoptosis while
lacking CRT are able to die unobstructed, but are not
efficiently removed by phagocytes.33 Recently, CRT has
been implicated in the immunogenicity of apoptosis elicited
by anthracyclines or g-irradiation.18 CT26 colon cancer or
MCA205 fibrosarcoma cells translocate CRT to the cell
surface after treatment with some cell death inducers (in
particular, anthracyclines, g-irradiation) or inhibitors of the
PP1/GADD34 complex.16–18 In addition, CRT translocates to
the cell surface of circulating tumor cells, in response to the
intravenous injection of anthracyclines, as it has been shown
for patients with acute myeloid leukemia.76

In response to anthracyclines or ionizing irradiation, CRT
exposure occurs before the first morphological signs of
apoptosis-related modifications and before cells expose
phosphatidylserine residues on the outer leaflet of the plasma
membrane. One similarity between the pathway elicited by
anthracyclines and that elicited by PP1/GADD34 inhibitors is
the phosphorylation of eukaryotic initiation factor 2a (eIF2a), a
protein that is known to be phosphorylated as a result of the
unfolded protein response of the ER.28,77 This suggests that
pleiotropic responses conditioned by eIF2a phosphorylation
at the level of the ER control CRT exposure, which in turn
determines the immunogenicity of cell death. However, direct
induction of ER stress by tunicamycin or brefeldin A (which
both induce eIF2a phosphorylation) does not provoke CRT
exposure,17 indicating that eIF2a phosphorylation is required
but not sufficient for CRT translocation to the plasma
membrane surface. Caspase activation is also required for
CRT exposure induced by anthracyclines because treatment
with the pan-caspase inhibitor Z-VAD-fmk or transfection with
the baculovirus IAP p35 (which is a direct and universal
caspase inhibitor) prevents CRT exposure. At present, it is not
known which caspase(s) are involved in the signal-transduc-
tion pathway that stimulates CRT exposure before the cells
manifest signs of apoptosis.
When associated with apoptosis, CRT translocation is

responsible for the induction of a potent antitumor immune
response both in vitro and in vivo. This response is mediated
by the rapid recognition and phagocytosis of tumor cells by
DCs, leading to cytotoxic T-cell response both in vitro and in
vivo. The immunogenicity of CRT expressing apoptotic cells
could be abolished by CRT inhibition with blocking antibodies,
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or by CRT knockdown with specific small interfering
RNAs.17,18 Moreover, the immunogenicity of apoptotic cells
that did not express CRT at their surface could be dramatically
enhanced by the adsorption of recombinant CRT protein to
the cell surface, underlining the pivotal role of this protein in
determining the immunogenicity of tumor cell death.

Eat me signals versus peptide chaperoning as a
mechanism for conferring immunogenicity. Distinct
classes of chaperones including HSP70, HSP90 and CRT
can act as eat me signals (see above) or may constitute a
specific source of tumor-specific peptide antigen.61,64 Thus,
HSP70, HSP90 or CRT purified from tumors have been
shown to elicit specific immune responses when injected into
mice.78

Although CRT can interact with tumor-specific immuno-
genic peptides (as shown by Basu and Srivastava79), we
believe that the immunogenicity of surface CRT exposure
cannot be explained because CRT would act as a specific
vehicle for transporting antigenic tumor peptides from the
tumor to the APCs. Thus, exogenous addition of recombinant
CRT protein (which has been produced in insect cells and
hence cannot contain tumor-derived antigenic peptides) is
sufficient to restore the immunogenicity of non-immunogenic
apoptosis. We have performed additional experiments to
address the possibility that the association of CRT protein with
tumor-derived peptides might mediate the antitumor immune
response. First, we provoked immunogenic cell death by
treatment of cells with recombinant CRT protein plus
mitomycin C or etoposide. Then, we vaccinated syngeneic
mice, either with intact tumor cells or with their lysate (which
was produced by freeze thaw cycles in conditions that did not
lead to CRT degradation). Only intact tumor cells, but not their
lysate, were immunogenic, suggesting that the mere pre-
sence of CRT (which could be associated with tumor-specific
peptides) is not sufficient to elicit antitumor immunity. Second,
we treated tumor cells with inhibitors of the proteasome, which
according to Blachere et al.30 is required for the optimal
generation of immunogenic peptides in dying cells and which
induce a non-immunogenic variant of cell death. Addition of
recombinant CRT protein still could restore the immunogeni-
city of proteasome inhibitor-induced cell death. This observa-
tion provides an argument in favor of the idea that the
association of CRT with antigenic peptides on the surface of
tumor cells is not responsible for the adjuvant effect of CRT.
Rather, the effect of CRT would be mediated by its capacity to
stimulate the uptake of tumor cells by DCs.

Inflammatory Cytokines Released from Dying Cells

Dying tumor cells can release proinflammatory cytokines
during their agony, and these factors can be instrumental in
eliciting an immune response (Figure 2b). It is generally
assumed that necrotic cell death would be the type of cell
death that is associated with the indiscriminate extracellular
release of soluble intracellular constituents through the
permeabilized plasma membrane.80 Indeed, necrotic cells
are able to act on fibroblasts, macrophages and DCs,
activating NF-kB and inducing the expression of genes that
are involved in inflammatory responses and tissue repair,81

perhaps in a TLR2-dependent manner.82 Such genes include
the cytokine-induced neutrophil chemoattractant (KC) and
macrophage inflammatory protein-2, metalloproteinase 3 and
vascular endothelial growth factor,83 but also TNF-a, IL-8, IL
10, and IL-6.29 This general proinflammatory feature seems to
be absent from apoptotic cell death.29 Among the numerous
components released into the extracellular matrix during
necrotic cell death, some components mediate important
immunological effects. Interestingly, necrotic cells release
HSP (see above) as well as uric acid,84 which also can elicit
proinflammatory effects through TLR285 or by stimulating the
NALP3 inflammasome.86

HMGB1. When cells succumb to necrosis, they release
HMGB1, which is well known for its proinflammatory
properties27 (Figure 2b). HMGB1 is a non-histone
chromatin-binding protein that influences transcription and
other nuclear functions.87 HMGB1 is either secreted actively
from inflammatory cells28 or passively released as a soluble
molecule from necrotic cells.27 Once present in the
extracellular space, HMGB1 can signal tissue injury and
initiate inflammatory response through binding to a range of
receptors, including the receptor for advanced glycosylation
end products (RAGE), TLR2 or TLR4.88,89 HMGB1 is a
terminal mediator of sepsis28 and can induce hepatic injury
during ischemia/reperfusion in a TLR4-dependent manner.90

HMGB1 release has been considered as a potential way of
inducing an immune response against dying tumor cells
undergoing necrosis. However, several studies showed that
necrotic cells were unable to trigger an immune response91,92

when injected in vivo, in contrast to the initial expectations.
Recently, it has been found that tumor cells that undergo
apoptosis in vitro, in response to anthracyclines, could
mediate a potent antitumor vaccination effect when they were
injected subcutaneously into syngeneic immunogenic mice.
This antitumor vaccination effect did not require any addition
of immunostimulatory compounds (such as adjuvants) and
conferred long-term protection against further challenge with
live tumor cells.15 This system of antitumor vaccination
involves the obligatory recognition and phagocytosis of dying
tumor cells by DCs, because depletion of DCs in vivo
abolishes the antitumor immune response.15,93 DCs then
process and present tumor-derived antigens to cytotoxic T
cells, which in turn mediate a cytolytic response against tumor
cells.
Importantly, the immune response against dying tumor cells

involves the release of HMGB1 by dying tumor cells.93 Once
released, HMGB1 binds to TLR4 on DCs and controls the
initiation of the immune response through processing and
presentation of tumor-derived antigens.93 TLR4 has been
shown to control antigen presentation by inhibiting fusion
between phagosomes and lysosomes.94,95 When HMGB1 is
blocked by neutralizing antibodies, or when its expression in
tumor cells is silenced by RNA interference, the initiation
of the immune response is blunted both in vitro and in vivo.
We found that mouse or human cells dying in response to
various lethal stimuli in vitro released HMGB1 into the
extracellular medium at a late stage, when apoptotic bodies
were formed and cells underwent secondary necrosis. After
extracellular release, HMGB1 binds to TLR4 on DCs
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and plays an indispensable role in the DC-dependent T-cell
activation in response to dying tumor cells.93 Apparently,
HMGB1 has to bind to TLR4 to allow for optimal antigen
processing in DCs. When either HMGB1 or TLR4 is absent
from the system, dying tumor cells are still normally
engulfed by DCs. However, the phagosomes containing
tumor cell material rapidly fuse with lysosomes, meaning
that the phagocytic cargo is degraded rather then presented in
the form of antigenic peptides that bind to MHC molecules.
This defect in antigen presentation can be corrected
by inhibiting lysosomes, for instance with chloroquine of
bafilomycin A1.
The relevance of these findings has also been addressed

in humans. Breast cancer patients bearing a TLR4 allele
(Asp299Gly variant96) that reduces the affinity of TLR4 for
HMGB1 demonstrated a markedly increased incidence of
metastases after primary treatment when compared to those
patients bearing the normal TRL4 allele.93 DCs from patients
bearing the deficient TLR4 allele also are poor presenters of
antigen from dying tumor cells unless their lysosomes are
inhibited with chloroquine.93

In addition to interacting with TLR2 and TLR4, HMGB1,
combined with self-DNA, could stimulate the production of
interferon-a by stimulating TLR9.97,98 Moreover, a complex
associating HMGB1 and DNA can bind the RAGE receptor.27

In turn, this complex stimulates intracellular TLR9 and
activates IFN-a secretion through a MyD88-dependent path-
way.98

The question whether HMGB1 is released during apoptotic
cell death has been a matter of debate ever since. Primarily, it
was suggested that HMGB1 was released by necrotic, but not
by apoptotic cells, even at late apoptosis stages. Two findings
have challenged this question. First, many investigators have
found that nuclear DNA is released in a time-dependent
manner during apoptosis.99 Second, binding of HMGB1 to
DNA was increased during apoptosis, in line with the fact that
late-stage apoptotic cells can release both DNA and HMGB1.
Recent studies98,100 have confirmed that HMGB1 could also
be released from apoptotic tumor cells, at least at late stages
of the lethal process, and that this release could be blocked by
the pan-caspase inhibitor Z-VAD-fmk, which delays secondary
necrosis.
The difference in the immunogenicity of primary necrosis

(which is non-immunogenic) versus secondary necrosis
(necrosis after apoptosis, which can be immunogenic)
might reside in the difference of the components that are
released after loss of membrane integrity. As secondary
necrosis follows apoptosis, caspase activation may have
dismantled some of the cell’s major immunosuppressive
components, and/or might facilitate the release of immuno-
stimulatory agents. Future investigation will have to identify
caspase substrates that regulate the immune response, once
they come into contact with innate immune effectors.

End-stage Degradation Products with Proinflammatory
Properties

Like early stages of cell death (for instance, CRT exposure at
the plasmamembrane during apoptotic cell death), end-stage
degradation of cells could confer immunostimulation

(Figure 2c). Indeed, plasma membrane collapse during
primary or secondary necrosis is associated with the release
of RNA molecules, which interact with TLR3 on DCs,101 with
the release of double-stranded DNA,102 which stimulates both
macrophages and DCs, as well as that of nucleotides, leading
to the maturation of DCs103 along with the activation of the
NF-kB pathway.104

End-stage degradation products from dying tumor cells are
able to modulate their recognition by the immune system
through a family of innate immunity receptors, the pentrax-
ins.105 Short pentraxins, like C-reactive protein or serum
amyloid protein, are secreted in response to IL-6 and play an
important role in the clearance of cellular debris. Late-stage
apoptotic cells stimulate mature DCs (but not immature DCs)
to produce the long pentraxin, pentraxin-3 (PTX3).106 Once
secreted, PTX3 binds to themembranes of apoptotic cells and
maturing DCs. When it is recruited to this immunological
synapse, PTX3 modulates the immune response to late
apoptotic cells. Indeed, when apoptotic murine fibroblasts
expressing MelanA/MART1 are cultured with DCs, such DCs
are able to activate specific CD8 T cell through cross-
presentation on tumor-derived antigen. However, addition of
PTX3 directly inhibits T-cell activation, by inhibiting the cross-
presentation of tumor-derived antigens to cytotoxic T cells.107

P53 Activation in Cancer Cells and Its Immunological
Consequences

In response to oncogene-driven DNA damage, ionizing
irradiation or chemotherapy, a specific pathway, called the
DNA damage response pathway, can be activated in tumor
cells.108,109 This response involves, among others, the
proteins ataxia telangiectasia mutated (ATM, which detects
DNA damage), checkpoint kinase-1 (Chk1, which mediates
cell cycle arrest) and p53 (whichmediates cell cycle arrest and
apoptosis). In addition of inducing apoptosis of transformed
cells,109 the activation of the DNA damage response can also
activate the expression of ligands of the activating NK and
T-cell receptors NKG2D110 (Figure 2d). Tumor cells that have
activated the DNA damage response pathway express
NKGD2 ligands, such as the MHC class I polypeptide-related
sequence A or the retinoic acid early transcript 1, in an ATM-
and Chk1 (but not p53)-dependent manner. Such NKG2D
ligands expressing cancer cells can be efficiently recognized
by NK, NKT and some cytolytic T cells, meaning that the tumor
cells are actively destroyed. The activation of the DNA
damage response pathway therefore links the DNA damage
response to the immune-mediated eradication of tumor cells.
Recently, evidence for a link between p53 and immune-

mediated eradication of tumor cells has been described. In a
mouse model of hepatocellular carcinoma, restoration of p53
expression in vivo, in the tumor cells, demonstrated a rapid
regression and clearance of cancers.111 The putative
mechanism involved in this process is the p53-mediated
induction of senescence in tumor cells. Senescence has been
associated with the upregulation of inflammatory cytokines
such as MCP-1, IL-1b, IL-15 or TLR4.112 In hepatocellular
carcinoma, p53 reactivation induced a marked increase in
proinflammatory cytokines, including chemoattractants for
macrophages (Csf1 and Mcp1), neutrophils (Cxcl1) or NK
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cells (IL-15).111 An increase in inflammatory transcripts
(NCF2 and NCF4 for neutrophils, MgL2 and MSR2 for
macrophages and KLRB1 and KLRD1 for NK cells) was also
noted. In this model, the participation of the innate immune
system was shown to be determinant for the efficient
clearance of senescent tumor cells because the removal of
T cells, NK cells or granulocytes abolished the therapeutic
potential of p53 reactivation in vivo.
These results show that the protective activation of p53 in

transformed cells can lead to intrinsic, but also to extrinsic,
immune-mediated removal of abnormal cells. This mechanism
has a major relevance in cancer immunosurveillance, but also
in cancer treatment, as it enhances the recognition and
elimination of cancer cells by the immune system.

Conclusion

One of the hallmarks of cancer cells is the resistance to cell
death.113 Logically, one of the first strategies in the fight
against cancer has been to restore the sensibility to death. It
has been suggested that cancer cells also have the capacity
to evade the surveillance by the immune system.32 Therefore,
it would be of highest therapeutic value to restore the immune
recognition of poorly immunogenic cancer cells. One particu-
larly attractive solution might consist in combining two
approaches, namely restoration of cell death and restoration
of tumor immunosurveillance and to take advantage of the
immunogenic properties of cancer cell death (Figure 3). This
may be achieved by favoring chemotherapies that induce
immunogenic cell death, and by avoiding chemotherapies
that induce immunologically silent cell death or that mediate
immunosuppressive side effects, such as myelosuppression
or thymolysis. In addition, active strategies for stimulating the
immune response should be employed. This includes the use
of drugs with immunostimulatory effects114 and the manipula-
tion of cell death to ensure optimal immunogenicity (surface
exposure of HSP and CRT, release of HMGB1, inhibition of
pentraxins). In addition, it may be useful to screen patients for
genetic or acquitted defects that may compromise the
immune response against dying tumor cells.

More than the meaning of life, the meaning of death has
become a crucial question for biomedical research. The
recent advances in the understanding of biochemical
mechanisms accounting for the immunogenicity of cell death
have potential implications in many fields of medicine,
including cancer biology, virology and autoimmunity.
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