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Introduction

Antigen cross-presentation
The immune system plays an instrumental role in both the 

development and resolution, be it spontaneous or stimulated 
by therapy, of malignant lesions.1-3 Within the immune system, 
dendritic cells (DCs) are pivotal for the activation of immune 
responses. DCs are generally defined as CD11c+ cells, comprising 
a collection of distinct cellular subsets that can be discriminated 
from each other based on additional transmembrane proteins4 
and transcription factors.5 DCs are equipped to present 
fragments of exogenously acquired antigens as peptide/MHC 
class I complexes to CD8+ T cells, a process referred to as antigen 
cross-presentation.6,7 Cross-presentation by DCs is essential for 
developing CD8+ T-cell responses against (cancer) cell-associated 
antigens, as demonstrated by the lack of cellular immunity 
against cell-derived antigen in mice depleted of CD11c+ cells.8

Cross-presentation is a specialized process of antigen 
presentation process for which DCs are particularly well equipped. 

Other antigen-presenting cells such as B cells, monocytes and 
macrophages cannot readily stimulate naïve CD8+ T cells after 
upon encountering exogenous antigens.9 Much effort in the last 
decade has been dedicated to understanding the mechanisms 
that underlie optimal cross-presentation. As a result of this effort, 
specific DC subsets have been shown to possess a superior capacity 
to cross-present antigens, for instance, CD8+ and CD103+ DCs 
in mice.6 In 2010, a human counterpart of such a DC subset was 
found to be characterized by the expression of thrombomodulin 
(also known as BDCA3 or CD141).10 As these studies unfolded, 
the idea that specific DC subsets would be superior at cross-
presentation was challenged with the postulate that all DCs 
can cross-present antigens in an optimal fashion when activated 
by the right conditions.11,12 Inflammatory cytokines, Toll-like 
receptor ligands and CD40 signaling (as provided by helper 
CD4+ T cells), can trigger the maturation of DCs and efficiently 
prime them for antigen cross-presentation.13,14

Uptake of tumor-associated antigens by DCs
The uptake of soluble or complexed antigens by DCs 

involves various mechanisms including passive pinocytosis, 
active phagocytosis or translocation via gap junctions.15 The 
antigen delivery route greatly influences the efficiency of cross-
presentation. Hence, antigen cross-presentation can be enhanced 
by opsonization as well as by specifically targeting antigens to 
DC surface receptors.16-22 Alternatively, DCs can internalize 
dying cancer cells, which harbor a wide panel tumor-associated 
antigens. In this setting, all antigens expressed by the dying cell 
are theoretically made available for cross-presentation, although 
only a fraction of antigenic peptides end up being presented as 
peptide/MHC class I complexes to CD8+ T cells. Researchers 
have now explored the possibility to use neoplastic cells killed 
ex vivo as an anticancer vaccine in itself or as a means to load 
DCs with tumor-associated antigens and thus create DC-based 
vaccines. Cancer cells can be induced to die ex vivo via different 
mechanisms, including apoptosis and necrosis. Apoptosis is a 
form of programmed cell death that can be initiated by multiple 
signals, eventually resulting in a highly regulated process of 
intracellular destruction.23,24 This cell death process can take 
up to 10–20 h. Throughout the execution of apoptosis, one 
can observe specific alterations of the plasma membrane, but 
the process also manifests at organized foci within the cytosol 
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Dendritic cells (DCs) are essential for the induction of 
adaptive immune responses against malignant cells by virtue 
of their capacity to effectively cross-present exogenous 
antigens to T lymphocytes. Dying cancer cells are indeed a rich 
source of antigens that may be harnessed for the development 
of DC-based vaccines. In particular, malignant cells succumbing 
to apoptosis, rather than necrosis, appear to release antigens 
in a manner that allows for the elicitation of adaptive immune 
responses. In this review, we describe the processes that 
mediate the cross-presentation of antigens released by 
apoptotic cancer cells to CD8+ T lymphocytes, resulting in the 
activation of protective tumor-specific immune responses.
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and the nucleus of dying cells. Of note, necrosis has long been 
considered to be a form of incidental cell death that does not 
follow organized trajectories. Recently, this notion has been 
challenged by evidence showing that necrosis in vivo is subjected 
to regulation as well.25 At odds with necrotic cells, apoptotic cells 
maintain their structural integrity for a prolonged period,26,27 yet 
eventually will also succumb to the breakdown of the plasma 
membrane, a setting that is generally referred to as secondary 
necrosis or late apoptosis.28 From the viewpoint of DCs, (early) 
apoptotic and necrotic cells presumably constitute very different 
entities and hence will be handled in a differential manner, with 
divergent consequences for the elicitation of immune responses.

Approaches to identify different types of cancer cell death
For study purposes, apoptosis is often induced in vitro by 

introducing DNA damage via irradiation with UV light or γrays 
(Fig. 1). Apoptotic cells expose phosphatidylserine on the outer 
leaflet of the plasma membrane,29 rendering this phospholipid 
available for recognition by Annexin V (AnxV). The integrity 
of the plasma membrane can be assessed with propidium iodide 
(PI) or 7-aminoactinomycin D (7-AAD), both of which are 
not taken up by healthy cells but only by cells with ruptured 
plasma membranes. Early apoptotic cells can thus be identified 
by cytofluorometric analyses as AnxV+PI- cells. Experimentally, 
necrosis is commonly induced by multiple freeze-thaw cycles with 
liquid nitrogen. Freezing the cells will cause damage to the cell 
membrane leading to its inevitable rupture. Some investigators 
induce necrosis by heat or osmotic shock, also resulting in a lethal 
damage of the plasma membrane. At least theoretically, apoptosis 
and necrosis are clearly distinguishable from each other. However, 
inducing cell death in vitro often result in a mixed population 

of apoptotic and (secondary) necrotic cells. Moreover, 
some studies refer to late apoptotic cells as to necrotic 
cells. Such discrepancies can be misleading in crediting 
specific biological effects to either apoptotic or necrotic 
cells.

With these considerations in mind, here we give 
an overview of studies comparing the ability of 
apoptotic and necrotic cells to elicit adaptive immune 
responses against cellular antigens. Herein, we will 
refer to apoptotic and necrotic cells as they are shown 
in Figure 1. Moreover, we will discuss how DCs 
specifically handle dying cells, how this impacts on 
subsequent immune responses, and which features of 
dying cells are important for their immunogenicity.

Immune Responses Against 
Apoptotic vs. Necrotic Cells

In vitro studies of tumor-associated antigen 
cross-presentation

While immune responses can be raised against 
antigens harbored by both apoptotic and necrotic 
cells, the comparison of these 2 cell death modes 
reveals fundamental differences in their efficiency to 
elicit adaptive immunity. Given the central position 
occupied by cross-presentation in the elicitation of 

adaptive immune responses against cellular antigens,8 this process 
is often used as a surrogate marker of immunogenicity in vitro. 
In this setting, DCs are incubated first with either apoptotic or 
necrotic cells and then with antigen-specific or unfractionated 
CD8+ T cells, after which cross-presentation is measured in 
terms of interferon γ (IFNγ) release. Alternatively, the specific 
lysis of target cells expressing the antigen of choice by activated 
CD8+ T cells is measured. For several cancer cell lines apoptosis 
has been shown to be superior to necrosis in facilitating the cross-
presentation of tumor-associated antigens to CD8+ T cells by 
DCs.30,31 These findings were confirmed using primary cancer 
cells from B-cell lymphoma and melanoma patients.32,33 Of note, 
when tumor necrosis factor α (TNFα) was supplemented during 
the incubation of DCs with neoplastic cells, T-cell activation 
increased and the superior effect of apoptosis over necrosis was 
lost.33 These studies suggest that an inherent stimulatory effect 
of apoptotic cells accounts for enhanced CD8+ T-cell activation. 
Conversely, when non-transformed cells were used as a source of 
antigens, apoptotic and necrotic cells induced comparable levels 
of cross-presentation.34,35 In the case of non-transformed cells 
expressing a specific antigen upon viral infection, apoptosis again 
turned out to be superior to necrosis at stimulating DC cell cross-
presentation.36 Taken together, these data suggest that malignant 
(or virus-infected) cells, but not their healthy counterparts, 
are more immunogenic under apoptotic than under necrotic 
conditions.

The immunogenicity of apoptosis has further been 
demonstrated in conditions that result in increased numbers of 
apoptotic cells. Enhanced CD8+ T-cell activation was observed 
when DCs received cancer cells that were enriched of apoptotic, 

Figure  1. experimental induction of cell death. Necrosis can be induced by mul-
tiple freeze-thaw cycles using liquid nitrogen. In this setting, both the plasma and 
nuclear membranes are ruptured so that cellular contents leak out and only mem-
brane debris are left. apoptosis can be induced by radiation with UV light or γ rays. 
The membrane of apoptotic cells undergo specific alterations, but (at least initially) 
it remains intact. eventually, apoptotic cells also lose membrane integrity, a setting 
that is often referred to as late apoptosis or secondary necrosis.
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as opposed to necrotic, cells.37 Interestingly, late apoptotic 
cells were shown to be even more immunogenic than their 
early counterparts.38 The same phenomenon was observed by 
Buttiglieri et al.,39 although the methods for the induction of 
early and late apoptosis differed in these 2 studies. Thus, the 
different degree of immunogenicity attained by dying cells in 
these settings may possibly relate to the specific compounds used 
to induce cell death instead of the stage of apoptosis.

In vivo studies of tumor-associated antigen cross-presentation
To test the efficacy of dying malignant cells as an anticancer 

vaccine, they are injected into mice and adaptive immunity against 
tumor-associated antigens is measured. To this end, CD8+ T cells 
are isolated from the spleen or lymph nodes and tested for their 
capacity to lyse tumor cells. Alternatively, mice are re-challenged 
a week later with living cancer cells of the same type and tumor 
outgrowth is monitored. Such studies consistently reveal the 
superior capacity of apoptotic cells for eliciting anti-tumor 
immune responses.40-44 For example, the differential treatment 
of established tumors resulting in either the apoptotic or necrotic 
demise of malignant cells promoted protective or non-protective 
CD8+ T-cell responses, respectively.41

A different approach to determine the immunogenicity of 
dying cells in vivo is represented by the injection of DCs that are 
pulsed with apoptotic or necrotic cells ex vivo. Cancer cell-loaded 
DCs interact with other immune cells in vivo, thereby eliciting a 
particular response. Again, DCs loaded with apoptotic cells were 
superior than DCs loaded with necrotic cells at eliciting efficient 
CD8+ T-cell responses in both therapeutic and vaccination 
models.31,45,46 Moreover, the cytolytic activity of splenic T cells 
was increased when animals received DCs loaded with apoptotic 
cells as compared with DCs loaded with necrotic cells.45 In 
contrast, Kotera et al. showed that apoptotic and necrotic cells are 
equally protective against established tumors as well as against 
the inoculation of cancer cells in tumor-naïve animals.47

Besides apoptosis, a second routine of programmed cell death 
exists that involves the breakdown of intracellular material by 
autophagic vesicles. This type of cell death proved to be favorable 
from an immunological point of view, inducing antitumor 
immune responses that were even better than those triggered 
by apoptotic cells.48 Corroborating these findings, as early as in 
2004, Schmitt et al. observed that the inoculation of malignant 
cells undergoing a caspase-independent cell death mode was 
more protective than that of cells succumbing to the activation of 
caspases against a subsequent tumor challenge.49

While in vitro studies remain ambivalent, in vivo studies 
robustly show that apoptotic cells are the preferential inducers 
of CD8+ T-cell responses against tumors. However, the 
experimental design of DC vaccination studies do not always 
clarify how DCs are specifically handled before injection. For 
example, in experiments in which dying cells are not removed 
before the injection of loaded DCs, MHC-deficient cancer cells 
should be employed to prevent direct presentation. Moreover, 
when necrotic cells are employed, it is often not stated whether 
membrane debris or lysates are used. Irrespective of these issues, 
it is clear that dying cancer cells depend on DCs to trigger 
antitumor immune responses. This notion has already reached the 

clinic, since several groups have used DCs loaded with cell lysates 
as a therapeutic vaccine in patients affected by melanoma and 
pediatric solid tumors, documenting objective clinical responses 
in a fraction of these individuals.50-52 It remains a challenge to 
improve such vaccines by employing optimally immunogenic 
dying cancer cells instead of necrotic debris.

Impact of Phagosomes Maturation  
on the Efficiency of Cross-Presentation

Dendritic-cell subsets
Following the discovery that DCs encompass multiple 

specialized cell types, investigators have demonstrate that murine 
CD8+ DCs are particularly efficient at cross-presenting cell-
associated antigens in lymphoid tissues, while CD103+ DCs 
are high proficient at doing so in non-lymphoid tissues. This 
capacity was attributed to the ability of CD8+ DCs to internalize 
dying cells.53 Indeed, dying cells injected to mice could be 
traced back to splenic CD8+ DCs.54 Conversely, lung CD103+ 
(but not CD11b+) DCs were shown to take up apoptotic cells 
administered intranasally to mice.55 Several subsets of human 
DCs have also been characterized including BDCA3+ DCs, 
which are considered as the equivalent of mouse CD8+ DCs, 
and BDCA1+ DCs. The isolation of circulating BDCA3+ and 
BDCA1+ DCs allowed for the assessment of their phagocytic 
capacity in vitro. At odds with their murine counterparts, both 
BDCA3+ and BDCA1+ human DCs can take up dying cells, yet 
only the formed was shown to present cell-associated antigens 
to CD8+ T cells.56 The comparison of lymphoid tissue-derived 
BDCA3+ and BDCA1+ DCs also revealed an equivalent uptake 
of dying cells by these 2 DC subsets, but a slightly improved 
capacity of cross-presentation by BDCA3+ DCs.12

Receptor engagement
Differences in the receptor patterns of DCs that cross-present 

cell-associated antigens and DCs that do not might account for 
the distinct functional profile of these DC subsets. C-type lectin 
domain family 9, member A (CLEC9A, also known as DNGR1), 
a member of the C-type lectin receptor family, was identified 
to be selectively expressed to high levels by CD8+, CD103+ and 
BDCA3+ DCs.57,58 Further investigation showed that CLEC9A 
can recognize dying cells by binding to F-actin filaments,59 hence 
promoting the cross-priming of CD8+ T cells.20 Interestingly, 
CLEC9A- DC subsets can also take up dying cells. Thus, the 
uptake of dying cells by DCs appears to be independent of 
CLEC9A. Rather, post-internalization events may be influenced 
by CLEC9A signaling. Indeed, the activation of CLEC9A did 
not result in DC activation, as measured by cytokine secretion, 
but rather caused the co-localization of CLEC9A with markers 
of early endosomes such as early endosome antigen 1 (EEA1), 
RAB5A and RAB27A. Likewise, dying cells engulfed by DCs 
co-localized with RAB5A+ endosomes 60 min upon uptake. 
Subsequently (240 min after uptake) dying cells were associated 
with RAB11+ structures, which are considered as recycling 
endosomes. Of note, such a localization of engulfed dying cells 
with RAB5A+ and RAB11+ vesicles required the expression of 
CLEC9A by DCs.60
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Receptor engagement can also drive the sorting of endosomal 
cargo to distinct compartments, such as static and dynamic 
early endosomes, which mature into recycling or degrading 
endosomes, respectively.61 Recycling endosomes differ from 
degrading endosomes in that they maintain a mild acidic 
lumen whereas degrading endosomes progressively acidify with 
time. Therefore, the proteolytic activity is lower in recycling 
endosomes as compared with degrading endosomes. Several 
studies demonstrate that a reduced proteolytic activity benefits 
cross-presentation in both mice and human DCs.62-66 As the 
mannose receptor and CD209 (best-known as DC-SIGN) 
have been shown to deliver their ligands to slow-maturing 
endosomes,67 targeting antigens to these receptors can enhance 
cross-presentation.17,22

Endosomal pH
Data from the last decade suggest that tempering endosomal 

acidification can benefit antigen cross-presentation. In this 
regard, it was shown that RAB27A can regulate phagosomal pH 
by recruiting cytochrome b-245, β polypeptide (CYBB, best 
known as NOX2) to the phagosomal membrane.63 NOX2 is 
part of the NADPH oxidase complex that maintains the neutral 
pH of the endosomal compartment.65 The absence of either 
RAB27A or NOX2 is detrimental to cross-presentation.63,66 
The slow degradation of antigens (as it occurs in a poorly acidic 

microenvironment) allows for their storage within long-lasting 
phagosomes. In support of this notion, antigen presentation 
could be fully recovered when peptides were eluted out 
of MHC class I molecules on the surface of DCs 16 h after 
uptake, indicating the antigen was still present within the cell 
to supplement peptides for MHC class I presentation.68

Therefore, the immunogenicity of as apoptotic cells (upon 
recognition by CLEC9A) might be the result of their targeting 
to RAB27A+ storing phagosomes characterized by mild 
acidification and reduced rates of proteolysis, which constitute 
optimal compartment for the cross-presentation of cell-associated 
antigens (Fig. 2).

Apoptotic cells induce prolonged immune responses
The superior cross-priming capacities of apoptotic cells may 

at least in part originate from the prolonged storage of their 
antigens within DCs, although the biological bearing for 
this process are not yet fully understood. The comparison of 
CD8+ and CD11b+ DCs showed that the cross-presentation of 
apoptotic material not only was more pronounced in the former, 
but also lasted for longer periods.69 A third subset of DCs 
known as merocytic DCs (mcDCs) has been shown to have 
a cross-presentation activity that nearly exceed that of CD8+ 
DCs.42 This effect could be blocked by the administration of 
diphenylene iodonium (DPI), a compound that accelerates 
endosomal acidification,65,66 suggesting that aberrant antigen 
processing and storage negatively affect cross-presentation. 
Indeed, the phagosomal pH remains high in CD8+ and mcDCs 
but decreases in CD11b+ DCs after antigen uptake. In vivo 
CD8+ T-cell responses to vaccination with loaded DCs were 
also stronger and more prolonged when CD8+ or mcDCs were 
used as compared with when CD11b+ DCs were employed.69 
Similar observations were made upon the direct injection of 
apoptotic or necrotic cancer cells in mice.40 In particular, CD8+ 
T cells developed a cytolytic activity that lasted for up to 9 
d upon the injection of apoptotic cells. Conversely, necrotic 
cells only induced CD8+ T-cell responses that lasted for up to 
4 d, with initial responses also being inferior to those induced 
by apoptotic cells.40 The histological study of vaccination sites 
revealed a rapid recruitment of T cells, B cells, macrophages 
and DCs by both apoptotic and necrotic cells.44 However, T 
cells and DCs were still present 10 d after vaccination only 
in case of apoptotic cell-based vaccines.44 The importance of 
antigen persistence was also established by the use of MHC 
class I-deficient cells. Such cells were rapidly removed by 
natural killer (NK) cells and hence were unable to elicit CD8+ 
T cell responses. However, when NK cells were depleted, MHC 
class I-deficient cells persisted for sufficient time to induce the 
cross-priming of antigen-specific CD8+ T cells.70

Taken together, these studies point to a dual role for apoptotic 
cells in antigen persistence. First, by interfering with phagosomal 
pH, antigens from apoptotic cells persist longer than antigens 
from necrotic cells within DCs, resulting in prolonged cross-
presentation. Second, beyond stimulating the recruitment of 
immune cells (as necrotic cells do), apoptotic cells promote their 
persistence or survival.

Figure 2. CLeC9a direct apoptotic material toward storage compartments. 
apoptotic cells are taken up by dendritic cells (DCs). Upon engagement 
of C-type lectin domain family 9, member a (CLeC9a) on the DC surface, 
apoptotic cells are directed to raB5a+raB27a+ endosomes. raB27a 
rapidly recruits NOX2 to the endosomal membrane, hence preventing 
an excessive acidification of the maturing endosome and allow for the 
establishment of a storage compartment. In the absence of CLeC9a the 
endosomal cargo is quickly dispatcher to lysosomes and fully degraded. 
CLeC9a thus facilitates the slow degradation and prolonged storage 
of apoptotic material, a mechanism that may account for the ability of 
CLeC9a to enhance the cross-presentation of cell-associated antigens.
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A Role Role for Type I Interferons 
in Antigen Persistence

Upon exposure to apoptotic cells, mcDCs secreted Type I 
interferons (IFNs) whereas CD8+ DCs or CD11b+ DCs did not.69 
Bone marrow-derived DCs stimulated with the FLT3 ligand 
also respond to apoptotic, but not necrotic cells, by producing 
Type I interferons.42 In humans, to date only plasmacytoid DCs 
(pDCs) were found to secrete IFNα upon stimulation with 
apoptotic cells.71,72

Interestingly, Type I interferons are of great importance for the 
elicitation of tumor-rejecting immune response in vivo.73 Indeed, 
blocking the IFN (α and β) receptor 1 (IFNAR1) with specific 
antibodies significantly increase tumor outgrowth. Similarly, 
Ifnar1−/− mice exhibit accelerated rates of oncogenesis and tumor 
progression. The importance of Type I interferons was also 
shown in a model based on the induction of cancer cell death in 
vivo. Indeed, the cross-presentation of tumor-associated antigens 
was diminished in IFNα/β-deficient mice receiving wild-type 
antigen-specific CD8+ T cells, suggesting that the elicitation 
of adaptive antitumor immune responses requires IFNα/β 
sensitivity on immune cells other than CD8+ T cells.74 Indeed, 
Diamond et al. demonstrated that the induction of antitumor 
CD8+ T-cell responses relies on the IFNα/β sensitivity of CD8+ 
DCs.73 In line with this notion, the pre-treatment of CD8+ DCs 
with IFNα increased the cross-presentation of cell-associated 
antigens.75 Apoptotic cells were shown to persist for longer 
periods in IFN-treated DCs as compared with their untreated 
counterparts. As this phenomenon was sensitive to DPI, Type I 
interferons may somehow modulate the phagosomal pH of DCs. 
Human DCs exposed to apoptotic cells also manifested a delayed 

endosomal acidification as well as the storage of cell-associated 
antigens in RAB5+ and RAB11+ compartments.76 Additionally, 
MHC class I molecules were shown to localized to DC antigen 
storage compartments upon IFNα treatment. Remarkably, IFNα 
does not only promote the persistence of antigens within DCs, 
but also the survival of DCs themselves. At least in part, this 
stems from the fact that CD8+ DCs that internalize apoptotic 
cells express increased levels of anti-apoptotic proteins such as 
BCL-2 and BCL-X

L
.75

In pDCs, IFNα secretion has been associated with the 
appearance of LC3-coated phagosomes that internalize DNA-
immune complexes.77 In macrophages, apoptotic cells were 
shown to be taken up into LC3-coated phagosomes.78 Moreover, 
the production of reactive oxygen species (ROS) by NOX2 
specifically recruited LC3 toward the endosomal membrane.79 
Since apoptotic cells taken up by DCs were shown to indirectly 
attract NOX2 to phagosomal membranes, it is tempting to 
speculate that they are also engulfed in LC3-coated structures. 
However, whether the recruitment of LC3 to phagosomes is 
required for IFNα secretion by DCs remains elusive.

While it is clear that DCs benefit from IFNα signaling for 
the cross-presentation of cell-associated antigens, the very same 
DCs do not per se produce Type I interferons upon exposure 
to apoptotic cells. Rather, neighboring immune cells have 
been shown to produce these cytokines when they encounter 
apoptotic cells. Accordingly, pDCs can help CD11c+ DCs to 
cross-prime tumor-specific CD8+ T cells in an IFNα-dependent 
manner.80 Also in a vaccination setting based on CD8+ and 
mcDCs, the pre-incubation of mcDCs with dying cancer cells in 
the presence of pDCs increased their survival rates, suggesting 
a synergism between pDCs and mcDCs in the elicitation of 

Table 1. Factors that contribute to the cross-presentation of tumor-associated antigens by dendritic cells

Intrinsic Ref. Extrinsic Ref.

Membrane receptors Inflammatory cytokines

CLeC9a 20 Type I IFNs 73–76

Purinergic receptors 98 TNFα 33

CD40 14 GM-CSF 13

TLr4 89

HSP receptor 19

Fcγ receptor* 18, 21

CD209 (DC-SIGN)* 22

Ly75 (DeC-205)* 16

Cytosolic proteins DaMPs

raB27a 63 HMGB1 88, 89

raC2 66 HSPs 91, 93–95

NOX2 66 aTP 98

abbreviations: CLeC9a, C-type lectin domain family 9, member a; GM-CSF, granulocyte macrophage colony-stimulating factor; HMGB1, high mobility 
group box 1; HSP, heat-shock protein; IFN, interferon; Ly75, lymphocyte antigen 75; raB27a, raB27a, member raS oncogene family; raC2, ras-related C3 
botulinum toxin substrate 2; TLr4, Toll-like receptor 4; TNFα, tumor necrosis factor α. *To date not linked to dying cells
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antitumor immune responses.74 Thus, an optimal handling of 
the apoptotic cells may be achieved by DCs in response to the 
secretion of IFNα by surrounding cells, including pDCs.

Interactions Between Apoptotic 
Cells and Dendritic Cells

Recently, the concept of immunogenic cell death has emerges, 
proposing that cells can die in either a silent or immunogenic 
way, depending on the lethal stimulus that they received.81-84 
Immunogenic cell death appears to be accompanied by the release 
of so-called “danger-associated molecular patterns” (DAMPs), 
including high mobility group box 1 HMGB1, heat-shock proteins 
(HSPs) and ATP. DAMPs are secreted or exposed on the plasma 
membrane in response to stress or death, hence acquiring the 
ability to stimulate immune responses.

An apparent paradox emerges when one considers that 
apoptotic cells display a superior immunogenicity than necrotic 
cells, while the latter release more DAMPs than the former.48,85,86 
Indeed, necrotic cells have been shown to efficiently stimulate 
the maturation of DCs in vitro,87 whereas apoptotic cells were 
not as effective at doing so. Such observations would suggest 
that DAMPs do not endorse the immunogenicity of dying cells. 
However, several studies show a critical role for DAMPs in the 
elicitation of antitumor immune responses.

The supernatants of cells succumbing to necrosis was shown 
to operate as an adjuvant to antigen vaccination,88 an effect 
that was significantly inhibited when HMGB1-depleted cells 
were employed. In line with this notion, adding recombinant 
HMGB1 to cellular antigens enhanced the elicitation of 
antitumor immunity and the degree of protection conferred 
to mice against a tumor challenge. These results indicate that 
HMGB1 is a potent stimulator of adaptive immune responses 
in the presence of cellular antigen, but not the exclusive one, as 
its knockdown did not result in a complete rescue phenotype. 
The importance of HMGB1 was also established by means of 
blocking antibodies and RNA interference in setting of cross-
presentation of cell-associated antigens in vivo and induction 
of antitumor immunity.89 In particular, HMGB1 was shown to 
bind Toll-like receptor 4 (TLR4), and Tlr4−/− mice to exhibit a 
decreased capacity to clear malignant cells.

HSPs have also been shown to operate as DAMPs and 
accumulating evidence supports their importance in antitumor 
immune responses.90-92 The cross-presentation of soluble and cell-
associated antigens was increased when these were complexed 
with HSPs.91,93-95 Human recombinant HSP70 did not induce 
the maturation of DCs, as measured by the expression of 
co-stimulatory molecules on their surface or cytokine secretion.93 
Thus, increased immune signaling is probably not responsible 
for the enhanced cross-presentation by HSPs. An increased 
antigen uptake could account for this effect, as the intracellular 
concentrations of specific peptides were higher when antigens 
were delivered in complex with HSP70. Similar results were 
obtained with the ER-resident protein calreticulin. Calreticulin 
can translocate to the plasma membrane during apoptosis, a 
condition in which it might function as a DAMP and facilitate 

the uptake of dying cells by DCs.96 The supplementation of 
recombinant calreticulin to soluble antigens, however, did not 
enhance cross-presentation,97 indicating that also calreticulin 
does not engage in immune signaling with DCs.

Finally, there is evidence for an involvement of the NLR 
family, pyrin domain containing 3 (NLRP3) inflammasome in 
DC-mediated adaptive immune responses against tumors. Thus, 
the exposure of DCs to dying cancer cells activated the NLRP3 
inflammasome within DCs, a process that was dependent on 
the expression of purinergic receptors.98 Purinergic receptors can 
bind ATP, which secreted in large amounts by dying cells. The 
NLRP3 inflammasome can mediate the activation of caspase-1, 
thereby facilitating the secretion of bioactive interleukin-1β (IL-
1β). Indeed, mice deficient for caspase-1 or the IL-1β receptor 
revealed the requirement for an intact IL-1β system for efficient 
cross-priming. The release of ATP by dying cells is therefore of 
great importance for antitumor immune responses. This said, TLR 
ligands have also been observed to stimulate the NLRP3-dependent 
production of IL-1β by DCs.99 Thus, DAMPs other than ATP may 
contribute to the activation of the NLRP3 inflammasome in DCs.

In summary, the cross-presentation of cell-associated antigens 
involves many factors that are either intrinsically expressed by DCs 
or present in the microenvironment (Table 1). Both apoptosis 
and the release of DAMPs by necrotic cells are important for the 
induction of tumor-specific adaptive immune responses. At first 
glance, these observations do not seem to reconcile but such an 
interpretation might actually be oversimplistic. As mentioned 

Figure  3. Type I interferon signaling influences antigen persistence 
within dendritic cells. Plasmacytoid DCs (pDC) and perhaps also con-
ventional DCs (cDC) produce interferon α (IFNα) upon the recognition of 
apoptotic cells. The exposure of cDCs to IFNα results in1 the upregulation 
of pro-survival factors such as BCL-2 and BCL-XL;

2 the prolonged storage 
of apoptotic material in intracellular compartments; and3 the localiza-
tion of MHC class I molecules to storage compartments.
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above, apoptotic cells also go through a necrotic state when the 
integrity of their plasma membranes is eventually lost. Current 
definitions point to apoptotic and necrotic cells as to static 
conformations, but these may actually be considered as the same 
entity parted by time. As additional insights into this subject 
are obtained, this apparent paradox will likely be resolved. The 
regulated changes that are associated with apoptosis are required 
to make dying cells visible to DCs. Apoptotic cells are thus 
recognized and internalized, a phenomenon that is presumably 
stimulated by DAMPs such as calreticulin and HSPs, leading 
to degradation of the engulfed material. Only when DCs 
express CLEC9A is the apoptotic material redirected to storage 
compartments. In the course of recognition and internalization, 
apoptotic cells are expected to progress along the cascade of 
events that delineates this cell death modality. One possibility 
is that apoptotic cells may undergo secondary necrosis within 
the phagosomal compartment of DCs. In this setting, DAMPs 
would be released locally and exert immunogenic effects. 
Because CLEC9A direct the apoptotic material toward long-lived 
recycling compartments, chances are that recycled TLRs will 
encounter DAMPs released by dying cells. Alternatively, DAMPs 
might be released by surrounding dying cells that are not (yet) 
internalized. In both these scenarios, TLR signaling will activate 
DCs and cause their maturation, supporting the cross-priming 
of antigen-specific CD8+ T cells. In contrast, the dispatch of 
apoptotic material toward degrading lysosomes is expected to 
result in its complete and rapid degradation, hence delineating an 
immunologically silent cell death.

As such, apoptotic cells and DAMP release appear to cooperate 
to elicit optimal CD8+ T-cell responses against (cancer) cell-
associated antigens. In particular, apoptotic cells facilitate the 
efficient uptake and persistence of the antigen, whereas the DAMPs 
promote the maturation and activation of DCs (Fig. 3).

Concluding Remarks

As we learn more about this process, it has become increasing 
clearer that the cross-presentation of cell-associated antigens by 
DCs is complex, involving several factors that will eventually 
determine the outcome of tumor-specific immune responses. 
An interesting and hitherto unresolved question is whether 
some DC subsets have a preference for cross-presenting antigens 
associated with specific forms of cell death. Moreover, it 
remains to be determined whether a specific combination of 
cell death-associated parameters and DAMPs truly defines the 
immunogenicity of the cell demise. Much interest currently 
goes to understanding the mechanisms of antigen loading and 
handling by DCs that lead to optimal cross-presentation and cross-
priming of CD8+ T cells. We believe it is important to elucidate 
whether DAMPs specifically contribute to antigen processing 
to further understand how adaptive immune responses against 
tumor cells are raised, especially in the context of DC-vaccines, 
which have become increasingly appealing as a treatment of 
cancer patients. DC vaccines have achieved significant results, 
but there is a clear need (and room) for improvements. By 
elucidating the processes that are critical for the induction of 
robust and protracted antitumor immune responses by DCs, we 
can continue to improve not only DC-based vaccines and but 
also anticancer immunotherapy in general.
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