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Abstract The mode of tumor cell death has significant
effects on anti-tumor immunity. Although, previously it
was thought that cell death is an inert effect, different
investigators have clearly shown that dying tumors can
attract, activate and mature professional antigen presenting
cells and dendritic cells. In addition, others and we have
shown that the type of tumor cell death not only controls
the presence or absence of specific tumor antigens, but also
can result in immunological responses ranging from
immunosuppression to anti-tumor immunity. More impor-
tantly, it is possible to enhance anti-tumor immunity both
in vitro and in vivo by targeting specific molecular mech-
anisms such as oligopeptidases and the proteasome. These
studies not only extend our knowledge on basic immuno-
logical questions and the induction of anti-tumor immunity,
but also have implications for all types of cancer treat-
ments, in which rapid tumor cell death is induced. This
review is a comprehensive summary of cell death and
particularly necrosis and the pivotal role it plays in anti-
tumor immunity.
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PEP Prolyl endopeptidase
Ag Antigen

Introduction to cell death

Cell death plays a pivotal role in different physiological
processes and pathological conditions. Several different
types of cell death exist, which differ from each other
based on death stimuli, signaling pathways involved in the
process, morphological and biochemical changes devel-
oped in dying/dead cells and the biological outcome [28,
56].

Cell death is an extremely complex and multifactorial
process challenging the attempts to understand, character-
ize and classify it. Based on the localization of death
stimuli, cell death might be intrinsic or extrinsic. Intrinsic
death is induced by the signals from within the cell whereas
extrinsic death is caused by extracellular stimuli.
Depending on the character of primary stimuli and death
progression one can distinguish programmed, regulated or
accidental cell death. Morphologically apoptosis, necrosis,
autophagy or cornification is distinguished as typical cell
death mode.

Cell death of tumor cells can induce immunological
responses, which can vary from immunosuppression to the
induction of a tumor-specific immunity. Apart from the
type of the cell death, the location of tumor cell death as
well as the local cellular environment of dying tumor cells
may affect anti-tumor immunity.

Apoptosis was considered to be a programmed and
controlled type of cell death in physiology [50]. It was
proposed as a universal clearance mechanism of unwanted,
aged, stressed cells from the body, quiescently, without
induction of inflammation and injury [50]. As mentioned
above apoptosis might be induced by the stimuli coming
from outside the cells as well as from intracellular signal-
ing [108]. Extracellular signaling involves activation of
death receptors [e.g., FAS (CD95) receptor cascade [5,
14]], or perforins and granzymes released by cytotoxic
cells [64]. Intracellular initiators of apoptosis might be
DNA damage, release of free radicals and cytochromes
from mitochondria, or proteins of Bcl family and p53
(reviewed in [54, 108]). All these intrinsic and extrinsic
pathways converge at the intracellular level and lead to
caspase activation, which is responsible for programmed
degradation of cytoplasmic and nuclear proteins and in-
ternucleosomal cleavage of DNA [54, 108]. In the course
of apoptosis cell integrity stays relatively intact, organelles
are preserved, plasma membrane blebbing occurs and
intracellular contents are not released in surrounding tissue
[108]. Condensation of cytoplasm leads to cell shrinkage
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and to generation of ‘apoptotic bodies’, which are carrying
‘eat-me’ signals on the surface and are cleared by major
scavengers of body macrophages (reviewed in [87]).

Autophagic cell death is a type of cell death which is
accompanied by autophagy, a process usually involved in
cell survival but not responsible for execution of death
pathway per se [70]. Morphologically autophagy is char-
acterized by cytoplasmic vacuolization and accumulation
of autophagic vesicles, autophagosomes. They sequester
cytoplasmic content including organelles, fuse with lyso-
somes and generate autolysosomes in which the content is
degraded by lysosomal hydrolases [24]. These processes
occur in the absence of chromatin condensation and inde-
pendent from phagocytosis which is a hallmark of
apoptosis. Autophagy has been shown to play significant
role in MHC-II or MHC-I-based presentation and involved
in the generation of epitopes for cross-priming of tumor
cell-associated antigens [46, 62]. Recent studies have
shown that autophagy might support the expression of
proinflammatory cytokines—type I IFNs, “eat-me” signals
or DAMPs such as ATP or HMGB 1 by the cells [68, 100,
101]. They can alarm immune system and trigger innate or
adaptive immune responses.

The term necrosis is used for description of an acci-
dental, forced, pathological type of cell death triggered by
harsh, external, physical or chemical stimuli including,
heat, freeze-thawing, mechanical stress or osmotic shock.
Morphologic characteristic of necrosis are cell swelling,
loss of nuclear and cytoplasmic integrity, rupture of cel-
lular membranes and release of intracellular contents into
extracellular milieu. This leads to recruitment of cells of
the immune system and triggers inflammation. Often
necrosis is associated with infection and, therefore, is ‘non-
sterile’. Although in certain pathological processes it can
be induced under aseptic conditions. This includes mostly
ischemic necrosis (e.g., myocardial infarction, stroke,
tumor necrosis) or necrosis developed during intoxication
(e.g., hepatic injury, or aseptic pancreonecrosis) [73, 82,
106]. Accidental necrosis is also characterized with rapid
development of death process. It might, therefore, lack
morphological and biochemical changes typically associ-
ated with initial apoptotic step and which are hallmark of
secondary necrosis.

Recent studies have revealed that necrosis can also
occur in a tightly controlled, regulated fashion and can be
induced by different stimuli including ischemia-reperfu-
sion injury, certain pathogens, signaling through the
receptors of TNF superfamily, Toll-like receptors or IFN-y
(reviewed in [103]). Death signaling in typical regulated
necrosis termed as necroptosis classically is conducted
through receptor-interacting protein kinase 1 (RIPKI1-
RIPK3) complex [23, 41]. It is accompanied by inhibition
of Caspase-8 and generation of necrosome, which is
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responsible for consequent necrosis induction [23, 41].
Types of regulated necrosis are extending and new defi-
nitions or characteristics of them will follow.

Immunogenicity of cell death

Dead or dying cells can play a crucial role in generation of
immune responses. They serve as a source of antigen for
APCs [2], as well as provide signals in context of which
antigen can lead either to immune activation or to tolerance
[27, 65].

The terms “immunogenicity of cell death” or “immu-
nogenic cell death” (ICD) is often used by scientists to
describe the ability of dead/dying cells (especially of tumor
cells) to mount antigen-specific and particularly CD8* T
cell-mediated adaptive immune responses and not simply
lead to innate inflammation. CD8™" T cells play significant
role in tumor protection and development of this type of
immunity is an ultimate goal for successful anticancer
therapy. Here we will discuss the ability of necrotic cells to
trigger Ag-specific CD8" T cell immune responses and
term ICD will be used for this aim unless otherwise
mentioned.

It has been a matter of debate as to which type of cell
death influences the activity of the immune system, i.e.,
which cell death is immunogenic and which is not. This
question is of high importance since understanding the
immunological consequences of cell death and molecular
mechanisms responsible for it can allow manipulating
course of death and to trigger desired type of immunity.
The “Danger theory”, which was initially proposed by
Polly Matzinger postulated that the immune system has an
ability to recognize endogenous signals from stressed,
injured dying/dead cells and responds to it [67]. Mostly
hydrophobic signals, termed damage-associated molecular
pattern molecules (DAMPs), are responsible for mounting
immune responses according to the danger theory [27, 90].
Since necrosis was known to be a forced accidental type of
cell death with loss of cellular integrity, release of intra-
cellular content and associated inflammation, it was
considered to be immunogenic as well. This concept was
strongly supported by the danger theory. For years, it was
generally accepted that DAMPs released during necrosis
can lead to local inflammation and generate immune
responses. At the same time apoptosis was hypothesized to
be lacking DAMPs and, therefore, counted as a non-
immunogenic death or even with the potential to tolerize
the immune system against self-antigens [67].

However, when the danger theory was tested in practice,
particularly in development of cell-based vaccines for
anticancer therapy, results were unexpected. Although
under certain circumstances immune activation was

achieved [88, 112], many attempts to generate successful
immune response using necrotic cells failed [6, 18, 29, 31,
40, 45, 72, 89, 112]. In vitro DAMPs released from
necrotic cells lead to maturation of antigen presenting cells
(APCs) and had innate immune cell activation ability, but
in vivo necrotic cell vaccines were showing immunologi-
cally inert nature and although local inflammation and
infiltration of injection site with immune cells occurred it
did not transform into productive adaptive immune
response and did not protect animals from tumor devel-
opment [31, 89]. On the other hand, at least some death
stimuli triggering apoptosis were able to mount successful
adaptive immunity [2, 72]. Screening of different chemo-
therapeutic agents or radiation revealed that apoptotic cells
generated by these death inducers had a potential of pro-
ductive immunity [72].

These contradictory observations indicated that the
mechanism of immunogenicity of cell death is far more
complex and forced scientists to revise the original con-
cept. It was postulated that not every necrosis is
immunogenic and not every apoptosis tolerogenic or an
immunologically null event. The potential of dead/dying
cells to trigger adaptive immune response and to be used as
a source of antigen/DAMPs does not directly correlate with
the type of cell death and is defined by biochemical and
molecular changes occurring in the cell. In recent years, a
modernized concept has emerged [7, 42, 55], which defines
ICD in general as a result of mutual or consequent pro-
cesses including ER stress [33], release of “find-me”
signals (e.g., ATP [26]), exposure of “eat-me” signals
(e.g., calreticulin [32], phosphatidylserine [61]) and
DAMPs (HMGB1 [88], F-actin [1]). These molecular
changes might occur in the cells undergoing apoptotic or
necrotic death. Recent studies have broadly addressed the
question of immunogenicity of apoptosis although the
immunogenicity of necrosis (particularly of sterile, acci-
dental necrosis, which might be used as a potential tool for
generation of efficient and safe tumor cell vaccines) still
remains as an open dilemma. Here we will discuss this
further.

In vitro accidental necrosis (especially repeated freeze-
thawing and/or extended heating of the cells) is the fastest
and most efficient way to induce uniform cell death where
100 % of cells will show a hallmark of death (propidium
iodide or trypan blue incorporation tested by flow cytom-
etry and light microscopy, unpublished observations). No
other cell death inducers including irradiation or chemo-
therapeutic agents show such efficacy [72]. Irradiated cells,
or cells treated by chemotherapeutic agents almost always
contain the portion which might be defined morphologi-
cally or biochemically as a ‘live cell’ or the cell in an
“early apoptotic” or “late apoptotic” stage and such
“contamination” has to be taken into account when
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immunogenicity of distinct cell death is addressed. This
issue is becoming very important when considering safety
of in vitro-killed tumor cells as cell-based vaccines for
treatment of cancer patients.

It is worth to mention that except inappropriate cell
death, development of immunosuppression, exhaustion of
the effector cells, suboptimal tumor antigen, low immu-
nogenicity of the tumor cells, might be additional factors
responsible for a failure of tumor vaccines which can
operate either separately or in combination.

Molecular mediators of ICD

Current concept of ICD describes “find-me” signals, “eat-
me” signals and danger signals (DAMPs) as an ultimate
requirement for immunogenicity of cell death and states
that these signals together with ER stress are necessary for
ICD induction. According to our current understanding,
essential components responsible for ICD development are
generation of reactive oxygen species (ROS) and ER stress
[72]. ROS, produced in response to various stimuli, affects
ER homeostasis, which as a cause leads to overload of ER
with unfolded proteins. This triggers death pathways and
induces mitochondrial apoptosis. As a bystander effect
signaling cascades facilitate exposure of DAMPs on the
surface of the cell and into the extracellular milieu [72]. In
this regard exposure of dying cells to antioxidants, which
scavenge ROS diminishes their immunogenicity [74].
These changes occur usually in the very beginning of death
and lead to exposure/release of DAMPs already in pre-
apoptotic or early or mid-apoptotic stages [57]. ROS gen-
eration and ER stress might be also a marker for necrosis
(at least of regulated one) but whether this terminates in
ICD or not still has to be addressed [103]. Accidental
necrosis in this regard is not studied, but remains very

interesting, especially if we take into account that necrotic
cells used as cancer vaccines very often failed to show
immunogenicity [6, 18, 29, 31, 40, 45, 72, 89].

Significant advances have been made in past 20 years to
identify molecular mediators released from dying/dead
cells and responsible for immunogenicity of death and
elucidate their mechanism of action as well as receptors
responsible for their recognition by immune cells (Table 1;
Fig. 1).

ATP

First evidence for ATP having anti-tumor effect came from
the study of Rapaport and Fontaine [78] which found that
intra-peritoneal injection of ATP triggered anti-tumor
immune response. Apoptotic as well as necrotic cells
secrete or release ATP as a “find-me” signal into extra-
cellular milieu and alarm the cells of the immune system
[26, 44]. It is recognized by monocytes through P,Y,
receptors which control monocyte recruitment and initiation
of immune response [26]. ATP is responsible for NLRP3-
mediated IL-1f secretion by dendritic cells in adaptive anti-
tumor immunity [37]. On the other hand, in the presence of
ectonucleotidases (CD39, CD73) ATP can be hydrolyzed
into adenosine which exerts pronounced immunosuppres-
sive function [10, 76]. These results indicate that ATP
might have context dependent opposite influence on the
immune system activation during the cell death.

Calreticulin
Calreticulin (CRT) is an ER protein involved in regulation

of Ca®* homeostasis, assembly of MHC class I molecules
and chaperone function, as well as in proliferation and

Table 1 DAMPs released from necrotic cell and their influence on the immune response

DAMPs Receptors Effect on the immune system References

ATP P,Y,, P,X; “find-me” signal, induces IL-1f production, anti-tumor [26, 37]
immunity

Calreticulin CD91 “eat-me” signal, involved in cell clearance, anti-tumor [32, 47]
immunity

HSP70, HSP90, GP96, CDO1, TLR2, TLR4, SREC! Involved in Ag chaperoning, attract Monocytes and [9, 98]

HSP60, HSP72, GRP78 neutrophils, activate DCs and NK cells

HMGBI1 RAGE, TLR2, TLR4, TIM3 Involved in DC maturation and mobilization [88]

S100A8/S100A9 RAGE Attract monocytes and neutrophils, involved in tumor [97]
development

IL-1a, IL-6, IL-33 IL-1R, IL-6R, gp130, ST2 Proinflammatory cytokines [25, 66, 102]

Uric acid Unknown Involved in DC maturation, attracts neutrophils [93]

Nucleic acids, ribonucleoproteins TLR3, TLR7, TLR9Y, Strong proinflammatory activity [20, 48, 116]

F-actin DNGR1 Involved in recognition of necrotic cells [1, 83]
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Immunogenic cell death

antigen processing

. . , | 3.ERstress:> ROS
{ 7 4. FindMe Signals: ATP

| I Calreticulin

HMGB1
6. DC maturation:

' $100 A8/A9

Uric acids
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J Cytokines (IL-1, IL-8 and IL33)

Dying tumor cell

Fig. 1 Factors defining immunogenicity of accidental necrotic cells.
Necrotic cells release “eat-me” signals, “find-me” signals, DAMPs,
ROS and proinflammatory cytokines which alert professional antigen
presenting cells, DCs, cause their migration, maturation and activa-
tion. When cellular peptidases are inactivated in necrotic cells,

migration of the cells [34, 36, 38]. Besides these functions
CRT has been shown to serve as an “eat-me” signal after
exposure on the cell surface and is implicated in the
clearance of apoptotic cells [32]. It was also shown that
ecto-CRT defines immunogenicity of cell death during
apoptosis as well as necroptosis and is responsible for
generation of adaptive immune responses in anticancer
therapy [47, 72]. Whether CRT is exposed on the surface of
the cells undergoing accidental necrosis and plays a role in
immunogenicity or not still needs to be tested.

HSPs

Heat shock proteins are intracellular proteins constitutively
expressed in the cells or induced during stress response.
They localize in cytoplasm or in endoplasmic reticulum
and play a role in protein folding. When released from
dying/dead cells HSPs (HSP60, HSP70, HSP72, HSP9O,
GP96) interact with different receptors, including CD91,
TLR2, TLR4 and exert certain immunostimulatory effects
such as DC maturation, recruitment of innate immune cells,
NK cell activation. HSPs possess specific function of
peptide chaperones, deliver antigens for MHC class I-based
direct presentation or cross-presentation and thereby
mediate CD8" T cell activation and cellular immunity
(discussed in following review [98]). It is worth to mention
that some studies using recombinant HSPs still suffer with
the contamination of LPS despite the fact that this

Professional antigen presenting cell
(Dendritic cell)

accumulation of proteasomal degradation products, oligopeptides,
occur and they form complexes with chaperones. Recruited DCs pick
up antigen released from necrotic cells, load it on MHC-I, deliver to
antigen-specific CD8™" T cells, trigger their activation and induce Ag-
specific adaptive immune responses

contamination was addressed experimentally. Therefore,
such results must be considered carefully when the immune
response generation ability of HSPs is discussed [13, 96].

HMGB1

High mobility group box 1 protein (HMGB1) initially was
discovered as a nuclear protein which binds to DNA and
plays a role in chromatin formation and modulation of gene
expression [15, 69]. In acetylated form it can be actively
secreted by monocytes/macrophages as a cytokine during
sepsis [105] or by tumor cells during induction of apoptosis
[4]. Alternatively HMGB1 is passively released when
cellular integrity is lost, during accidental as well as con-
trolled secondary necrosis [4, 88]. HMGBI1 engages
receptor for advanced glycosylation end product (RAGE),
TLR2 or TLR4 [4, 21] and triggers inflammatory response,
including cytokine secretion (TNF-a, IL-1, IL-6), migra-
tion of inflammatory cells or expression of co-stimulatory
molecules [3, 81, 88]. Recent studies have shown that
reduced HMGBI1 acts as a chemoattractant, whereas
disulphide bond-possessing molecule had a proinflamma-
tory cytokine function and oxidized HMGBI is inactive
[104, 109]. Moreover, oxidation of HMGB1 in apoptotic
cells is responsible for induction of tolerance [49]. These
studies raise the question whether HMGB1 under condi-
tions, when extended necrosis and ROS production occurs
has proinflammatory effect or not. This might explain our
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previous studies showing that necrotic cells in vitro or
in vivo do not always trigger CD8" T cell activation and
successful adaptive immune responses [30, 31]. In line with
this observation, a recent study has shown that HMGB1
binds to TIM3 receptor on dendritic cells and negatively
regulates nucleic acid-mediated anti-tumor immune
responses in vivo [22].

S100 proteins, cytokines and uric acid

S100A8 S100A9, members of S100/calgranulin protein
family, is released from dead cells and has an immuno-
stimulatory effect. Like HMGBI1 they interact with RAGE,
attract innate immune cells and mediate inflammation [97].
These molecules are also involved in inflammation asso-
ciated with cancer and promote carcinogenesis [35].

IL-10, IL-6, IL-33 are inflammatory cytokines released
during necrosis. They signal via IL-1R, ST2 or IL-6R and
gp130, respectively, and possess strong proinflammatory
activity [25, 66, 102].

Uric acid is the product of nucleic acid degradation and
in the form of monosodium urate has a potential to cause
dendritic cell maturation and neutrophil attraction. It is
released from necrotic cells and acts through an unidenti-
fied mechanism [93].

Nucleic acids and ribonucleoproteins

Induction of necrosis and rupture of plasma membrane
exposes RNPs, genomic or mitochondrial DNA and mRNA
to the extracellular environment [20, 48, 116]. These
DAMPs can interact with various pattern recognition
receptors (PRRs), possess potent proinflammatory effect
and can activate innate immune cells including macro-
phages neutrophils. Whether they lead to CD8" T cell-
mediated immune response generation is still not clear.

F-actin

It was shown that CD8o* dendritic cells express DNGR-1
(CLEC9A), potential DAMP receptor, which responds to
necrotic cells [83]. Engagement of this receptor by necrotic
cells caused activation of antigen-specific CD8" T cells.
Recent study has identified F-actin, an evolutionarily
conserved ancient protein to serve as a ligand responsible
for this effect [1]. Whether it binds directly to DNGR-1 or
in association with other molecules still remains to be
identified. In addition, more studies are required to address
the role of F-actin in necrosis—in a condition not always
triggering adaptive immune response.
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Antigenic source in necrotic cells for MHC-I-based
presentation

Immunogenicity of the necrotic cells is greatly influenced
by another important factor, an antigenic source in the
dying/dead cells. Therefore, we will discuss this topic from
a necrotic cell death perspective. Ag-specific CD8" T cell
activation and adaptive immune response generation
require not only DAMPs/PAMPs signaling but presentation
of specific antigenic epitope as peptide-MHC Class I
complexes by professional APCs—DCs. DCs are specific
cells which take up antigenic material, process it, generate
Ag peptides, load on MHC-I and present on their surface in
a context of co-stimulatory molecules in a process desig-
nated as a cross-presentation. This primes CD8' T cells
and generates effector immune responses. One of the major
antigenic sources, which are used by DCs for processing
and presentation, are dying/dead cells, including necrotic
cells. Cross-presentation is influenced by several different
factors and particularly, by the form and the amount of
antigen present in Ag source, the localization of antigen,
cellular machinery present in cells of antigenic source.
These all define whether antigen will be available for
CD8™ T cell presentation or not.

Until now three different forms of antigen are found to
be utilized for generation of peptide-MHC-I complexes
which include proteins [8, 71, 92], protein degradation
products/oligopeptides [13, 58, 59] and defective ribosomal
products (DRiPs) [63, 110, 111]. It was shown that par-
ticulate protein antigen is presented more effectively than
soluble form [60] and 50,000-fold more soluble antigen is
required to achieve CD8™ T cell activation than as a cell-
associated form. It was established for cell-associated
model antigen Ovalbumin (OVA) that as few as 0.2 ng/
mouse was sufficient for OT-I T cell proliferation in vivo.
For soluble ovalbumin this threshold was in a range of
10 pg protein per mouse [60]. Similarly, immunogenicity
of oligopeptides/protein degradation products is enhanced
when associated with chaperones [59, 98] and few hundred
pictograms of peptides in complex with HSPs are sufficient
to induce antigen-specific immune responses.

Majority of the cellular proteins are degraded by ubig-
uitin—proteasome pathway [39]. This is a key mechanism
for removal of damaged, unfolded or defective molecules
and generation of peptide pool [53]. Proteasomal hydro-
lysis might be involved in degradation of DRiPs as well.
This step generates oligopeptides with the size of 2-30
amino acids [52] majority of which are targeted and
degraded to amino acids. Minor amount of proteasomal
degradation products are further processed and loaded on
MHC-I. It was shown that in most cases proteasome gen-
erates mature C-terminus of an epitope [19, 75], which do
not need further cleavage for binding to MHC-I. Inhibition
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of proteasome using specific inhibitors also revealed that it
is almost exclusively single peptidase with carboxypepti-
dase activity in the cytosol targeting proteins. In opposite,
proteasomal degradation products have extended N-termini
and for generation of mature epitope their further pro-
cessing and trimming by aminopeptidases is necessary.
This can occur either by cytosolic aminopeptidases [leuzin
aminopeptidase (LAP) [11], bleomycin hydrolase (BH),
puromycine-sensitive aminopeptidase (PSA) [99], thimet
oligopeptidase 1 (TOP-1) [95] tripeptidyl peptidase II
(TPPII) [113]], ER aminopeptidase (ERAP1, ERAP2) [86]
or ER aminopeptidase associated with antigen processing
(ERAAP) [91]. Treatment of cells with metal chelator o-
phenanthroline or metallopeptidase inhibitor bestatine
drastically reduces trimming process [11]. Trimming of
N-termini, therefore, is a second proteolytic step in MHC-I
epitope generation.

Oligopeptides generated by proteasome in the cytosol
might be toxic and their accumulation could affect proper
functioning of the cells. Cells possess variety of peptidases
including endopeptidases and exopeptidases which rapidly
degrade oligopeptides to amino acids and thereby preclude
their accumulation. Peptide half-life of a few seconds
indicates [79] that this process is highly efficient and
removes almost 99 % of proteasome products [77]. Minute
amounts of the peptides which escape degradation might be
utilized for MHC-I loading and presentation. Therefore,
oligopeptide degradation is a last step which might define
whether epitopes will be available for MHC-I loading and
presentation or not. Several peptidases present in cytosol or
ER were described to have peptide destruction ability,
including thimet oligopeptidase 1 (TOP-1), dipeptidyl
peptidase 3 (DPP-3), PSA, TPPII, ERAP1, ERAP2 [29, 80,
84, 85, 114, 115]. These three machineries in accidental
necrotic cells might be of great importance since they
might control availability of antigen for peptide-MHC-I
complex formation and for cross-priming of CD8" T cells
and thereby define the immunogenicity of the necrotic cell
death.

Immunogenicity of primary accidental necrosis
and the role of antigenic source

Several studies including ours have shown that using
freeze-thawed accidental necrotic cells as vaccines failed to
generate antigen-specific CD8" T cell-mediated immune
responses [0, 18, 29, 31, 40, 45, 72, 89, 112]. Induction of
accidental necrosis is associated with rupture of the cellular
membrane and release of intracellular content. Therefore,
compartmentalization of the antigen in certain structures
(such as exosomes [107] or DRibbles [63]) and marking
them with “eat-me” signals for uptake and presentation

might not take place or might be very inefficient. Instead
when three cycles of freeze-thawing is applied to the cells,
part of the cytoplasmic protein antigen (e.g., model antigen
ovalbumin) is released in extracellular environment in a
soluble form. Part of the antigen is still associated with cell
debris as a particulate protein [31] and can be easily pulled
down in a centrifugation step. Loss of the antigen by the
necrotic cells and reduction of the amount of particulate
antigen might be one mechanism why freeze-thawing
renders necrotic cells non-immunogenic under sterile
conditions in vivo. Moreover, even mixture of freeze-
thawed lysate with recombinant soluble OVA protein
failed to generate Ag-specific adaptive immune responses
(unpublished observation) suggesting that even if DAMPs
are released during accidental necrosis they are not suffi-
cient to induce immune response when non-efficient
soluble form of the protein antigen is present. In line with
this observation, soluble fraction of freeze-thawed cells
containing antigen and mixed with PAMPs such as LPS or
CpG was not enough to trigger adaptive immunity. These
results are in accordance with the study showing that sol-
uble antigen is less effective for CD8% T cell immune
response generation [60]. Particulate antigen associated
with freeze-thawed necrotic debris was still able to induce
immune response in vivo but in the presence of CpG only.
In addition, single vaccination with particulate fraction was
not sufficient and challenge of the mice was necessary to
trigger CD8™ T cell-mediated immune responses. All these
results suggest that accidental sterile necrosis induced by
freeze-thawing of the cells lack immunogenicity and is not
a proper death for generation of CD8" T cell responses
despite presence of abundant protein antigen.
Freeze-thawing induces rapid accidental death of the
cells when cytosolic peptidases including proteasome or
peptidases (e.g., TOP-1, DPP-3) stay relatively intact and
preserve their biological activity [29]. That means, pro-
teasomes might still process ubiquitinated proteins and/or
DRiPs and generate oligopeptides/proteasomal degradation
products. We have confirmed this in an experiment when
high molecular weight fraction (F9_3) of freeze-thawed
cell lysates were mixed with OVA protein and cultured
with OT-I cells. Only in this condition T cell proliferation
was observed. Pretreatment of the fraction with lactacystin,
specific inhibitor of a proteasome, reduced this effect
indicating that this fraction converted non-immunogenic
soluble OVA into immunogenic form which might be
recognized by T cells and that proteasomal activity might
be responsible for this phenomenon [29]. At the same time,
freeze-thawed cells still failed to activate CD8" T cells
indicating that either, cells contained natural inhibitors of a
proteasome, or proteasomal degradation products were
somehow eliminated and peptide-MHC-I formation was
precluded. Indeed additional fractionation (F37_45) and
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functional studies identified at least five different pepti-
dases including TOP-1, DPP-3, prolyl endopeptidase
(PEP), Neurolysin, arginyl aminopeptidase present in
freeze-thawed cells and at least TOP-1 and DPP-3 had an
ability to abolish T cell proliferation by targeting prote-
asomal degradation products. When freeze-thawed
fractions F37_45 were treated by trypsin or inactivated by
heat, they lost inhibitory effect on T cell proliferation
indicating that one mechanism how to generate immuno-
genic necrosis might be targeting of peptidases responsible
for oligopeptide degradation [29].

When we induced accidental necrosis by heating of the
cells, necrotic cells gained Ag-specific CD8" T cell acti-
vating function both in vitro and in vivo [29]. Again
inhibition of a proteasome or addition of recombinant
TOP-1 or DPP-3 reduced T cell activation ability. These
data suggest that at least one mechanism of immunoge-
nicity of accidental necrotic cell death relies on a balance
between proteasome activity and peptide destructive/
removal forces. This balance defines whether oligopeptides
generated by proteasome will be available for chaperoning,
further trimming and loading on MHC-I or not. Impor-
tantly, high temperature and extended heating of the cell
inactivates proteasome as well, but it seems that peptidases
involved in degradation of oligopeptides are more sus-
ceptible to the heat. This explains why heated necrotic cells
still retain proteasomal degradation products and have an
ability to serve as an antigenic source for Ag-specific
CD8" T cell-mediated immune responses. It is perhaps
worth to find the golden ratio between inactivation of
peptidases and preservation of a proteasome function for
development of successful immunogenic accidental
necrosis. Alternatively gene silencing or specific inhibitors
of peptidases might be considered to achieve this goal. In
contrast to freeze-thawing, accidental necrosis induced by
heating generates relatively less amount of soluble fraction
which might be explained by denaturation of biopolymers
and extensive aggregation. This might be an additional
factor which might enhance the ability of necrotic cells to
mount Ag-specific immune response, since denatured/
aggregated antigens are processed and presented more
efficiently.

Different studies suggest that cellular peptidases might
play dual role in oligopeptide processing. They might serve
as a generator of mature epitopes by trimming N-termini or
cause destruction of extended peptides as well as mature
epitopes. It was shown that PSA, TPPII, ERAP1, ERAP2,
TOP-1 might possess such function and in a context
dependent manner either enhance immunogenicity or not.
TOP-1 which was initially discovered by Camargo et al.
[17] was initially shown to be involved in processing of
peptides for MHC-I-based presentation [95]. This study
was additionally supported by the observation that TOP-1
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together with nardilysin was involved in oligopeptide
trimming and epitope generation [51]. Additional studies
discovered that this enzyme has broad specificity which
relies on the length, shape and the amino acid composition
of peptides [12, 16, 94]. This broad specificity can also
explain why TOP-1 plays a role in degradation of epitopes
and abortion of CD8" T cell responses in vitro and in vivo
[29, 85, 115]. We have purified at least four other pepti-
dases in non-immunogenic primary necrotic cells.
Moreover, when tested, DPP-3 had inhibitory effect similar
to TOP-1 indicating that peptide degradation plays
important role in defining the immunogenicity of dead
cells. Finally, further studies are needed to reveal the role
of other peptidases and dissect the mechanism behind the
immunogenicity of necrotic cell death.

Immunogenicity of secondary necrotic cells

When cells are treated by irradiation (both UV as well as -
irradiation) or by chemicals they undergo apoptosis,
although after certain time these cells also show the signs
of necrosis. Such necrosis is defined as a secondary
necrosis. Several studies [45, 83] including our unpub-
lished observations have shown that secondary necrotic
cells induced by UV irradiation are immunogenic and they
can mount Ag-specific CD8" T cell-mediated immune
response in vivo or in vitro. Although the immunogenicity
of secondary necrosis as a subsequent step of apoptosis
might rely on the postulates of ICD including up-regulation
of “eat-me” or “find-me” signals, release of DAMPs and
ER stress, the role of different antigenic source in this
process is still to be addressed.

Infection and non-sterile necrosis

Microbial infection including viruses, bacteria or fungi,
trigger inflammatory responses as well as innate and
adaptive immune system activation. In this scenario, acti-
vation is mediated through pathogen-associated molecular
pattern molecules PAMPs, which are recognized by PRR
expressed on immune cells [43]. This special feature of
microbial agents introduces extra level of complexity in the
response of immune system to non-sterile cell death,
including non-sterile necrosis. In this aspect microbial
infection can influence the course and immunogenicity of
cell death (including necrosis) in many different ways: (1)
microbes and PAMPs can trigger or modulate death path-
ways within infected cells and lead to necrosis induction;
(2) extended inflammatory response (e.g., cytokine storm),
developed against microbes or microbial products can be a
cause of bystander necrosis of neighboring uninfected
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cells; (3) DAMPs released from dying/dead infected cells
can be responsible for immune system activation per se and
trigger (de novo) or further enhance (alternatively sup-
press) innate and adaptive immune response; (4) infection
can modulate DAMPs and thereby alter the recognition of
DAMPs released from dying/dead cells by immune system;
(5) PAMPs might convert non-immunogenic death into
ICD (e.g., non-sterile necrosis) thereby leading to adaptive
immune response generation against cell-associated anti-
gens [31]. Taken all abovementioned into account it is
clear that cell-microbial and host—pathogen interactions

are

very complex from cell death point of view and

extensive studies are needed for understanding of the
mechanisms of such interactions.
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