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Within an organism, environmental stresses can trigger cell death, particularly apoptotic 
cell death. Apoptotic cells, themselves, are potent regulators of their cellular environ-
ment, involved primarily in effecting homeostatic control. Tumors, especially, exist in a 
dynamic balance of cell proliferation and cell death. This special feature of the tumorous 
microenvironment—namely, the prominence and persistence of cell death—necessarily  
entails a magnification of the extrinsic, postmortem effects of dead cells. In both nor-
mal and malignant tissues, apoptotic regulation is exerted through immune as well as 
non-immune mechanisms. Apoptotic cells suppress the repertoire of immune reactivi-
ties, both by attenuating innate (especially inflammatory) responses and by abrogating 
adaptive responses. In addition, apoptotic cells modulate multiple vital cell activities, 
including survival, proliferation (cell number), and growth (cell size). While the microenvi-
ronment of the tumor may contribute to apoptosis, the postmortem effects of apoptotic 
cells feature prominently in the reciprocal acclimatization between the tumor and its 
environment. In much the same way that pathogens evade the host’s defenses through 
exploitation of key aspects of innate and adaptive immunity, cancer cells subvert several 
normal homeostatic processes, in particular wound healing and organ regeneration, to 
transform and overtake their environment. In understanding this subversion, it is crucial 
to view a tumor not simply as a clone of malignant cells, but rather as a complex and 
highly organized structure in which there exists a multidirectional flow of information 
between the cancer cells themselves and the multiple other cell types and extracellular 
matrix components of which the tumor is comprised. Apoptotic cells, therefore, have the 
unfortunate consequence of facilitating tumorigenesis and tumor survival.
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iNTRODUCTiON

A predisposition to apoptotic death among cells that have acquired a malignant mutation serves to 
facilitate one of the body’s primary defenses against cancer. Induction of apoptosis is a failsafe and 
occurs as a result of the tight interweaving of the multiple genes and signaling pathways regulating 
survival, proliferation, and growth (1–4). Were the cell’s demise the sole consequence of this defense 
against cancer, the benefits to the organism would be unambiguous and unopposed.

Apoptosis, while a cell-autonomous process, has postmortem consequences that are not simply 
cell-intrinsic. Through an array of mechanisms, both direct and indirect, dead or dying cells actively 
and potently influence other cells within their environment (5–8). Although earlier studies focused 
on the ability of apoptotic cells to suppress inflammation (9–12), apoptotic cells also affect a broad 
range of cellular functions, including such vital activities as survival (13–15), proliferation (13–15), 
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FigURe 1 | The reciprocal acclimatization of cancer cells and their 
microenvironment is enhanced by apoptotic cells. A dynamic flow of 
information exists between transformed cancer cells and the tumorous 
microenvironment in which they reside. The microenvironment consists of 
non-transformed stromal cells, both resident and recruited, phagocytic cells 
including macrophages, as well as extracellular matrix components. As 
depicted in the figure, the ongoing interaction between transformed cancer 
cells (shaded in orange) and their microenvironment leads to a process of 
reciprocal adaptation, in which the environment becomes progressively more 
conducive to cancer cell growth, and the cancer cells themselves become 
progressively more adapted to their environment. Through their postmortem 
effects, apoptotic cells (schematized here as shrunken and misshapen, with 
extensive nuclear condensation) impact tumorigenesis and tumor growth. 
The relative effects of transformed cells and their microenvironment on 
tumorigenesis likely are in a continuously dynamic balance. Certainly, the 
balance of those inputs changes during the life of a tumor. One obvious shift 
occurs following antitumor therapy (e.g., chemotherapy and radiotherapy), in 
which the rates of cell death increase dramatically, including both 
transformed cancer cells and non-transformed stromal cells. These elevated 
levels of apoptosis can lead to further tumor-promoting enhancement of the 
microenvironment.
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differentiation (16), metabolism (17), and migration (5, 7, 8). 
Moreover, these effects are not only limited to the professional 
phagocytes charged with the clearance of apoptotic cells, but 
extend also to virtually every living cell in the vicinity of the 
apoptotic cell, regardless of its origin or lineage (14–20).

It is owing to these extrinsic, postmortem effects of apoptosis 
that dying cancer cells may act to promote, rather than retard, 
tumorigenesis. This facilitation comes about through a subver-
sion of normal homeostatic mechanisms. In much the same way 
that pathogens evade the host’s defenses through clever disguise 
and manipulation of key aspects of innate and adaptive immunity, 
cancer cells subvert several normal homeostatic processes, in 
particular wound healing and organ regeneration, to transform 
and overtake their environment (4, 16, 21–23). In understand-
ing this subversion, it is crucial to view a tumor not simply as 
a clone of malignant cells, but rather as a complex and highly 
organized structure in which there exists a multidirectional 
flow of information between the cancer cells themselves and the 
multiple other cell types and extracellular matrix components 
of which the tumor is comprised (24). In a sense, a reciprocal 
process of acclimatization takes place, in which the environment 
becomes progressively more conducive to cancer cell growth, and 
the cancer cells themselves become progressively more adapted to 
their environment (Figure 1).

Several features unique to the milieu of the cancerous  
micro-environment facilitate this reciprocal adaptation, not least 
of which is the very prominence and persistence of cell death in 
nearly all cancers (4, 24, 25). As compared with normal tissues, 
tumors are characterized by increased rates of both proliferation 
and death, with tumor mass increasing if the rate of proliferation 
exceeds that of death (1–4). Increased cell death is not solely 
due to the failsafe induction of apoptosis during unregulated 
proliferation (1–4). Multiple other factors contribute to the 
death of cancer cells, including antitumor immune responses, 
competitive interactions among different clones, and metabolic 
stress as a result of limitations in growth factors, nutrients, and 
oxygen. While a variety of types of cell death arise, apoptosis is 
the predominant form of cell death in tumors, as it is in normal 
homeostatic physiology. Importantly, the rapidity and efficiency 
with which dead cells are cleared means that, in the absence of 
specific histologic labeling, cell death often goes undetected (4, 
5, 7, 8). Even the heightened numbers of dead cells typically 
observed in cancerous tissues represent an underestimate of the 
actual number of dying cells. Indeed, with the possible excep-
tions of embryogenesis or the immature thymus, the degree of cell 
death in tumors far outstrips that found in any organ under physi-
ological conditions. Moreover, the supply of dead cells undergoes 
more or less continuous renewal. This is unlike non-cancerous 
tissues, for which, even following severe injury, cell death rarely 
continues unabated for weeks to months, as occurs characteristi-
cally within growing tumors. This special feature of the tumorous 
microenvironment—namely, the prominence and persistence of 
cell death—necessarily entails a magnification of the extrinsic, 
postmortem effects of dead cells. In turn, this enables tumors to 
usurp and manipulate for their own advantage a number of the 
normal homeostatic processes initiated by the recognition and 
clearance of dead cells. As a result, cell death has the potential to 
be among the most crucial factors impacting the development 
and progression of cancers.

In this review, we will describe how, within the context of 
tumorigenesis, several of the normal homeostatic responses 
triggered by apoptotic cells are subverted, with the unfortunate 
consequence of facilitating tumorigenesis. At least in part, the 
reciprocal adaptation between cancer cells and their environment 
may be said to occur under the specific aegis of apoptotic cells. 
Because this seemingly paradoxical outcome of cell death derives 
mainly from the postmortem effects of apoptosis, we will focus on 
this aspect of cell death, rather than on the myriad genes involved 
in the regulation and execution of the apoptotic death program, 
many of whose mutations predispose to malignancy. Finally, we 
will highlight what, from our perspective, are some of the field’s 
major unanswered questions and areas open for investigation.

PATHOgeNiC eXPLOiTATiON OF 
APOPTOTiC iMMUNiTY

Infections with microbial pathogens provide a useful context 
in which to appreciate the subversion of postmortem apoptotic 
effects. In the acute context of pathogenic infection, the reper-
toire of potent immunosuppressive responses elicited normally 
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by apoptotic cells (“Innate Apoptotic Immunity”; refs. 9–12, 18, 
19) appears to be specifically exploited as a means of enhancing 
pathogenicity (26). Multiple microbial pathogens subvert the 
processes of apoptosis and Innate Apoptotic Immunity in this 
way.

One of the hallmarks of this pathogenic sabotage is that patho-
gens trigger the apoptotic cell death of cells that are expendable 
for productive infection. In other words, while those viable cells 
are not essential to the pathogen, the apoptotic corpses of those 
cells serve to enhance pathogenicity. For example, in the case of 
the lethal food-borne bacterial pathogen Listeria monocytogenes, 
the extensive induction of apoptotic cell death, especially among 
lymphocytes (27), is of particular interest. Lymphocytes are not 
critical for the in vivo replication of the bacterium, do not serve 
as substantial bacterial reservoirs, and are not the primary cells of 
entry for productive infection (28, 29). Still immunocompromised 
mice genetically deficient in lymphocytes are less susceptible to  
L. monocytogenes infection than are lymphocyte-replete, wild-type 
mice (30). The reconstitution of normal lymphocyte populations 
in these mutants restores pathogen susceptibility to wild-type 
levels (30). Strikingly, exogenous apoptotic lymphocytes, includ-
ing uninfected apoptotic lymphocytes, are as effective as viable 
lymphocytes (29). Thus, although viable lymphocytes are dispen-
sable for L. monocytogenes replication, apoptotic lymphocytes 
are important for L. monocytogenes pathogenesis (29). Because 
apoptotic cells are not susceptible to L. monocytogenes infection 
(29), the uptake of those apoptotic cells cannot be responsible for 
pathogen spread. Similar results have been obtained with a sepsis 
model of bacterial pathogenicity (31, 32). The specific action of 
apoptotic lymphocytes in these cases appears to be the suppres-
sion of host inflammation via Innate Apoptotic Immunity.

Another hallmark of this process is that pathogen-induced  
host cell apoptosis is dissociable from the postmortem effects of 
the apoptotic cells. Again, in the case of L. monocytogenes, lym-
phocyte apoptosis depends upon pathogen-dependent stimula-
tion of host innate immunity (and production of interferon-β; 
refs. 33–35), as well as a pathogen-encoded pore-forming protein 
(Listeriolysin O; ref. 36). The efficacy of apoptotic cells is fully 
independent of these mediators, however.

In the chronic setting of a tumor, the consequences of cell 
death (as judged by interference with that process; see below) 
allow the suggestion that apoptotic cells do similar things. Just 
as microbial pathogens exploit Innate Apoptotic Immunity, the 
extrinsic, postmortem effects of apoptotic cells also appear to be 
exploited in tumorigenesis. Indeed, it may even be that in the 
more chronic tumorigenic setting, a broader spectrum of post-
mortem apoptotic effects is involved.

CLiNiCAL eviDeNCe OF THe 
COUNTeRvAiLiNg ROLe OF APOPTOSiS 
iN CANCeR

Initial evidence for a paradoxical, tumor-enhancing role of 
apoptosis in cancer arose from multiple studies of clinically 
related cohorts across a broad spectrum of cancers in which an 
association was observed between the extent of apoptosis and the 

aggressiveness of the underlying malignancy (22, 37–57). Cancers 
studied included non-Hodgkin’s lymphoma (37, 38), synovial 
sarcoma (39), and carcinomas of the tongue (40), esophagus 
(41), bladder (42, 43), breast (22, 44–46), endometrium (47), 
prostate (48, 49), cervix (50–52), kidney (53), stomach (52, 54), 
liver (55), ovaries (52, 56), larynx (57), colorectum (52), and 
head and neck (22). In these studies, a statistical correlation 
was observed between the extent of apoptosis and the follow-
ing parameters: histologic grade (37–39, 42–45, 53–55), cancer 
stage (39, 43, 55), mitotic/proliferative index (37, 38, 43–45, 50,  
55, 56), metastasis (40, 45, 55), mortality (22, 37, 38, 43–46, 50, 52, 
56, 57), recurrence following treatment (22, 40, 43–46, 49–51), 
local invasiveness (41, 55), tumor progression (43, 48), and tumor 
size (39, 45). Moreover, while a statistical association does not 
necessarily imply causality, it is noteworthy that in several of 
these studies, upon multivariate analysis, an index of the extent of 
apoptosis proved to be one of very few independent predictors (or 
even the only independent predictor) of overall or disease-free  
survival (37, 39, 43, 49–51, 55, 57).

THe LANgUAge OF APOPTOTiC CeLLS

The increased rate of cell death typical of nearly all cancers means 
that the specialized microenvironment of tumors, more so than 
other tissues under physiologic conditions, is characterized by a 
robust flow of information centered on dead or dying cells—into 
malignant cells from their environment that influences their  
decision whether to live or die, and out of them to live cells in their 
vicinity, both cancerous and non-cancerous (Figure 1). A sense of 
the vast extent of apoptosis observed in human malignancies can 
be informative. In most studies of human cancer, apoptosis has 
been quantified in the form of an apoptotic index, defined as the 
number of apoptotic nuclei per 100 intact neoplastic cells (37–42, 
46, 47, 49–56). While rigor varied widely across these studies, the 
mean apoptotic indices in general fell in the range of 0.5–2.0% 
(37–39, 41, 42, 46, 49, 50, 56). With increasing markers of tumor 
aggressiveness, apoptotic indices reached as high as 5–10% (40, 
49, 51, 54, 55), and at times even exceeded 10% (53). These 
numbers offer powerful evidence of the markedly increased rates 
of apoptosis characteristic of most tumors. While apoptotic cell 
death may be largely invisible under physiologic conditions (4, 5, 
7, 8), it is not silent.

Transmission of information from apoptotic cells to the 
environment occurs in one of two fundamental ways, either 
directly, through physical interaction between dead and live 
cells, or indirectly, without physical interaction. Direct effects 
occur most commonly via receptor-mediated recognition by 
live cells of adjacent dead cells or their fragments (5–8, 11, 14, 
18, 19). Indirect effects are most frequently the result of soluble 
mediators released from the dying cells, but can entail more sub-
tle mechanisms (4–8). For example, apoptotic cells may adsorb 
soluble mediators and thereby lower effective concentrations, 
precluding viable cell responses (58). Dying cells also may shed 
various membrane-enclosed vesicles containing a combination 
of cytosolic proteins, RNA, and lipids (59–61) that can serve in 
information transmission. Depending upon the origin of these 
extracellular vesicles, whether from the plasma membrane or 
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endosomes, they are referred to as microparticles or exosomes, 
respectively (62). Docking of these vesicles at the surface of live 
cells, followed by their fusion with the plasma membrane, or by 
their endocytosis and fusion within an endocytic compartment, 
leads to release of their contents and delivery of the message those 
contents represent (62).

A striking range and complexity characterize all steps of the 
information flow from apoptotic cells to live cells in their vicin-
ity (4–8). Viewed as a language, dead cells carry a surprisingly 
large amount of information, with an extensive vocabulary and 
an intricate grammar. While this complexity has been shown 
predominantly for non-tumorous cells and tissues, some data 
suggest the same is true for tumors, especially since the ability to 
recognize and respond to dead cells seems to be ubiquitous across 
practically all organs and cell lineages (18, 63, 64). Death-related 
variables from which information can be extracted include, but 
are by no means limited to, the mode of cell death (11, 14, 15, 
17, 65)—and, under certain circumstances, perhaps even the 
conditions and the particular inducer of that form of cell death 
(15, 66)—as well as the pattern, distribution, kinetics, rate, and 
extent of cell death (67–69). Moreover, the response by any given 
live cell, whether cancerous or not, depends as much on the 
identity of the responding cell itself—its lineage (13–15), organ 
of residence (13–15), and stage of differentiation (70, 71)—as on 
the specific nature of those death-related variables. It is easy to 
imagine that even live cells lacking direct physical interaction 
with apoptotic cells or their released mediators may be affected 
by the dynamic multidirectional flow of information. A ripple 
effect may ensue, in which apoptotic cells stimulate the synthesis 
and release of cytokines and mediators from live cells, and in turn 
these cytokines and mediators then modulate the activity of other 
live cells that reside at a distance from the dead cells, at the fringe 
or beyond the tumorous microenvironment, even in distal organs 
and tissues.

PARADigM

As first formulated in an influential review on cancer (2, 3), the 
evolution of a cell from normal to neoplastic entails the acquisi-
tion of as many as eight discrete biological capabilities. These 
capabilities, or hallmarks, represent a series of steps, each of 
which confers a trait or selective advantage necessary to the emer-
gence of a clone of highly malignant cells. Hallmarks include: (i) 
sustained proliferative signaling, (ii) evasion of growth suppres-
sors, (iii) resistance to cell death, (iv) induction of angiogenesis, 
(v) tissue invasion and metastasis, (vi) reprogramming of energy 
metabolism, (vii) evasion of immune destruction, and (viii) 
replicative immortality. While the succession of hallmarks need 
not occur in any set order, the overall process itself proceeds in a 
step-by-step manner analogous to that of other cases of natural 
selection.

Integral to this evolution is the interaction between cancer cells 
themselves and the microenvironment in which they reside. The 
tumorous environment is a specialized structure, consisting not 
only of malignant clones, but also of multiple non-transformed cell 
types, both resident and recruited (2–4, 24, 25). These ostensibly 
normal cells, together with a surrounding extracellular matrix, 

comprise the tumor-associated stroma. A critical determinant 
underlying the acquisition of hallmark capabilities is the genomic 
instability of cancer cells (2, 3). The facilitated occurrence of 
genetic mutations and/or epigenetic changes affecting gene 
expression catalyzes the development of heritable phenotypes 
better adapted to the tumorous environment (2, 3, 72). In turn, 
cancer cells contribute to the favorable transformation of their 
environment (4, 24, 25). Through tissue remodeling and modu-
lation of the function of stromal cells, such as macrophages (4, 
73–75), cancer cells help make the environment more conducive 
to their outgrowth and supremacy.

Increasingly, apoptotic cells have been recognized as partici-
pants in the reciprocal adaptation between cancer cells and their 
microenvironment (4). While an established role for apoptotic 
cells has so far been limited to only a few of the hallmarks—most 
extensively, in sustained proliferative signaling and evasion of 
growth suppressors (22, 74–80)—it is striking how many of the 
biological capabilities of cancer cells are known to be impacted 
by apoptotic cells under non-cancerous conditions. Indeed, the 
only one of the eight hallmarks for which a convincing, or at least 
highly suggestive, example of the influence of apoptotic cells does 
not yet exist is the induction of replicative immortality.

Most of these activities of apoptotic cells fall under the rubric 
of two homeostatic processes in which the active role of apoptotic 
cells has been carefully explored, namely, wound healing and 
organ regeneration (4, 21, 67–69). Although these two processes 
probably differ more quantitatively than qualitatively, they do 
represent clearly separable stages in the life of a tumor, with 
treatment representing the boundary. As first pointed out over 
30  years ago (21), and expanded upon by numerous reviewers 
since (4, 81, 82), growing tumors are like “wounds that do not 
heal,” or even “wounds that do not stop repairing,” whereas the 
repopulation of a tumor that occurs following therapy most 
resembles organ regeneration. These broad similarities dwarf the 
finer differences and provide a convenient lens through which to 
view the subversion of homeostatic processes by the apoptotic 
cells within tumors.

APOPTOTiC CeLLS AND THe 
HALLMARKS OF CANCeR

Postmortem apoptotic modulation targets almost every hallmark 
of cancer (Figure 2). The sole hallmark for which no evidence 
of apoptotic modulation yet exists is replicative immortality, in 
which cancer cells escape their inbuilt limitation on replicative 
doublings. This may not be so surprising since, given the increased 
numbers of apoptotic cells observed in nearly all cancers (4, 24, 
25), a heightened effect of apoptotic signaling in cancerous as 
opposed to non-cancerous tissues would be expected. Moreover, 
as many of the hallmarks of cancer represent unregulated and 
essentially continuous manifestations of cellular functions nor-
mally modulated by apoptotic cells, it is tempting to hypothesize 
a prominent role for apoptotic cells in hallmark acquisition. As 
examples of the ways in which tumors can subvert the normal 
homeostatic functions of apoptotic cells, we examine the many 
parallels between tumor progression and the processes of wound 
healing and organ regeneration.
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FigURe 2 | Apoptotic cells enhance achievement of cancer hallmarks. Eight hallmarks of cancer (sustained proliferative signaling, evasion of growth suppressors, 
resistance to cell death, induction of angiogenesis, metabolic reprogramming, immune evasion, tissue invasion/metastasis, and replicative immortality) have been 
elaborated (3). With the exception of the last, apoptotic cells enhance each of these cancer attributes, as discussed in the text.
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Tumor growth and Progression: wounds 
That will Not Heal
The tissue repair that follows a wound can be divided into three 
broad and overlapping phases (Figure 3; see refs. 21, 81, 82). In 
the first inflammatory phase, a blood clot is formed and seals the 
wound; local inflammation, a direct consequence of injury, leads 
to the recruitment of inflammatory cells. In the second phase, 
new tissue, called granulation tissue, is formed and replaces the 
blood clot. Macrophages are key players in this phase, which 
entails the formation of new blood vessels (an especially critical 
event in the case of tumors), the laying down of new extracellular 
matrix, and an overall increased proliferation of multiple cell 
types, including fibroblasts and keratinocytes. During the final 
phase, granulation tissue is converted into a scar, with an overall 

decrease of cellularity and an extensive remodeling of the extra-
cellular matrix. For each of these phases of wound healing, there 
are parallels with tumor growth, and for each of these parallels a 
plausible role for apoptotic cells exists.

The blood clot, formed during the initial inflammatory phase 
of wound healing, serves multiple purposes. It provides a protec-
tive barrier against infection and evaporative loss, it serves as a 
reservoir of growth factors, and it acts as a scaffold for the multiple 
cell types attracted to the wound. The two major matrix compo-
nents of a clot are fibrin and fibronectin. Fibrin is generated as an 
end product of the coagulation cascade, whereas fibronectin leaks 
through capillary walls because of a local increase in vascular 
permeability. Although the origins of fibrin and fibronectin differ 
in the case of cancer, most tumors are also characterized by the 
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FigURe 3 | The processes of regenerative wound healing are subverted by apoptotic cells in cancer. The canonical attributes of wound healing are categorized into 
overlapping and sequential phases, as discussed in the text. These are compared to similar, yet distinct, events occurring in an ongoing and simultaneous manner in 
cancer, resulting largely from the postmortem effects of apoptotic cells. The view that cancers are “wounds that do not resolve” emerges from this perspective.
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presence of a fibrin and fibronectin matrix (21, 81). Apoptotic cells 
influence the generation and localization of both of these proteins. 
By virtue of reorganization of their membrane phospholipids (83, 
84), apoptotic cells, and especially their shed microvesicles (85), 
are procoagulant, thereby providing a nidus for initiation and 
amplification of the coagulation cascade. In addition, exposure 
to apoptotic cells upregulates the expression by macrophages and 
endothelial cells of vascular endothelial growth factor (VEGF)-A, 
a factor that potently augments vascular permeability (73, 86, 87).

A key event in the initiation of coagulation is a loss of 
membrane asymmetry in platelets and other blood cells (88). 
Exoplasmic exposure of several phospholipids normally retained 
within the cytoplasmic leaflet of cell membranes, such as the ani-
onic phospholipid phosphatidylserine (PS) and the amphipathic 

phospholipid phosphatidylethanolamine, supports the binding 
of clotting factors and initiates the coagulation cascade (88, 89). 
A similar loss of membrane asymmetry occurs in cells undergo-
ing apoptosis (90, 91). Exposure of PS is mediated, generally, by 
activation of a phospholipid scramblase (an energy-independent 
bidirectional transporter that dissipates membrane asymmetry) 
and/or inhibition of a phospholipid flippase (a P4-ATPase that 
enhances asymmetry by transporting specific membrane phos-
pholipids against their concentration gradient; refs. 89–91). The 
procoagulant activity of apoptotic cells, and especially their shed 
microvesicles (85), may, therefore, be attributed largely to their 
mimicking of the surface membranes of activated platelets and 
other blood cells. Although the normal physiologically handling 
of apoptotic cells does not appear to predispose to clotting 
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disorders, the prominence and persistence of apoptotic death 
within tumors may upset the delicate balance between pro- and 
anti-coagulant activities.

Closely related to its procoagulant function, the exposure of 
PS on the outer leaflet of the apoptotic cell membrane has been 
identified as one element involved in the recognition of apoptotic 
cells. A related group of receptors with intrinsic tyrosine kinase 
activity, composed of the molecules Tyro3, Axl, and Mertk (the 
“TAM receptor” family) are involved in PS-dependent apoptotic 
recognition (92, 93). TAM receptor-mediated recognition of 
apoptotic cells relies upon Vitamin K-dependent bridging mol-
ecules and is associated with the phagocytic clearance of apoptotic 
cells. TAM receptors are expressed primarily on myeloid cells of 
the immune system and exert a variety of immunoregulatory and 
other functions, including the suppression of inflammation and 
the enhancement of angiogenesis (92, 94, 95).

The recognition of apoptotic cells also occurs by PS- 
independent mechanisms (18, 96), relying on surface-exposed 
protein determinants (97). This recognition, which is not 
encumbered by serum-derived tethering molecules (18), triggers 
immediate-early responses independent of phagocytosis (11, 14, 
15, 17). These include all of the homeostatic processes subverted 
in cancer (Figure  2). Most notably, PS-independent apoptotic 
recognition is ubiquitous among all cell types (18).

Tumor-Associated Macrophages (TaMacs)
Among the inflammatory cells recruited to wounds during the 
initial inflammatory phase are neutrophils, mast cells, and mac-
rophages (21, 81, 82). Of these, the macrophages are the one whose 
pivotal role in wound healing and the acquisition of many of the 
hallmarks of cancer is best established (4, 73–75, 98–100). TaMacs 
acquire a phenotype that favors proliferation, angiogenesis, tissue 
invasion and metastasis, and evasion of immune destruction (4, 
73–75, 98–100). Like macrophages in healing wounds, TaMacs 
are intimately involved in remodeling of the extracellular matrix 
and in creating an environment more favorable to tumor growth 
(4, 74, 75). Indeed, of the many parallels between wound healing 
and cancer, one of the strongest is the molecular concordance in 
gene expression patterns between TaMacs and repairing tissues 
(74, 75, 81).

Far more controversial is the origin and state of polarization of 
TaMacs, as compared with macrophages in other tissues and other 
pathological conditions. There is a general consensus that TaMacs 
are recruited from the blood as monocytic precursors (98–100). In 
the case of a murine mammary tumor model, TaMacs were shown 
to be derived predominantly from C–C chemokine receptor type 
2 positive (CCR2+) monocyte precursors, and were functionally 
and phenotypically distinct from the tissue macrophages of non-
cancerous glands (101). As shown in two other models, murine 
breast cancer and xenografted Burkitt’s lymphoma, TaMacs had 
a higher proliferative capacity than resident macrophages and, 
therefore, required less replenishing from the blood (74, 101). 
Although from a functional perspective, TaMacs found in most 
tumors resemble alternatively activated (M2-like) more than 
classically activated (M1 or M(IFN- γ/LPS)) macrophages (98–100), 
their gene expression patterns, when carefully examined, fit the 
pattern of neither macrophage subtype (74, 101). For example, 

unlike alternatively activated macrophages, TaMacs from mouse 
mammary tumors lacked IL-4 dependence and failed to express 
several characteristic M2-like genes (101). Correspondingly, 
TaMacs from Burkitt’s lymphoma expressed multiple classically 
activated genes (74). While macrophage activation is best viewed 
within a continuum of gene expression patterns rather than 
fixed in discrete polarized states, these data nonetheless suggest 
the presence within the tumor microenvironment of unique 
determinants influencing the phenotypic and genotypic state of 
TaMacs. One of these determinants, as demonstrated in murine 
models of melanoma and lung carcinoma, is lactic acid, which 
is produced by cancer cells as a result of their relatively hypoxic 
microenvironment (73). The effect of lactic acid is mediated by 
the transcription factor hypoxia-inducible factor 1α (HIF-1α), 
which induces strong expression of the genes for VEGF-A and 
arginase 1 (73). Again, non-tumor wounds also are relatively 
hypoxic environments, so that at least some of the similarities in 
gene expression patterns between TaMacs and wound tissue may 
be attributable to the effects of lactic acid and HIF-1α (21, 81, 82).

Significantly, exposure to apoptotic cells contributes to the 
phenotypic and genotypic expression of a number of the pro-
oncogenic properties of TaMacs. In vitro exposure of classically 
activated M(IFN- γ/LPS) macrophages to apoptotic lymphoma cells 
shifted their gene expression pattern toward that of in  situ 
TaMacs, as obtained by laser-capture microdissection of Burkitt’s 
lymphoma xenografts (74, 75). Among the gene clusters identi-
fied in TaMacs in  situ were several specifically associated with 
tumor progression and wound healing. These included functional 
clusters related to the key cancer hallmarks of proliferation, cell 
death, and differentiation; extracellular matrix deposition and 
remodeling; and angiogenesis (74, 75, 81, 82). In this same model, 
suppression of apoptosis, via expression of the anti-apoptotic 
genes Bcl-2 or Bcl-XL, led to reduced TaMac accumulation and 
reduced angiogenesis when lymphoma cells were xenografted into 
SCID mice (74). Somewhat surprisingly, suppression of apoptosis 
had a minimal effect on tumor growth in vivo, despite promot-
ing expansion in vitro (74). This may be related to the reduced 
angiogenesis observed in apoptosis-suppressed xenografts or 
to differences between in  vitro and in  vivo growth conditions. 
Similarly suggestive, though less complete, evidence for a role of 
apoptotic cell-dependent effects on TaMacs also was found in a 
model of melanoma (74).

Supportive data for the importance of apoptotic cells in the 
conditioning of TaMacs also comes from models of prostate and 
breast cancers (102, 103). Coculture of bone marrow derived 
macrophages with apoptotic cells from several prostate cancer cell 
lines induced an M2-like state of macrophage polarization char-
acterized by increased expression of multiple M2-like-associated 
genes without alteration in the expression of several markers of 
classical activation (102). This occurred in a milk fat globule-
EGF factor 8 (MFG-E8)-dependent manner, with significantly 
increased levels of MFG-E8 detected in exosomes from prostate 
cancer cells (102). Additional provocative findings were reported 
in a model of breast cancer, in which the widespread apoptosis of 
mammary epithelial cells that occurs in the postpartum period 
was shown to enhance tumor metastasis (103). Molecular or 
pharmacologic blockade of the clearance of apoptotic cells led 
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to a reduction of M2-like TaMacs (without a change in the total 
number of macrophages) and a concomitant reduction in tumor 
metastasis as compared to nulliparous mice (103).

Tumors As Continually Regenerating 
Organs
The direct enhancement of cancer cell proliferation and tumor 
growth by apoptotic cells may be the most well-established 
postmortem apoptotic effect. More than 50 years ago, it was first 
reported that admixing lethally irradiated cancer cells with live 
cancer cells led to a higher incidence of rapidly growing tumors 
and shorter survival times when compared to injection of an 
equal number of live cancer cells (79). These results have been 
replicated both in vitro and in vivo in a variety of cancers and 
cancer cell lines (22, 74–80). In one study, the effect was shown 
to be specific to apoptotic cells, as necrotic cells had no effect 
(76). A strong parallel exists with wound healing in that the 
proliferative effect of apoptotic cells in both cancer and wound 
healing strongly depended on caspase-3-mediated activation 
of calcium-independent phospholipase A2 (iPLA2) and the 
iPLA2-mediated generation of prostaglandin E2 (PGE2; refs. 16, 
22, 52, 77, 78). An important consideration here is that, in these 
experimental studies, the number of apoptotic cells typically was 
very large in comparison to that of viable cells, with the ratio 
of apoptotic to viable cells varying from 20–50:1 to as much 
as 1,000–10,000:1 (22, 76–80). In one study, the precise ratio 
proved important, as the effect was found to be highly depend-
ent on apoptotic dose (80).

The later phases of wound healing involve extensive remod-
eling of the extracellular matrix (21, 81, 82). While the deposition 
and renovation of connective tissue is time-limited in wounds, 
eventually leading to the formation of a healed scar, the process 
is ongoing in tumors. Nevertheless, the genetic signatures of 
wounds and tumors—and, in particular, of TaMacs—are very 
similar, highlighting their many shared features (73–75, 81, 82). 
Among the categories of mutually expressed genes are proteinases 
and their regulators involved in the cleavage and restructuring of 
extracellular matrix components [metalloproteinase (MMP)-2, 
MMP-3, MMP-12, tissue inhibitor of MMP-2 (TIMP2), urokinase 
plasminogen activator], components of the extracellular matrix 
(fibronectin-1), and various cytokines regulating the activity and 
state of differentiation of fibroblasts, myofibroblasts, and other 
stromal cells (platelet derived growth factor, transforming growth 
factor-β, VEGF; refs. 73–75, 81, 82).

Antitumor therapies, of course, trigger massive cell death 
responses. While clearly an intended and vital outcome of 
therapy, the abrupt upsurge of cell death following radiation or 
chemotherapy is a double-edged sword, holding the potential to 
undermine the direct benefit of therapy by promoting the prolif-
eration of surviving tumor cells (22, 23, 77, 78). The repopulation 
of tumors following therapy may be compared to the compensa-
tory proliferation and organ regeneration observed in lower 
organisms following structural injury or amputation (67–69). In 
humans, the only organ with similar regenerative capacity is the 
liver (16). Many of the factors and signaling events involved in 
tumor repopulation mirror those driving organ regeneration in 
lower organisms as well as those promoting the pre-treatment 

growth and progression of tumors in mice and humans (22, 67–69, 
74–80, 104–106). For example, caspase-3-mediated cleavage of 
iPLA2, and the subsequent generation of PGE2, which has been 
shown to be important for the proliferative effect of apoptotic 
cells in wound healing and tumor growth, also play a critical role 
in liver regeneration (16) and tumor repopulation (22, 23, 77, 
78). The potential importance of this pathway in human cancer is 
highlighted by an association between elevated levels of caspase-3 
and several markers of tumor aggressiveness, including shortened 
survival, in a variety of cancers (22, 52).

In many ways, the role of apoptotic cells in tumor regeneration 
may be viewed as an exaggeration of their role in pre-treatment 
tumor growth and progression. Still, there may be several notable 
differences. For example, the massive increase of cell death after 
therapy shifts the proportions of live and dead cells, so that 
apoptotic cells almost certainly pass from a minority to a majority 
of cells. The extremely elevated ratios of apoptotic to viable cells 
used in most studies describing a proliferative effect of apoptotic 
cancer cells actually may reflect the post-therapy situation (22, 
76–80). Additionally, since therapy-induced death is not limited 
to cancerous cells, the bystander death of non-cancerous cells 
within the tumor’s microenvironment may have further deleteri-
ous consequences. It may be that the activities of cancerous and 
non-cancerous apoptotic cells differ. For example, apoptotic 
human umbilical vein endothelial cells (HUVEC) stimulated the 
growth in vitro of glioma cell lines; as with apoptotic cancer cells, 
the effect was linked to PGE2 released from apoptotic HUVEC 
(78). Similar results were obtained in vivo in murine models of 
fibrosarcoma and melanoma (107). Following therapy, tumors 
not only grew twice as fast but also became resistant to further 
radiation in mice whose endothelial cells were rendered more 
sensitive to radiation-induced apoptosis (107). Further, non-
cancerous cells need not die to have a profound impact on tumor 
repopulation (108, 109). Following chemotherapy, secreted fac-
tors produced by stressed stromal cells within the tumor’s micro-
environment, which have sustained sublethal DNA damage, may 
enhance tumorigenesis and promote resistance to future therapy. 
For example, transcripts of the Wnt family member, wingless-
type MMTV integration site family member 16 B (WNT16B), 
were increased approximately sixfold in prostate stroma after 
chemotherapy (109). Augmented expression of WNT16B within  
the prostate tumor microenvironment in vivo promoted cancer 
cell proliferation, migration, and tumor invasiveness, and attenu-
ated the effects of chemotherapy (109). While this study did not 
specifically address the role of apoptotic cells, the induction of 
WNT16B by genotoxic stress and the subsequent role of Wnt-
dependent signaling events in accelerated repopulation are 
reminiscent of the roles of apoptotic cells in organ regeneration 
and compensatory proliferation of lower multicellular organisms 
(67–69, 104–106).

immunity, Apoptosis, and Tumorigenesis
The impact of apoptotic cells in suppressing inflammatory 
responses (“Innate Apoptotic Immunity”) is well established 
(9–12, 18, 19). The contribution of inflammation appears to be 
critical in tumorigenesis, and the potential for apoptotic cell 
intervention on this level is obvious. A recent elegant series of 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


9

Ucker and Levine Apoptotic Cells Enhance Tumorigenesis

Frontiers in Immunology | www.frontiersin.org February 2018 | Volume 9 | Article 241

studies sheds particular light on the role of inflammation in 
tumor initiation in the context of the liver (110–114). The com-
bination of chronic inflammation and continuously increased 
rates of apoptotic hepatocellular death leads to the spontaneous 
development of hepatocellular carcinoma. While the liver may 
be unique in its susceptibility, perhaps because of its enormous 
regenerative capacity, abundant evidence supports a role for 
inflammation as an enabling feature of tumor development and as 
an essential characteristic of the tumor microenvironment (3, 4, 
74, 75, 98, 100). On the surface, it may appear difficult to reconcile 
ongoing inflammation with the known potent anti-inflammatory 
properties of apoptotic cells (9–11), especially as they are present 
in tumors in increased numbers (4, 24, 25). In the case of wounds, 
a plausible resolution is that macrophages recruited during the 
initial inflammatory phase start out in a classically activated state 
[M1 or M(IFN- γ/LPS)] state, but, under the influence of apoptotic cells 
and other factors, they eventually transition to an alternatively 
activated M2-like state. Given that tumors “never heal,” it may 
be that pro- and anti-inflammatory forces are each continuously 
and potently present within tumors, and that their continuous 
opposition helps to explain the lack of a clear state of polarization 
among TaMacs (4, 73–75, 98–101).

While robust adaptive immunity certainly can function effec-
tively against established tumors (as demonstrated dramatically 
with the recent success of T cell stimulatory treatments targeting 
so-called checkpoint inhibitors [such as PD-1 and its ligands]; 
ref. 115), the role of adaptive immunity normally in tumorigenic 
initiation and propagation is less well-defined. A plethora of 
studies spanning almost the entirety of the field of tumor immu-
nology has led to the striking axiom that tumors, generally, are 
poorly immunogenic, eliciting feeble immune responses. The 
abundant presence of anti-inflammatory apoptotic cells within 
a tumor gives rise to the notion that apoptotic tumor cells may 
be responsible for triggering tumor-specific immunosuppression. 
However, in contrast to their well-described suppression of innate 
immune responses, the effects of apoptotic cells on adaptive 
immune responses are uncertain, even in the non-tumorigenic 
setting (116). Further, it is not clear whether a common basis 
exists for the poor immunogenicity of tumors. This might reflect 
a deficit in antigen presentation, a failure to activate antigen-
specific T  lymphocyte responders (for example due to a defect 
in co-stimulation), and/or the stimulation of antigen-specific 
inhibitory (e.g., T-regulatory) cells.

Under experimental conditions (especially in vitro), it is clear 
that apoptotic tumor cells can be a source of antigen and elicit 
antigen-specific T  cell responses (116). Whether this is mean-
ingful physiologically, and what the relative potency of apoptotic 
immunostimulatory activity might be, remains unresolved, 
although other work suggests that non-apoptotic corpses may 
be more immunogenic (117, 118). It is worth noting that, in 
cases in which apoptotic immunostimulatory activity has been 
observed, those apoptotic cells also have provided an innate 
immune stimulus (due to viral infection; refs. 119, 120). On 
the other hand, compelling data indicating that apoptotic cells 
interfere with the process of antigen presentation or skew T cell 
responses toward a regulatory phenotype are lacking, and the 
possibility that co-stimulatory molecule expression is modulated 

by apoptotic cells is contentious. Published studies have vari-
ously reported that the expression of one or more co-stimulatory 
molecules (CD40, C80, and CD86) is diminished, increased, or 
unaltered (118, 121–123).

Perhaps the most parsimonious view is that, within the tumor 
microenvironment, the preponderance of apoptotic cells, which 
shift TaMacs away from a classically activated profile and toward 
an alternatively activated one, has the potential to attenuate 
inflammatory responsiveness generally. In this context, requisite 
innate immune triggers for adaptive immune responsiveness may 
be insufficient. This perspective also suggests that the paradig-
matic conviction that the tumor microenvironment is frankly 
pro-inflammatory may be in need of re-evaluation.

OPeN QUeSTiONS FOR iNveSTigATiON

Our discussion of the multifaceted effects of apoptotic cells on 
tumors rests on the recognition of the unique and ongoing place 
of apoptotic cells in the tumor microenvironment. Implicit in 
our discussion is the assumption that the potent postmortem 
regulatory activities of apoptotic cells are comparable between 
transformed and non-transformed apoptotic cells. This, how-
ever, remains to be tested experimentally, not only in terms of 
the apoptotic cells eliciting a response, but also in terms of the 
responding cells themselves. In particular, the possibility exists 
that subtle differences distinguish the postmortem activities of 
transformed and non-transformed apoptotic cells. Similarly, 
it remains to be explored whether subtle differences also dis-
tinguish the repertoire of responses of viable transformed and 
non-transformed cells to apoptotic ones. We have noted that 
apoptotic cells modulate multiple vital cell activities of untrans-
formed cells, including their survival, proliferation, and growth, 
but that no evidence exists for the apoptotic modulation of the 
cancer hallmark of replicative immortality. This is an interesting 
issue for exploration.

Just as apoptosis is ongoing throughout the life of a tumor, 
so too is inflammation. We have suggested that the preponder-
ance of apoptotic cells in the tumor microenvironment may shift 
subtly its balance away from a pro-inflammatory one. While our 
understanding of the anti-inflammatory, homeostatic effect of 
apoptotic cells is best contextualized in terms of wound healing, 
there are important differences between healing wounds and 
tumors. For example, what are the long-term consequences of an 
“unhealing” tumor for apoptotic modulation? Might the resolv-
ing activity of apoptotic cells eventually become “exhausted” in 
this setting?

The basis of the insubstantial immunogenicity of tumors 
remains puzzling and is a critical issue for resolution. Certainly, 
the state of inflammation within the tumor microenvironment, 
and the question of whether apoptotic suppression of innate 
immune responsiveness is the basis of adaptive immune unre-
sponsiveness, must be major considerations. A direct evaluation 
of the efficacy with which antigen-specific T  cell responses 
(including cross-primed responses) are elicited by apoptotic 
tumor cells, as compared with other dead tumor cell forms, is 
urgently needed. In addition, it is important to know whether 
apoptotic modulation of adaptive immune responsiveness, like 
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that of innate immune responsiveness, is manifest in a dominant 
manner.

While apoptosis is the primary mechanism by which cells die 
physiologically and, as we have discussed, is ongoing throughout 
tumor life, other forms of cell death can occur as well. Notably, 
and especially post-chemotherapy, this may include “immuno-
genic cell death” (6, 66). Cells dying in that way, in contrast to 
typical immunosuppressive apoptosis on which we have focused, 
can elicit immune responses. It will be interesting to consider the 
postmortem effects of those non-immunosuppressive cell death 
forms and the roles that they play in tumorigenesis.

AUTHOR CONTRiBUTiONS

DU and JL collaborated on the thesis of this review article, and 
wrote it together.

FUNDiNg

This work was supported in part by an NIH/NIA grant 
(AG029633) to DU and by institutional funds from Dr. José A. 
Arruda and the Section of Nephrology, University of Illinois at 
Chicago, to JL.

ReFeReNCeS

1. Evan GI, Vousden KH. Proliferation, cell cycle and apoptosis in cancer. 
Nature (2001) 411:342–8. doi:10.1038/35077213 

2. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell (2000) 100:57–70. 
doi:10.1016/S0092-8674(00)81683-9 

3. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell 
(2011) 144:646–74. doi:10.1016/j.cell.2011.02.013 

4. Gregory CD, Ford CA, Voss JJLP. Microenvironmental effects of cell death 
in malignant disease. Adv Exp Med Biol (2016) 930:51–88. doi:10.1007/ 
978-3-319-39406-0_3 

5. Peter C, Wesselborg S, Herrmann M, Lauber K. Dangerous attraction: phago-
cyte recruitment and danger signals of apoptotic and necrotic cells. Apoptosis 
(2010) 15:1007–28. doi:10.1007/s10495-010-0472-1 

6. Zitvogel L, Kepp O, Kroemer G. Decoding cell death signals in inflammation 
and immunity. Cell (2010) 140:798–804. doi:10.1016/j.cell.2010.02.015 

7. Hochreiter-Hufford A, Ravichandran KS. Clearing the dead: apoptotic cell 
sensing, recognition, engulfment, and digestion. Cold Spring Harb Perspect 
Biol (2013) 5:a008748. doi:10.1101/cshperspect.a008748 

8. Medina CB, Ravichandran KS. Do not let death do us part: ‘find-me’ signals 
in communication between dying cells and the phagocytes. Cell Death Differ 
(2016) 23:979–89. doi:10.1038/cdd.2016.13 

9. Voll RE, Herrmann M, Roth EA, Stach C, Kalden JR, Girkontaite I. 
Immunosuppressive effects of apoptotic cells. Nature (1997) 390:350–1. 
doi:10.1038/37022 

10. Fadok VA, Bratton DL, Konowal A, Freed PW, Westcott JY, Henson PM. 
Macrophages that have ingested apoptotic cells in vitro inhibit proinflamma-
tory cytokine production through autocrine/paracrine mechanisms involving 
TGF-β, PGE2, and PAF. J Clin Invest (1998) 101:890–8. doi:10.1172/JCI1112 

11. Cvetanovic M, Ucker DS. Innate immune discrimination of apoptotic 
cells: repression of proinflammatory macrophage transcription is coupled 
directly to specific recognition. J Immunol (2004) 172:880–9. doi:10.4049/
jimmunol.172.2.880 

12. Ucker DS. Innate apoptotic immunity: a potent immunosuppressive 
response repertoire elicited by specific apoptotic cell recognition. In: Krysko 
DV, Vandenabeele P, editors. Phagocytosis of Dying Cells: From Molecular 
Mechanisms to Human Diseases. Berlin, NY: Springer (2009). p. 163–87.

13. Reddy SM, Hsiao KH, Abernethy VE, Fan H, Longacre A, Lieberthal W, 
et al. Phagocytosis of apoptotic cells by macrophages induces novel signaling 
events leading to cytokine-independent survival and inhibition of prolifera-
tion: activation of Akt and inhibition of extracellular signal-regulated kinases 
1 and 2. J Immunol (2002) 169:702–13. doi:10.4049/jimmunol.169.2.702 

14. Patel VA, Lee DJ, Feng L, Antoni A, Lieberthal W, Schwartz JH, et  al. 
Recognition of apoptotic cells by epithelial cells: conserved versus tissue- 
specific signaling responses. J Biol Chem (2010) 285:1829–40. doi:10.1074/
jbc.M109.018440 

15. Patel VA, Feng L, Lee DJ, Massenburg D, Pattabiraman G, Antoni A, et al. 
Recognition-dependent signaling events in response to apoptotic targets 
inhibit epithelial cell viability by multiple mechanisms: implications for 
non-immune tissue homeostasis. J Biol Chem (2012) 287:13761–77. 
doi:10.1074/jbc.M112.350843 

16. Li F, Huang Q, Chen J, Peng Y, Roop DR, Bedford JS, et al. Apoptotic cells 
activate the “phoenix rising” pathway to promote wound healing and tissue 
regeneration. Sci Signal (2010) 3:ra13. doi:10.1126/scisignal.2000634 

17. Patel VA, Massenburg D, Vujicic S, Feng L, Tang M, Litbarg N, et al. Apoptotic 
cells activate AMP-activated protein kinase (AMPK) and inhibit epithelial 
cell growth without change in intracellular energy stores. J Biol Chem (2015) 
290:22352–69. doi:10.1074/jbc.M115.667345 

18. Cvetanovic M, Mitchell JE, Patel V, Avner BS, Su Y, van der Saag PT, et al. 
Specific recognition of apoptotic cells reveals a ubiquitous and unconven-
tional innate immunity. J Biol Chem (2006) 281:20055–67. doi:10.1074/jbc.
M603920200 

19. Birge RB, Ucker DS. Innate apoptotic immunity: the calming touch of death. 
Cell Death Differ (2008) 15:1096–102. doi:10.1038/cdd.2008.58 

20. Weihua Z, Tsan R, Schroit AJ, Fidler IJ. Apoptotic cells initiate endothelial 
cell sprouting via electrostatic signaling. Cancer Res (2005) 65:11529–35. 
doi:10.1158/0008-5472.CAN-05-2718 

21. Dvorak HF. Tumors: wounds that do not heal. Similarities between tumor 
stroma generation and wound healing. N Engl J Med (1986) 315:1650–9. 
doi:10.1056/NEJM198612253152606 

22. Huang Q, Li F, Liu X, Li W, Shi W, Liu F-F, et al. Caspase 3-mediated stimula-
tion of tumor cell repopulation during cancer radiotherapy. Nat Med (2011) 
17:860–6. doi:10.1038/nm.2385 

23. Lauber K, Munoz LE, Berens C, Jendrossek V, Belka C, Herrmann M. 
Apoptosis induction and tumor cell repopulation: the yin and yang of radio-
therapy. Radiat Oncol (2011) 6:176. doi:10.1186/1748-717X-6-176 

24. Egeblad M, Nakasone ES, Werb Z. Tumors as organs: complex tissues that 
interface with the entire organism. Dev Cell (2010) 18:884–901. doi:10.1016/j.
devcel.2010.05.012 

25. Yaacoub K, Pedeux R, Tarte K, Guillaudeux T. Role of the tumor microenvi-
ronment in regulating apoptosis and cancer progression. Cancer Lett (2016) 
378:150–9. doi:10.1016/j.canlet.2016.05.012 

26. Ucker DS. Exploiting death: apoptotic immunity in microbial pathogenesis. 
Cell Death Differ (2016) 23:990–6. doi:10.1038/cdd.2016.17 

27. Merrick JC, Edelson BT, Bhardwaj V, Swanson PE, Unanue ER. Lymphocyte 
apoptosis during early phase of Listeria infection in mice. Am J Pathol (1997) 
151:785–92. 

28. Edelson BT, Bradstreet TR, Hildner K, Carrero JA, Frederick KE, Kc W, et al. 
CD8α+ dendritic cells are an obligate cellular entry point for productive infec-
tion by Listeria monocytogenes. Immunity (2011) 35:236–48. doi:10.1016/j.
immuni.2011.06.012 

29. Pattabiraman G, Palasiewicz K, Visvabharathy L, Freitag NE, Ucker DS. 
Apoptotic cells enhance pathogenesis of Listeria monocytogenes. Microb 
Pathog (2017) 105:218–25. doi:10.1016/j.micpath.2017.02.036 

30. Carrero JA, Calderon B, Unanue ER. Lymphocytes are detrimental during 
the early innate immune response against Listeria monocytogenes. J Exp Med 
(2006) 203:933–40. doi:10.1084/jem.20060045 

31. Hotchkiss RS, Chang KC, Grayson MH, Tinsley KW, Dunne BS, Davis CG, 
et al. Adoptive transfer of apoptotic splenocytes worsens survival, whereas 
adoptive transfer of necrotic splenocytes improves survival in sepsis. Proc 
Natl Acad Sci U S A (2003) 100:6724–9. doi:10.1073/pnas.1031788100 

32. Hotchkiss RS, McConnell KW, Bullok K, Davis CG, Chang KC, Schwulst SJ,  
et  al. TAT-BH4 and TAT-Bcl-xL peptides protect against sepsis-induced 
lymphocyte apoptosis in  vivo. J Immunol (2006) 176:5471–7. doi:10.4049/
jimmunol.176.9.5471 

33. Auerbuch V, Brockstedt DG, Meyer-Morse N, O’Riordan M, Portnoy DA. 
Mice lacking the type I interferon receptor are resistant to Listeria monocyto-
genes. J Exp Med (2004) 200:527–33. doi:10.1084/jem.20040976 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/35077213
https://doi.org/10.1016/S0092-8674(00)81683-9
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1007/
978-3-319-39406-0_3
https://doi.org/10.1007/
978-3-319-39406-0_3
https://doi.org/10.1007/s10495-010-0472-1
https://doi.org/10.1016/j.cell.2010.02.015
https://doi.org/10.1101/cshperspect.a008748
https://doi.org/10.1038/cdd.2016.13
https://doi.org/10.1038/37022
https://doi.org/10.1172/JCI1112
https://doi.org/10.4049/jimmunol.172.2.880
https://doi.org/10.4049/jimmunol.172.2.880
https://doi.org/10.4049/jimmunol.169.2.702
https://doi.org/10.1074/jbc.M109.018440
https://doi.org/10.1074/jbc.M109.018440
https://doi.org/10.1074/jbc.M112.350843
https://doi.org/10.1126/scisignal.2000634
https://doi.org/10.1074/jbc.M115.667345
https://doi.org/10.1074/jbc.M603920200
https://doi.org/10.1074/jbc.M603920200
https://doi.org/10.1038/cdd.2008.58
https://doi.org/10.1158/0008-5472.CAN-05-2718
https://doi.org/10.1056/NEJM198612253152606
https://doi.org/10.1038/nm.2385
https://doi.org/10.1186/1748-717X-6-176
https://doi.org/10.1016/j.devcel.2010.05.012
https://doi.org/10.1016/j.devcel.2010.05.012
https://doi.org/10.1016/j.canlet.2016.05.012
https://doi.org/10.1038/cdd.2016.17
https://doi.org/10.1016/j.immuni.2011.06.012
https://doi.org/10.1016/j.immuni.2011.06.012
https://doi.org/10.1016/j.micpath.2017.02.036
https://doi.org/10.1084/jem.20060045
https://doi.org/10.1073/pnas.1031788100
https://doi.org/10.4049/jimmunol.176.9.5471
https://doi.org/10.4049/jimmunol.176.9.5471
https://doi.org/10.1084/jem.20040976


11

Ucker and Levine Apoptotic Cells Enhance Tumorigenesis

Frontiers in Immunology | www.frontiersin.org February 2018 | Volume 9 | Article 241

34. Carrero JA, Calderon B, Unanue ER. Type I interferon sensitizes lymphocytes 
to apoptosis and reduces resistance to Listeria infection. J Exp Med (2004) 
200:535–40. doi:10.1084/jem.20040769 

35. O’Connell RM, Saha SK, Vaidya SA, Bruhn KW, Miranda GA, Zarnegar B, 
et al. Type I interferon production enhances susceptibility to Listeria monocy-
togenes infection. J Exp Med (2004) 200:437–45. doi:10.1084/jem.20040712 

36. Carrero JA, Calderon B, Unanue ER. Listeriolysin O from Listeria monocyto-
genes is a lymphocyte apoptogenic molecule. J Immunol (2004) 172:4866–74. 
doi:10.4049/jimmunol.172.8.4866 

37. Leoncini L, Del Vecchio MT, Megha T, Barbini P, Galieni P, Pileri S, et al. 
Correlations between apoptotic and proliferative indices in malignant 
non-Hodgkin’s lymphomas. Am J Pathol (1993) 142:755–63. 

38. Spina D, Leoncini L, Del Vecchio MT, Megha T, Minacci C, Poggi SA, et al. 
Low versus high cell turnover in diffusely growing non-Hodgkin’s lympho-
mas. J Pathol (1995) 177:335–41. doi:10.1002/path.1711770403 

39. Sun B, Sun Y, Wang J, Zhao X, Wang X, Hao X. Extent, relationship and prog-
nostic significance of apoptosis and cell proliferation in synovial sarcoma. Eur 
J Cancer Prev (2006) 15:258–65. doi:10.1097/01.cej.0000198896.02185.68 

40. Naresh KN, Lakshminarayanan K, Pai SA, Borges AM. Apoptosis index 
is a predictor of metastatic phenotype in patients with early stage squa-
mous carcinoma of the tongue: a hypothesis to support this paradoxical 
association. Cancer (2001) 91:578–84. doi:10.1002/1097-0142(20010201) 
91:3<578::AID-CNCR1037>3.0.CO;2-W 

41. Ohbu M, Saegusa M, Okayasu I. Apoptosis and cellular proliferation in 
oesophageal squamous cell carcinomas: differences between keratinizing 
and nonkeratinizing types. Virchows Arch (1995) 427:271–6. doi:10.1007/
BF00203394 

42. Jalali Nadoushan MR, Peivareh H, Azizzadeh Delshad A. Correlation 
between apoptosis and histological grade of transitional cell carcinoma of 
urinary bladder. Urol J (2004) 1:177–9. doi:10.22037/uj.v1i3.314

43. Lipponen PK, Aaltomaa S. Apoptosis in bladder cancer as related to standard 
prognostic factors and prognosis. J Pathol (1994) 173:333–9. doi:10.1002/
path.1711730408 

44. Lipponen P, Aaltomaa S, Kosma VM, Syrjänen K. Apoptosis in breast cancer 
as related to histopathological characteristics and prognosis. Eur J Cancer 
(1994) 30A:2068–73. doi:10.1016/0959-8049(94)00342-3 

45. Zhang G-J, Kimijima I, Abe R, Watanabe T, Kanno M, Hara K, et al. Apoptotic 
index correlates to bcl-2 and p53 protein expression, histological grade and 
prognosis in invasive breast cancers. Anticancer Res (1998) 18:1989–98. 

46. Vakkala M, Lähteenmäki K, Raunio H, Pääkkö P, Soini Y. Apoptosis during 
breast carcinoma progression. Clin Cancer Res (1999) 5:319–24. 

47. Heatley MK. Association between the apoptotic index and established prog-
nostic parameters in endometrial adenocarcinoma. Histopathology (1995) 
27:469–72. doi:10.1111/j.1365-2559.1995.tb00312.x 

48. Aihara M, Scardino PT, Truong LD, Wheeler TM, Goad JR, Yang G, et al. 
The frequency of apoptosis correlates with the prognosis of Gleason Grade 3 
adenocarcinoma of the prostate. Cancer (1995) 75:522–9. doi:10.1002/1097-
0142(19950115)75:2<522::AID-CNCR2820750215>3.0.CO;2-W 

49. Stapleton AMF, Zbell P, Kattan MW, Yang G, Wheeler TM, Scardino PT, 
et al. Assessment of the biologic markers p53, Ki-67, and apoptotic index as 
predictive indicators of prostate carcinoma recurrence after surgery. Cancer 
(1998) 82:168–75. doi:10.1002/(SICI)1097-0142(19980101)82:1<168:: 
AID-CNCR21>3.0.CO;2-# 

50. Levine EL, Renehan A, Gossiel R, Davidson SE, Roberts SA, Chadwick C,  
et  al. Apoptosis, intrinsic radiosensitivity and prediction of radiother-
apy response in cervical carcinoma. Radiother Oncol (1995) 37:1–9. 
doi:10.1016/0167-8140(95)01622-N 

51. Tsang RW, Wong CS, Fyles AW, Levin W, Manchul LA, Milosevic M, et al. 
Tumour proliferation and apoptosis in human uterine cervix carcinoma 
II: correlations with clinical outcome. Radiother Oncol (1999) 50:93–101. 
doi:10.1016/S0167-8140(98)00119-4 

52. Hu Q, Peng J, Liu W, He X, Cui L, Chen X, et al. Elevated cleaved caspase-3 is 
associated with shortened overall survival in several cancer types. Int J Clin 
Exp Pathol (2014) 7:5057–70. 

53. Hindermann W, Berndt A, Wunderlich H, Katenkamp D, Kosmehl H.  
Quantitative evaluation of apoptosis and proliferation in renal cell carci-
noma. Correlation to tumor subtype, cytological grade according to thoenes- 
classification and the occurrence of metastasis. Pathol Res Pract (1997) 
193:1–7. doi:10.1016/S0344-0338(97)80088-X 

54. Kasagi N, Gomyo Y, Shirai H, Tsujitani S, Ito H. Apoptotic cell death in 
human gastric carcinoma: analysis by terminal deoxynucleotidyl transferase- 
mediated dUTP-biotin nick end labeling. Jpn J Cancer Res (1994) 85:939–45. 
doi:10.1111/j.1349-7006.1994.tb02972.x 

55. Ito Y, Matsuura N, Sakon M, Takeda T, Umeshita K, Nagano H, et al. Both 
cell proliferation and apoptosis significantly predict shortened disease-free 
survival in hepatocellular carcinoma. Br J Cancer (1999) 81:747–51. 
doi:10.1038/sj.bjc.6690758 

56. McMenamin ME, O’Neill AJ, Gaffney EF. Extent of apoptosis in ovarian 
serous carcinoma: relation to mitotic and proliferative indices, p53 expres-
sion, and survival. Mol Pathol (1997) 50:242–6. doi:10.1136/mp.50.5.242 

57. Hirvikoski P, Kumpulainen E, Virtaniemi J, Pirinen R, Salmi L,  
Halonen P, et al. Enhanced apoptosis correlates with poor survival in patients 
with laryngeal cancer but not with cell proliferation, bcl-2 or p53 expression. 
Eur J Cancer (1999) 35:231–7. doi:10.1016/S0959-8049(98)00347-5 

58. Ariel A, Fredman G, Sun Y-P, Kantarci A, Van Dyke TE, Luster AD, et al. 
Apoptotic neutrophils and T  cells sequester chemokines during immune 
response resolution through modulation of CCR5 expression. Nat Immunol 
(2006) 7:1209–16. doi:10.1038/ni1392 

59. Zernecke A, Bidzhekov K, Noels H, Shagdarsuren E, Gan L, Denecke B, et al. 
Delivery of microRNA-126 by apoptotic bodies induces CXCL12-dependent 
vascular protection. Sci Signal (2009) 2:ra81. doi:10.1126/scisignal. 
2000610 

60. Castellana D, Zobairi F, Martinez MC, Panaro MA, Mitolo V, Freyssinet J-M, 
et al. Membrane microvesicles as actors in the establishment of a favorable 
prostatic tumoral niche: a role for activated fibroblasts and CX3CL1-CX3CR1 
axis. Cancer Res (2009) 69:785–93. doi:10.1158/0008-5472.CAN-08-1946 

61. Lopatina T, Gai C, Deregibus MC, Kholia S, Camussi G. Cross talk between 
cancer and mesenchymal stem cells through extracellular vesicles carrying 
nucleic acids. Front Oncol (2016) 6:125. doi:10.3389/fonc.2016.00125 

62. Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles, and 
friends. J Cell Biol (2013) 200:373–83. doi:10.1083/jcb.201211138 

63. Parnaik R, Raff MC, Scholes J. Differences between the clearance of apoptotic 
cells by professional and non- professional phagocytes. Curr Biol (2000) 
10:857–60. doi:10.1016/S0960-9822(00)00598-4 

64. Devitt A, Marshall LJ. The innate immune system and the clearance of apop-
totic cells. J Leukoc Biol (2011) 90:447–57. doi:10.1189/jlb.0211095 

65. Krysko DV, Denecker G, Festjens N, Gabriels S, Parthoens E, D’Herde K, 
et al. Macrophages use different internalization mechanisms to clear apop-
totic and necrotic cells. Cell Death Differ (2006) 13:2011–22. doi:10.1038/
sj.cdd.4401900 

66. Obeid M, Tesniere A, Ghiringhelli F, Fimia GM, Apetoh L, Perfettini J-L, 
et al. Calreticulin exposure dictates the immunogenicity of cancer cell death. 
Nat Med (2007) 13:54–61. doi:10.1038/nm1523 

67. Bergmann A, Steller H. Apoptosis, stem cells, and tissue regeneration. Sci 
Signal (2010) 3:re8. doi:10.1126/scisignal.3145re8 

68. Suzanne M, Steller H. Shaping organisms with apoptosis. Cell Death Differ 
(2013) 20:669–75. doi:10.1038/cdd.2013.11 

69. King RS, Newmark PA. The cell biology of regeneration. J Cell Biol (2012) 
196:553–62. doi:10.1083/jcb.201105099 

70. Esmann L, Idel C, Sarkar A, Hellberg L, Behnen M, Möller S, et al. Phagocytosis 
of apoptotic cells by neutrophil granulocytes: diminished proinflammatory 
neutrophil functions in the presence of apoptotic cells. J Immunol (2010) 
184:391–400. doi:10.4049/jimmunol.0900564 

71. Bournazou I, Pound JD, Duffin R, Bournazos S, Melville LA, Brown SB, 
et al. Apoptotic human cells inhibit migration of granulocytes via release of 
lactoferrin. J Clin Invest (2009) 119:20–32. doi:10.1172/JCI36226 

72. Flavahan WA, Gaskell E, Bernstein BE. Epigenetic plasticity and the 
hallmarks of cancer. Science (2017) 357:eaal2380. doi:10.1126/science. 
aal2380 

73. Colegio OR, Chu N-Q, Szabo AL, Chu T, Rhebergen AM, Jairam V, et al. 
Functional polarization of tumour-associated macrophages by tumour- 
derived lactic acid. Nature (2014) 513:559–63. doi:10.1038/nature13490 

74. Ford CA, Petrova S, Pound JD, Voss JJLP, Melville L, Paterson M, et  al. 
Oncogenic properties of apoptotic tumor cells in aggressive B cell lymphoma. 
Curr Biol (2015) 25:577–88. doi:10.1016/j.cub.2014.12.059 

75. Voss JJLP, Ford CA, Petrova S, Melville L, Paterson M, Pound JD, et  al. 
Modulation of macrophage antitumor potential by apoptotic lymphoma 
cells. Cell Death Differ (2017) 24:971–83. doi:10.1038/cdd.2016.132 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1084/jem.20040769
https://doi.org/10.1084/jem.20040712
https://doi.org/10.4049/jimmunol.172.8.4866
https://doi.org/10.1002/path.1711770403
https://doi.org/10.1097/01.cej.0000198896.02185.68
https://doi.org/10.1002/1097-0142(20010201)
91:3 < 578::AID-CNCR1037 > 3.0.CO;2-W
https://doi.org/10.1002/1097-0142(20010201)
91:3 < 578::AID-CNCR1037 > 3.0.CO;2-W
https://doi.org/10.1007/BF00203394
https://doi.org/10.1007/BF00203394
https://doi.org/10.22037/uj.v1i3.314
https://doi.org/10.1002/path.1711730408
https://doi.org/10.1002/path.1711730408
https://doi.org/10.1016/0959-8049(94)00342-3
https://doi.org/10.1111/j.1365-2559.1995.tb00312.x
https://doi.org/10.1002/1097-0142(19950115)75:2 < 522::AID-CNCR2820750215 > 3.0.CO;2-W
https://doi.org/10.1002/1097-0142(19950115)75:2 < 522::AID-CNCR2820750215 > 3.0.CO;2-W
https://doi.org/10.1002/(SICI)1097-0142(19980101)82:1 < 168::
AID-CNCR21 > 3.0.CO;2-#
https://doi.org/10.1002/(SICI)1097-0142(19980101)82:1 < 168::
AID-CNCR21 > 3.0.CO;2-#
https://doi.org/10.1016/0167-8140(95)01622-N
https://doi.org/10.1016/S0167-8140(98)00119-4
https://doi.org/10.1016/S0344-0338(97)80088-X
https://doi.org/10.1111/j.1349-7006.1994.tb02972.x
https://doi.org/10.1038/sj.bjc.6690758
https://doi.org/10.1136/mp.50.5.242
https://doi.org/10.1016/S0959-8049(98)00347-5
https://doi.org/10.1038/ni1392
https://doi.org/10.1126/scisignal.
2000610
https://doi.org/10.1126/scisignal.
2000610
https://doi.org/10.1158/0008-5472.CAN-08-1946
https://doi.org/10.3389/fonc.2016.00125
https://doi.org/10.1083/jcb.201211138
https://doi.org/10.1016/S0960-9822(00)00598-4
https://doi.org/10.1189/jlb.0211095
https://doi.org/10.1038/sj.cdd.4401900
https://doi.org/10.1038/sj.cdd.4401900
https://doi.org/10.1038/nm1523
https://doi.org/10.1126/scisignal.3145re8
https://doi.org/10.1038/cdd.2013.11
https://doi.org/10.1083/jcb.201105099
https://doi.org/10.4049/jimmunol.0900564
https://doi.org/10.1172/JCI36226
https://doi.org/10.1126/science.
aal2380
https://doi.org/10.1126/science.
aal2380
https://doi.org/10.1038/nature13490
https://doi.org/10.1016/j.cub.2014.12.059
https://doi.org/10.1038/cdd.2016.132


12

Ucker and Levine Apoptotic Cells Enhance Tumorigenesis

Frontiers in Immunology | www.frontiersin.org February 2018 | Volume 9 | Article 241

76. Reiter I, Krammer B, Schwamberger G. Differential effect of apoptotic versus 
necrotic tumor cells on macrophage antitumor activities. J Immunol (1999) 
163:1730–2. 

77. Donato AL, Huang Q, Liu X, Li F, Zimmerman MA, Li C-Y. Caspase 3 pro-
motes surviving melanoma tumor cell growth after cytotoxic therapy. J Invest 
Dermatol (2014) 134:1686–92. doi:10.1038/jid.2014.18 

78. Mao P, Smith L, Xie W, Wang M. Dying endothelial cells stimulate prolifera-
tion of malignant glioma cells via a caspase 3-mediated pathway. Oncol Lett 
(2013) 5:1615–20. doi:10.3892/ol.2013.1223 

79. Révész L. Effect of tumour cells killed by x-rays upon the growth of admixed 
viable cells. Nature (1956) 178:1391–2. doi:10.1038/1781391a0 

80. Chaurio R, Janko C, Schorn C, Maueröder C, Bilyy R, Gaipl U, et al. UVB-
irradiated apoptotic cells induce accelerated growth of co-implanted viable 
tumor cells in immune competent mice. Autoimmunity (2013) 46:317–22. d
oi:10.3109/08916934.2012.754433 

81. Schäfer M, Werner S. Cancer as an overhealing wound: an old hypothesis 
revisited. Nat Rev Mol Cell Biol (2008) 9:628–38. doi:10.1038/nrm2455 

82. Byun JS, Gardner K. Wounds that will not heal: pervasive cellular repro-
gramming in cancer. Am J Pathol (2013) 182:1055–64. doi:10.1016/j.ajpath. 
2013.01.009 

83. Fadok VA, Voelker DR, Campbell PA, Cohen JJ, Bratton DL, Henson PM. 
Exposure of phosphatidylserine on the surface of apoptotic lymphocytes 
triggers specific recognition and removal by macrophages. J Immunol (1992) 
148:2207–16. 

84. Wang J, Kwaan HC. The pathogenetic role of apoptosis in hypercoagulable 
states. Hematology (2001) 6:143–52. doi:10.1080/10245332.2001.11746565 

85. Muhsin-Sharafaldine M-R, Kennedy BR, Saunderson SC, Buchanan CR, 
Dunn AC, Faed JM, et al. Mechanistic insight into the procoagulant activity of 
tumor-derived apoptotic vesicles. Biochim Biophys Acta (2017) 1861:286–95. 
doi:10.1016/j.bbagen.2016.11.020 

86. Taraseviciene-Stewart L, Kasahara Y, Alger L, Hirth P, Mc Mahon G, 
Waltenberger J, et  al. Inhibition of the VEGF receptor 2 combined with 
chronic hypoxia causes cell death-dependent pulmonary endothelial cell 
proliferation and severe pulmonary hypertension. FASEB J (2001) 15:427–38. 
doi:10.1096/fj.00-0343com 

87. Golpon HA, Fadok VA, Taraseviciene-Stewart L, Scerbavicius R, Sauer C,  
Welte T, et  al. Life after corpse engulfment: phagocytosis of apoptotic 
cells leads to VEGF secretion and cell growth. FASEB J (2004) 18:1716–8. 
doi:10.1096/fj.04-1853fje 

88. Lentz BR. Exposure of platelet membrane phosphatidylserine regulates 
blood coagulation. Prog Lipid Res (2003) 42:423–38. doi:10.1016/S0163- 
7827(03)00025-0 

89. Andersen JP, Vestergaard AL, Mikkelsen SA, Mogensen LS, Chalat M, 
Molday RS. P4-ATPases as phospholipid flippases—structure, function,  
and enigmas. Front Physiol (2016) 7:275. doi:10.3389/fphys.2016.00275 

90. Suzuki J, Denning DP, Imanishi E, Horvitz HR, Nagata S. Xk-related protein 
8 and CED-8 promote phosphatidylserine exposure in apoptotic cells.  
Science (2013) 341:403–6. doi:10.1126/science.1236758 

91. Segawa K, Kurata S, Nagata S. Human type IV P-type ATPases that work 
as plasma membrane phospholipid flippases and their regulation by caspase 
and calcium. J Biol Chem (2016) 291:762–72. doi:10.1074/jbc.M115. 
690727 

92. Rothlin CV, Carrera-Silva EA, Bosurgi L, Ghosh S. TAM receptor signaling 
in immune homeostasis. Annu Rev Immunol (2015) 33:355–91. doi:10.1146/
annurev-immunol-032414-112103 

93. Graham DK, DeRyckere D, Davies KD, Earp HS. The TAM family: phospha-
tidylserine sensing receptor tyrosine kinases gone awry in cancer. Nat Rev 
Cancer (2014) 14:769–85. doi:10.1038/nrc3847 

94. Rothlin CV, Ghosh S, Zuniga EI, Oldstone MB, Lemke G. TAM receptors 
are pleiotropic inhibitors of the innate immune response. Cell (2007) 
131:1124–36. doi:10.1016/j.cell.2007.10.034 

95. Linger RM, Keating AK, Earp HS, Graham DK. TAM receptor tyrosine 
kinases: biologic functions, signaling, and potential therapeutic target-
ing in human cancer. Adv Cancer Res (2008) 100:35–83. doi:10.1016/
S0065-230X(08)00002-X 

96. Cocco RE, Ucker DS. Distinct modes of macrophage recognition for apop-
totic and necrotic cells are not specified exclusively by phosphatidylserine 
exposure. Mol Biol Cell (2001) 12:919–30. doi:10.1091/mbc.12.4.919 

97. Ucker DS, Jain MR, Pattabiraman G, Palasiewicz K, Birge RB, Li H. 
Externalized glycolytic enzymes are novel, conserved, and early biomarkers  
of apoptosis. J Biol Chem (2012) 287:10325–43. doi:10.1074/jbc.M111.314971 

98. Mantovani A, Sica A. Macrophages, innate immunity and cancer: balance, 
tolerance, and diversity. Curr Opin Immunol (2010) 22:231–7. doi:10.1016/j.
coi.2010.01.009 

99. Noy R, Pollard JW. Tumor-associated macrophages: from mechanisms to 
therapy. Immunity (2014) 41:49–61. doi:10.1016/j.immuni.2014.06.010 

100. Mantovani A, Allavena P. The interaction of anticancer therapies with 
tumor-associated macrophages. J Exp Med (2015) 212:435–45. doi:10.1084/
jem.20150295 

101. Franklin RA, Liao W, Sarkar A, Kim MV, Bivona MR, Liu K, et al. The cel-
lular and molecular origin of tumor-associated macrophages. Science (2014) 
344:921–5. doi:10.1126/science.1252510 

102. Soki FN, Koh AJ, Jones JD, Kim YW, Dai J, Keller ET, et al. Polarization of 
prostate cancer-associated macrophages is induced by milk fat globule-EGF 
factor 8 (MFG-E8)-mediated efferocytosis. J Biol Chem (2014) 289:24560–72. 
doi:10.1074/jbc.M114.571620 

103. Stanford JC, Young C, Hicks D, Owens P, Williams A, Vaught DB, et  al. 
Efferocytosis produces a prometastatic landscape during postpartum 
mammary gland involution. J Clin Invest (2014) 124:4737–52. doi:10.1172/
JCI76375 

104. Tseng A-S, Adams DS, Qiu D, Koustubhan P, Levin M. Apoptosis is required 
during early stages of tail regeneration in Xenopus laevis. Dev Biol (2007) 
301:62–9. doi:10.1016/j.ydbio.2006.10.048 

105. Chera S, Ghila L, Dobretz K, Wenger Y, Bauer C, Buzgariu W, et al. Apoptotic 
cells provide an unexpected source of Wnt3 signaling to drive Hydra head 
regeneration. Dev Cell (2009) 17:279–89. doi:10.1016/j.devcel.2009.07.014 

106. Goessling W, North TE, Loewer S, Lord AM, Lee S, Stoick-Cooper CL, et al. 
Genetic interaction of PGE2 and Wnt signaling regulates developmental 
specification of stem cells and regeneration. Cell (2009) 136:1136–47. 
doi:10.1016/j.cell.2009.01.015 

107. Garcia-Barros M, Paris F, Cordon-Cardo C, Lyden D, Rafii S, Haimovitz-
Friedman A, et al. Tumor response to radiotherapy regulated by endothelial 
cell apoptosis. Science (2003) 300:1155–9. doi:10.1126/science.1082504 

108. Östman A. The tumor microenvironment controls drug sensitivity. Nat Med 
(2012) 18:1332–4. doi:10.1038/nm.2938 

109. Sun Y, Campisi J, Higano C, Beer TM, Porter P, Coleman I, et al. Treatment-
induced damage to the tumor microenvironment promotes prostate 
cancer therapy resistance through WNT16B. Nat Med (2012) 18:1359–68. 
doi:10.1038/nm.2890 

110. Kondylis V, Kumari S, Vlantis K, Pasparakis M. The interplay of IKK, NF-κB 
and RIPK1 signaling in the regulation of cell death, tissue homeostasis and 
inflammation. Immunol Rev (2017) 277:113–27. doi:10.1111/imr.12550 

111. Luedde T, Beraza N, Kotsikoris V, van Loo G, Nenci A, De Vos R, et  al. 
Deletion of NEMO/IKKγ in liver parenchymal cells causes steatohepatitis 
and hepatocellular carcinoma. Cancer Cell (2007) 11:119–32. doi:10.1016/j.
ccr.2006.12.016 

112. Liedtke C, Bangen J-M, Freimuth J, Beraza N, Lambertz D, Cubero FJ, et al. 
Loss of caspase-8 protects mice against inflammation-related hepatocar-
cinogenesis but induces non-apoptotic liver injury. Gastroenterology (2011) 
141:2176–87. doi:10.1053/j.gastro.2011.08.037 

113. Ehlken H, Krishna-Subramanian S, Ochoa-Callejero L, Kondylis V, Nadi NE,  
Straub BK, et  al. Death receptor-independent FADD signalling triggers 
hepatitis and hepatocellular carcinoma in mice with liver parenchymal cell- 
specific NEMO knockout. Cell Death Differ (2014) 21:1721–32. doi:10.1038/
cdd.2014.83 

114. Kondylis V, Polykratis A, Ehlken H, Ochoa-Callejero L, Straub BK, Krishna-
Subramanian S, et  al. NEMO prevents steatohepatitis and hepatocellular  
carcinoma by inhibiting RIPK1 kinase activity-mediated hepatocyte 
 apoptosis. Cancer Cell (2015) 28:582–98. doi:10.1016/j.ccell.2015.10.001 

115. Vesely MD, Kershaw MH, Schreiber RD, Smyth MJ. Natural innate and adap-
tive immunity to cancer. Annu Rev Immunol (2011) 29:235–71. doi:10.1146/
annurev-immunol-031210-101324 

116. Yatim N, Cullen S, Albert ML. Dying cells actively regulate adaptive  
immune responses. Nat Rev Immunol (2017) 17:262–75. doi:10.1038/nri.2017.9 

117. Sauter B, Albert ML, Francisco L, Larsson M, Somersan S, Bhardwaj N. 
Consequences of cell death: exposure to necrotic tumor cells, but not primary 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/jid.2014.18
https://doi.org/10.3892/ol.2013.1223
https://doi.org/10.1038/1781391a0
https://doi.org/10.3109/08916934.2012.754433
https://doi.org/10.1038/nrm2455
https://doi.org/10.1016/j.ajpath.
2013.01.009
https://doi.org/10.1016/j.ajpath.
2013.01.009
https://doi.org/10.1080/10245332.2001.11746565
https://doi.org/10.1016/j.bbagen.2016.11.020
https://doi.org/10.1096/fj.00-0343com
https://doi.org/10.1096/fj.04-1853fje
https://doi.org/10.1016/S0163-
7827(03)00025-0
https://doi.org/10.1016/S0163-
7827(03)00025-0
https://doi.org/10.3389/fphys.2016.00275
https://doi.org/10.1126/science.1236758
https://doi.org/10.1074/jbc.M115.
690727
https://doi.org/10.1074/jbc.M115.
690727
https://doi.org/10.1146/annurev-immunol-032414-112103
https://doi.org/10.1146/annurev-immunol-032414-112103
https://doi.org/10.1038/nrc3847
https://doi.org/10.1016/j.cell.2007.10.034
https://doi.org/10.1016/S0065-230X(08)00002-X
https://doi.org/10.1016/S0065-230X(08)00002-X
https://doi.org/10.1091/mbc.12.4.919
https://doi.org/10.1074/jbc.M111.314971
https://doi.org/10.1016/j.coi.2010.01.009
https://doi.org/10.1016/j.coi.2010.01.009
https://doi.org/10.1016/j.immuni.2014.06.010
https://doi.org/10.1084/jem.20150295
https://doi.org/10.1084/jem.20150295
https://doi.org/10.1126/science.1252510
https://doi.org/10.1074/jbc.M114.571620
https://doi.org/10.1172/JCI76375
https://doi.org/10.1172/JCI76375
https://doi.org/10.1016/j.ydbio.2006.10.048
https://doi.org/10.1016/j.devcel.2009.07.014
https://doi.org/10.1016/j.cell.2009.01.015
https://doi.org/10.1126/science.1082504
https://doi.org/10.1038/nm.2938
https://doi.org/10.1038/nm.2890
https://doi.org/10.1111/imr.12550
https://doi.org/10.1016/j.ccr.2006.12.016
https://doi.org/10.1016/j.ccr.2006.12.016
https://doi.org/10.1053/j.gastro.2011.08.037
https://doi.org/10.1038/cdd.2014.83
https://doi.org/10.1038/cdd.2014.83
https://doi.org/10.1016/j.ccell.2015.10.001
https://doi.org/10.1146/annurev-immunol-031210-101324
https://doi.org/10.1146/annurev-immunol-031210-101324
https://doi.org/10.1038/nri.2017.9


13

Ucker and Levine Apoptotic Cells Enhance Tumorigenesis

Frontiers in Immunology | www.frontiersin.org February 2018 | Volume 9 | Article 241

tissue cells or apoptotic cells, induces the maturation of immunostimulatory 
dendritic cells. J Exp Med (2000) 191:423–34. doi:10.1084/jem.191.3.423 

118. Barker RN, Erwig L-P, Hill KS, Devine A, Pearce WP, Rees AJ. Antigen 
presentation by macrophages is enhanced by the uptake of necrotic, but not 
apoptotic, cells. Clin Exp Immunol (2002) 127:220–5. doi:10.1046/j.1365- 
2249.2002.01774.x 

119. Albert ML, Pearce SFA, Francisco LM, Sauter B, Roy P, Silverstein RL, et al. 
Immature dendritic cells phagocytose apoptotic cells via αVβ5 and CD36, 
and cross-present antigens to cytotoxic T  lymphocytes. J Exp Med (1998) 
188:1359–68. doi:10.1084/jem.188.7.1359 

120. Torchinsky MB, Garaude J, Martin AP, Blander JM. Innate immune recogni-
tion of infected apoptotic cells directs TH17 cell differentiation. Nature (2009) 
458:78–82. doi:10.1038/nature07781 

121. Clayton AR, Prue RL, Harper L, Drayson MT, Savage CO. Dendritic cell 
uptake of human apoptotic and necrotic neutrophils inhibits CD40, CD80, 
and CD86 expression and reduces allogeneic T  cell responses: relevance 
to systemic vasculitis. Arthritis Rheum (2003) 48:2362–74. doi:10.1002/
art.11130 

122. Parameswaran S, Khalil M, Ahmed KA, Sharma RK, Xiang J. Enhanced 
protective immunity derived from dendritic cells with phagocytosis of CD40 
ligand transgene-engineered apoptotic tumor cells via increased dendritic 
cell maturation. Tumori (2015) 101:637–43. doi:10.5301/tj.5000297 

123. Yassin LM, Rojas M, Ramírez LA, García LF, Vásquez G. Monocyte activation 
by apoptotic cells removal in systemic lupus erythematosus patients. Cell 
Immunol (2010) 266:52–60. doi:10.1016/j.cellimm.2010.08.012 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2018 Ucker and Levine. This is an open-access article distributed under 
the terms of the Creative Commons Attribution License (CC BY). The use, distribution 
or reproduction in other forums is permitted, provided the original author(s) and the 
copyright owner are credited and that the original publication in this journal is cited, 
in accordance with accepted academic practice. No use, distribution or reproduction 
is permitted which does not comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1084/jem.191.3.423
https://doi.org/10.1046/j.1365-
2249.2002.01774.x
https://doi.org/10.1046/j.1365-
2249.2002.01774.x
https://doi.org/10.1084/jem.188.7.1359
https://doi.org/10.1038/nature07781
https://doi.org/10.1002/art.11130
https://doi.org/10.1002/art.11130
https://doi.org/10.5301/tj.5000297
https://doi.org/10.1016/j.cellimm.2010.08.012
http://creativecommons.org/licenses/by/4.0/

	Exploitation of Apoptotic Regulation in Cancer
	Introduction
	Pathogenic Exploitation of Apoptotic Immunity
	Clinical Evidence of the Countervailing Role of Apoptosis in Cancer
	The Language of Apoptotic Cells
	Paradigm
	Apoptotic Cells and the Hallmarks of Cancer
	Tumor Growth and Progression: Wounds That Will Not Heal
	Tumor-Associated Macrophages (TaMacs)
	Tumors As Continually Regenerating Organs
	Immunity, Apoptosis, and Tumorigenesis

	Open Questions for Investigation
	Author Contributions
	Funding
	References


