Chapter 3
Microenvironmental Effects of Cell Death
in Malignant Disease
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Abstract Although apoptosis is well recognized as a cell death program with clear
anticancer roles, accumulating evidence linking apoptosis with tissue repair and
regeneration indicates that its relationship with malignant disease is more complex
than previously thought. Here we review how the responses of neighboring cells in
the microenvironment of apoptotic tumor cells may contribute to the cell birth/cell
death disequilibrium that provides the basis for cancerous tissue emergence and
growth. We describe the bioactive properties of apoptotic cells and consider, in par-
ticular, how apoptosis of tumor cells can engender a range of responses including
pro-oncogenic signals having proliferative, angiogenic, reparatory, and immuno-
suppressive features. Drawing on the parallels between wound healing, tissue
regeneration and cancer, we propose the concept of the “onco-regenerative niche,”
a cell death-driven generic network of tissue repair and regenerative mechanisms
that are hijacked in cancer. Finally, we consider how the responses to cell death in
tumors can be targeted to provide more effective and long-lasting therapies.

Keywords Cell death * Apoptosis ® Tumor microenvironment ¢ Macrophage ®
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3.1 Introduction: Imbalances of Cell Birth and Cell Death
in Cancer

Cell gain is finely balanced ultimately by cell loss in normal tissue homeostasis.
In cancer, by contrast, this balance is lost and cell gain (cell birth) outweighs cell
loss (Fig. 3.1). Of possible cell loss mechanisms, which include cell migration,
differentiation, and cell death, the latter plays crucial roles in regulating the sizes of
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Fig. 3.1 Cell birth/cell death balances and imbalances and their relationships to the tumor micro-
environment. Conceptual examples illustrating the impact of dying cells on tissue microenviron-
ments. (a) Effects of proliferation or apoptosis of single cells. In the case of cell 1, the integration
of external and internal mitogenic (green arrow) and apoptotic (red arrow) signals favors prolifera-
tion (green dotted arrow) and leads to cell gain. For cell 2, apoptosis signaling predominates, the
cell dies (red dotted arrow), and the endpoint is cell loss. Cell 3 initially proliferates and one of its
progeny subsequently undergoes apoptosis. In this case cell birth is balanced by cell death, illus-
trating homeostasis. (b) Examples of homotypic effects of dying cells in multicellular populations.
In the upper scenario, cell 4 initially proliferates and one of its progeny undergoes apoptosis.
Subsequently, this apoptotic cell provides mitogenic signal(s) to cell 5, a member of the same lin-
eage as cell 4. Cell 5 proliferates, the result being net gain of cells. This illustrates compensatory
proliferation. Cell 6 interacts with its relative, cell 7 as illustrated, which results in net loss of cells
(“apoptosis-induced apoptosis”) whereas cell 8 interacts with cell 9 in homeostatic mode via com-
pensatory proliferation. (¢) Conceptual illustrations of apoptotic cells influencing multicellular
populations through heterotypic interactions. Cell 10 initially proliferates and one of its progeny
subsequently dies. The latter cell then activates a member of another cell lineage within the tis-
sue—for example, an endothelial cell (E). This cell then leads to a relative of cell 10, cell 11,
receiving mitogenic signals (e.g., through improved vascularization) resulting in net gain of cells.
In the middle example, death of cell 12 leads to activation of a different lineage (for example, an
immune cell) which causes further death of cell 12’s relatives such as cell 13, leading to net cell
loss. In the lower example, the death of cell 14 stimulates compensatory proliferation in its relative,
cell 15 via activation of a cell of another lineage (for example, a macrophage, M). (d) Application
of the mechanisms illustrated in (a—c) to the tumor microenvironment, indicating how death of
tumor cells can lead to positive as well as negative signals influencing tumor growth, ultimately
with net growth being the outcome
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normal and malignant cell populations. Although physiological cell death mechanisms
have been vigorously pursued over recent years, our knowledge of the molecular
mechanisms that regulate regression of cell populations through cell death lags
behind that of population expansion through proliferation. Expansion of a rogue
tissue through dysregulated imbalance of normal homeostatic mechanisms is the
fundamental principle at the root of malignant disease which stems from loss of
the key controlling elements of both cell proliferation and cell survival/death.
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Genetic mutations that result in gain of function of oncoproteins like Bcl-2 and
loss of function of tumor suppressors like p53 are classical examples of canonical
pathways that lead to inappropriate survival of premalignant and malignant cells,
promoting the cell birth/death imbalance in cancer. The resulting imbalance is
dynamic: in other words, although cell death mechanisms may well be required to
be inhibited in individual cells acquiring cancerous characteristics [1, 2], such
mechanisms are often prominent in the populations of transformed cells in estab-
lished tumors. Thus, it is not the case that regulated cell death mechanisms, notably
apoptosis, are switched off in malignant disease. It follows that cell death mecha-
nisms of ultimate advantage to the success of the malignant populations will be
retained. Indeed, ‘constitutive’ apoptosis is often highly prominent in aggressive
cancers. The critical point for successful establishment and progression of malig-
nant disease is that the cell birth/cell death equation favors cell birth, the net effect
being population expansion (Fig. 3.1). It is becoming clear that the dying compo-
nent in this dynamic disequilibrium is not a passive entity but rather can feed
positively into the cell population expansion and malignant evolutionary processes.
This unexpected oncogenic property of dying cells is the main subject of this chapter.

Historically, in contrast to cell gain, cell loss has not been widely studied in the
context of cancer. In cases where it has, there is a clear message: substantial cell
loss either (a) logically virtually balances out cell gain in slow growing tumors; or
(b) nonintuitively is associated with aggressive, rapidly growing tumors. Cell loss
means that even rapidly growing tumors are actually substantially constrained in
their volumetric growth rates, relative to the doubling time of the tumor cells
themselves [3].

An example of a relatively ‘balanced’ tumor is basal cell carcinoma (BCC). One
of the most common human tumors, BCC is a slow growing, locally invasive tumor
which takes many months to double in size. However, average cell doubling times
in BCC are only around 9 days. The relatively slow net expansion of the tumor cell
population is likely to be due to cell death providing a significant balancing effect.
Notably, histologically overt evidence of apoptosis—pyknotic nuclei—is common
in these tumors [4]. Similar balancing effects have been reported for micrometasta-
ses [5]. A logical consequence of aggressive tumors outgrowing local anabolic
resources is that, in rapidly growing tumors, cell death becomes more prominent as
the tumors get progressively bigger, tumor population growth slowing in parallel
[6]. Such death has commonly been described as necrotic—as this is easier to dis-
cern histologically —but apoptosis (again reported by the hallmark pyknotic nuclei
of apoptotic cells) is also a conspicuous feature of tumors that have outgrown nutri-
ent and oxygen supplies [7, 8].

Like mitosis, apoptosis is prominent in a wide variety of established, aggressive
tumor types, including non-Hodgkin’s lymphoma (NHL) [9], squamous cell carci-
noma [10, 11], transitional cell carcinoma [12], hepatocellular carcinoma [13], and
undoubtedly many others. The preferential association of constitutive apoptosis
with aggressiveness of malignant disease is reflected in recent work indicating that
cleaved caspase-3, the activated form of the apoptosis effector caspase-3, is a risk
factor in gastric, ovarian, and cervical cancers [14]. The significance of a relatively
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high constitutive apoptosis index should not be underestimated since it not only
represents a very high level of cell death but also links strongly to poor prognosis.
Just as mitotic figures represent only a very brief visualization window on prolifer-
ating cells, so apoptosis in histological sections is only fleetingly evident because of
the rapidity with which apoptotic cells disappear from microscopic view. Since they
are efficiently phagocytosed and digested, apoptotic cells are only identifiable in
tissues for around 1-3 hours [15]. Therefore, just as small numbers of mitotic fig-
ures are indicative of very rapid proliferation, so small numbers of apoptotic bodies
are likely to indicate massive cell death in situ. In certain tumors such as “starry-
sky” lymphomas (to be discussed in further detail later in this chapter), mitosis,
apoptosis, and phagocytic clearance of apoptotic cells by macrophages can all be
routinely observed in standard histological fields (Fig. 3.2). These lymphomas take
their description from the infiltrating macrophages, which appear as bright “stars”
in a darkly staining “sky” of tumor cells in standard histological sections.

Refsum and Berdal stated almost half a century ago: “Tumour growth must be
looked upon as dependent on the process(es) of cell proliferation and cell loss,
where changes in any of (these processes) can result in profound alterations in
the clinical rate of tumour growth. The cancer problem is not only why cancer
cells proliferate uncontrolled, but also why so many of these cells die...” [16]. In
the ensuing decades, much has been learned about modes of cell loss and their
consequences. As we discuss in the following, although it has greater renown for
its tumor-suppressive properties, cell loss by apoptosis also has sinister onco-
genic attributes.

3.2 A Poisoned Chalice: Tumor-Promoting as well as
Tumor-Suppressing Roles of Apoptosis

It has been appreciated for well over a century since Paget’s original ‘seed and soil’
suggestion in 1889 [17] that the tumor microenvironment plays critical roles in the
aggressiveness of malignant disease. Tumors are rogue tissues, often with features
resembling chronic wounds, described by Dvorak as “wounds that do not heal”
[18]. It is beyond doubt that stromal cellular elements, the nontransformed cells of
tumors, including fibroblasts, endothelial cells, fat cells, and inflammatory cells,
participate in a two-way signaling conversation with the transformed cells in order
to produce a deregulated, aggressive, invasive tissue. Less well appreciated are the
roles tumor cell death can play in conditioning the tumor microenvironment.
Apoptosis appears to act as a bipolar modulator of tumor growth and progression:
on the one hand, it is well established that apoptosis functions to prevent oncogen-
esis, while on the other, as we detail as follows, apoptosis has tumor-promoting
properties. But how can apoptosis function both as tumor suppressor and tumor
promoter? A comparison between the role of apoptosis in single cells versus its
roles in cell populations helps to unify this apparent paradox (Fig. 3.1).
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Fig. 3.2 Aggressive “starry-sky” non-Hodgkin’s B-cell lymphoma. Standard hematoxylin and
eosin (a) and immunohistochemical preparations (b, ¢) of the classical starry-sky lymphoma,
Burkitt’s lymphoma. (a) The starry-sky macrophages (M) are apparent as areas of brightness
against a dark background of tumor cells. The macrophages contain apoptotic tumor cells in vari-
ous states of degradation. Mitotic figures are also present (circled). (b) Macrophages labeled
according to their expression of CD68. (¢) Apoptotic cells revealed by in situ end labeling of
cleaved DNA. Most are associated with the starry-sky macrophages
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In a single cell, the cell-autonomous consequence of apoptosis is, of course, that
the cell is deleted and removed from the population. This cell fate decision is based
upon external signals, which interact with the internal context of the cell. This
means that apparently identical external signals (for example, a TNF-family mem-
ber or hypoxic stress) can have different consequences depending on the internal
composition of the cell as well as its microenvironment [19]. In the early stages of
oncogenesis, the decision to undergo apoptosis is likely to be an important mecha-
nism for removal of individual premalignant cells that have acquired potentially
dangerous genetic mutations. However, apoptosis —even of a single cell —cannot be
regarded as an isolated event because there are consequences of such an event for
the tissue in which that cell resides: for example, phagocytosis and other responses
in neighboring cells (vide infra). Furthermore, genetic material from apoptotic
tumor cells can be acquired by phagocytes [20-23]. Perhaps the most efficient way
of getting rid of a potentially dangerous cell is by jettisoning it to the exterior envi-
ronment as is seen in the sloughing off of apoptotic, terminally differentiated cells
in epithelia. Even here, however, cells in lower layers have potential to respond to
their dying upper neighbors. This is illustrated by the retrieval in some mammalian
species of dying, epithelial cells by phagocytes, for example, in the guinea pig,
dying apical enterocytes are engulfed by responsive macrophages from the lamina
propria [24]. Therefore, an individual dying cell can impact profoundly upon its
near and distant neighbors.

In a population of tumor cells, while the core apoptosis program is cell autono-
mous (whether it is triggered through intrinsic or extrinsic mechanisms), and the
consequence for individual cells is loss of those cells, the net effect for the tumor
cell population as a whole is (a) that it contracts; (b) that it continues to expand,
though at a lower rate than if all cells survived; or paradoxically (c), that it grows
with the aid of mechanisms triggered by the cell death process itself (Fig. 3.1). For
example, as discussed elsewhere in this book (Chap. 4) and later in this chapter,
cell death can engender compensatory proliferation, accumulation, and protumor
activation of stromal elements and angiogenesis, as well as suppression of antitu-
mor immune responses. In this way, the very act of cell deletion has real and sinis-
ter potential to activate a multitude of pathways that support cell gain in outpacing
cell loss [25-28].

3.3 Cell Death Modalities Influencing the Tumor
Microenvironment: Apoptosis and Other Mechanisms

Multiple cell death routes including apoptosis, necrosis, and autophagy-associated
cell death are prominent in malignant disease, even in individual tumors. Indeed, the
available evidence suggests that multiple forms of cell death are likely to occur in
individual tumors, either constitutively via stress responses, or as a consequence
of therapy. As well as apoptosis, necrosis, and autophagy-associated cell death,
additional modalities such as anoikis, mitotic catastrophe, entosis, necroptosis, and
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others are all likely to contribute to the tumor microenvironment to a greater or
lesser extent in concert with other cell fate processes including differentiation,
proliferation, and senescence.

Caspase-dependent apoptosis is the most widely studied form of programmed
cell death in cancer and is our main focus here. The seminal definition of apoptosis
by Kerr, Wyllie, and Currie in their classic work was based on morphological fea-
tures of dying cells in multiple contexts, not least malignant diseases [29]. These
authors and others noted the peculiar hallmarks of dying tumor cells: the cell shrink-
age, chromatin condensation, and the formation of vesicles and apoptotic bodies
containing organelles apparently free from degradation in many different tumor
types. Later, biochemical features of apoptosis subdivided this form of programmed
cell death into caspase-dependent and caspase-independent categories (see [30]).
The most renowned microenvironmental effects of apoptosis are anti-inflammatory
and tolerogenic phagocytic clearance responses, which may be hijacked in tumors
to provide them with immunological escape mechanisms [31]. However, certain cell
death stimuli, notably anthracycline anticancer drugs, induce immunogenic apopto-
sis [32]. Currently, the microenvironmental effects of apoptosis and other forms of
cell death in cancer are largely underestimated and underinvestigated.

3.3.1 Triggering of Apoptosis in Growing Tumors

A generic principle at the root of cell death in malignant disease is environmental
stress: the nascent tumor must be located in and/or acquire the appropriate generative
niche in which to evolve and grow and it is important that, at the population level, the
niche fosters the imbalance of cell birth over cell death that is required for successful
tumor growth. In fact it seems likely that many tumors or tumor cell clones fail to
achieve persistent net growth and never become clinically problematic. Alternatively,
death of such clones may ‘feed’ potentially more aggressive neoplastic or preneoplas-
tic cells. Once established, an aggressively growing tumor rapidly outgrows its environ-
ment and it is logical that metabolic cellular stress stimuli—limitations in essential
nutrient, growth factor, and oxygen supplies—feature prominently in triggering
multiple cell death pathways. Cell death induced by therapy adds an additional dimen-
sion as does death due to the relatively inefficient seeding of malignant clones to
metastatic sites [33] (Fig. 3.3).

Thus, multiple factors are likely to contribute to the cell fate decision-making
processes that culminate in apoptosis, as well as other forms of cell death, in tumors
[19, 35, 36]. Apoptotic signaling pathways may be initiated at multiple cellular
locations including the plasma membrane (e.g., death receptor signaling; absence of
growth factors), nucleus (irreparable DNA damage response), endoplasmic reticu-
lum (e.g., unfolded protein response), and mitochondria. The latter organelles are
central to the intrinsic apoptosis program, notably its initiation and also contribute
to execution and amplification of extrinsic apoptosis pathways. Conditions of
oxygen stress, glucose, and amino acid deprivation caused by rapid tumor growth
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Fig. 3.3 Triggers for tumor cell apoptosis of the tumor microenvironment. Illustrative sources of
proapoptotic stimuli in tumors. In addition to apoptosis induced by therapy or antitumor immu-
nity, limited amounts of nutrients and oxygen as a consequence of insufficient angiogenesis are
likely to be important in generating proapoptotic signals. Clonal ‘hallmark-deficiency’ refers to
clones of tumor cells carrying genetic mutations but fail to acquire hallmark characteristics of
cancer cells (for example, as defined by Hanahan and Weinberg [2]) necessary for survival in
primary or alternatively metastatic tissue locations. The ‘Onco-regenerative niche’ refers to a
putative collection of conserved tissue repair and regeneration mechanisms driven by cell dam-
age and hijacked in cancer (see text for details). AiA: propagation of apoptosis triggering through
the process of ‘apoptosis-induced apoptosis’ [34]

are therefore likely to have fundamental effects on tumor cell populations by
eliciting proapoptotic signals at mitochondria and the endoplasmic reticulum [35, 36].
In order to maintain the cell birth/cell death imbalance in favor of tumor growth, it
follows that the tumor microenvironment needs to adapt in a dynamic way. As we
will discuss, responses to apoptosis play key roles in such adaptation.

3.3.2 Necrosis, Autophagy, and Other Mechanisms

In addition to our main focus on apoptosis, brief discussion of other forms of cell
death is also warranted here since multiple death processes can contribute to the
tumor microenvironment (see [37] for a recent review of accidental versus regulated
forms of cell death). Importantly, different forms of cell death may condition the
tumor microenvironment in contrasting ways such as anti-inflammatory versus pro-
inflammatory, tolerogenic versus immunogenic, death promoting versus death
inhibiting. The ‘balance’ of these effects has not yet been studied in detail but will
undoubtedly impinge significantly on tumor evolution and patient outcome and the
underlying mechanisms have potential to provide information on novel therapeutic
targeting.
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Among cell death processes, the classical antithesis of apoptosis is necrosis.
Because of the relative ease by which necrotic death can be visualized histologi-
cally, this passive, catastrophic form of cell death was appreciated long before apop-
tosis or other forms of programmed cell death because it affects contiguous tracts of
cells, rendering the process microscopically obvious [38]. In rapidly growing
tumors, necrotic lesions are prominent due to the growing tumor population outpac-
ing effective nutrient supplies and gaseous exchange. Such a stressful scenario also
elicits other forms of cell death (vide infra). In stark contrast to apoptosis, necrosis
is typically portrayed as proinflammatory and immunogenic (although this general-
ized principle has been challenged, see [39]) and it is by no means clear how necro-
sis contributes to tumor cell biology. Given the generality of necrosis in aggressive
tumors and its association with poor prognosis, it seems likely that it fails to impart
a negative influence beyond that of the cells immediately affected. The same may
prove to be true of regulated necrosis (necroptosis), which has the same morpho-
logical features as necrosis [40].

Based on its origin from cell damage, it has been suggested that the main role of
necrosis is to induce tissue repair responses [41] and indeed it has been proposed as a
critical inducer of tumorigenesis [42]. Therefore in the context of tumor biology, necro-
sis, like apoptosis, may also prove to feed into the cell birth/cell death equation in
complex ways. Furthermore, necrosis can effectively suppress antitumor T cell immu-
nity [43]. In many, perhaps all, cases, necrotic lesions in tumors are accompanied or
presaged by apoptotic or other death modalities. Furthermore, the microenvironmental
effects of necrosis may, in principle, be dominantly subverted by the effects of alterna-
tive modes of cell death or vice versa. Although the relative dominance of cell death
responses in various tissue damage or disease scenarios has not been studied in detail,
it is of interest to note that, in terms of activating macrophage migratory responses, at
least in the case of the Drosophila hemocyte, apoptosis dominates over acute wound-
ing (laser-induced cell ablation) and developmental growth factor signals [44].

Autophagic cell death is also likely to play important roles in tumor microenvi-
ronmental conditioning alongside apoptosis and other forms of cell death [45].
Although autophagy is a cell survival mechanism that is triggered under conditions
of stress, including the challenging tissue environment in cancer, its deregulation or
failure can lead to cell death. In cancer its divergent roles are context dependent
[46]. A most interesting case in point comes from recent metabolic studies in pros-
tate cancer in which it was found that arginine starvation (by arginine deiminase)
caused autophagic death of prostate cancer cells deficient in arginosuccinate synthe-
tase. The cell death was characterized by mitochondrial depolarization and break-
down of chromatin in large autophagosomes [47]. Autophagy has been reported to
limit inflammation associated with necrosis [48] and downregulate proinflamma-
tory cytokine responses at the level of transcription [49]. In this anti-inflammatory
context, autophagy broadly resembles apoptosis in its microenvironmental effects.
Although its role in suppressing antitumor immunity (as is the case with apoptosis)
has yet to be defined in detail, a recent study suggests that autophagic degradation
of nuclear components, notably lamin B1 has tumor-suppressive properties through
its capacity to induce oncogene-mediated senescence [50].
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3.4 Biological Activities of Apoptotic Tumor Cells

The anti-inflammatory and tolerogenic effects of apoptosis are well established
and have been reviewed extensively elsewhere (see Chaps. 2 and 7). By contrast,
although it has been known for well over half a century that dying cells can pro-
mote tumor growth, this property has been underappreciated. Early studies showed
that tumor cells that were destined to die (lethally irradiated or histoincompatible
cells) exhibited substantial tumor growth-promoting activities when admixed
with small numbers of compatible viable tumor cells in murine transplantable
carcinoma, sarcoma, and lymphoma models [51-53]. Host systemic effects were
ruled out by the key observation that the admixed populations must be present at
the same anatomical site in order to achieve enhanced tumor growth [52]. Initial
clarification of underlying mechanisms was provided by the results of investiga-
tions of ascites tumors transplanted in diffusion chambers, which separated the
host microenvironment from the growing tumor cells (together with admixed
damaged cells) by a 0.45 pm membrane. Critically, these studies showed that
direct, contact-mediated effects of host cells in the immediate tumor microenvi-
ronment were not required in order for the growth-promoting effects of lethally
irradiated tumor cells to be revealed. Thus, Ehrlich ascites and L1210 lymphoma
cell growth were increased by orders of magnitude in the presence of lethally
irradiated cells which would be presumed to have been committed to undergo
apoptosis. Heat-killed, necrotic, cells induced only a small, statistically insignifi-
cant growth-promoting effect in comparison [54]. Although contributions of sol-
uble factors or extracellular vesicles from host inflammatory or other cells in these
models cannot be excluded, these studies suggested a ‘feeder’ principle in the
tumor microenvironment emanating from dying or dead cells. In this respect, the
dying/dead cells were thought of as a source of nutrients in much the same way as
irradiated cells could be used as a source of feeder cells to clone tumor lines like
HeLa [55].

These early studies serve to provide a firm grounding for the establishment of the
principle that cell death can impart potentially significant oncogenic effects in the
microenvironment of tumors. In our opinion, it seems likely, however, that there
will prove to be exceptions to this principle and/or alternative, context-dependent
effects, which are growth inhibitory and therefore tumor suppressive. In addition, it
seems logical that dying cells will prove to have different properties from dead cells.
One possibility is that, since dying cells are cleared so efficiently from tissues under
normal circumstances (free dead cells never being observed in normal physiology),
dead cells engender unwanted effects such as proinflammatory properties. It is note-
worthy in the context of cancer that, at least in vitro in the case of hybridoma cells,
cell death constrains growth and antibody productivity in the surviving cells [56].
These observations suggest that the positive and negative effects of cell death driven
by multiple factors, including type of death, type of dying cell, phase of death, and
type of responding cell are likely to be integrated in the tumor microenvironment to
determine overall biological outcome.
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3.4.1 Mechanisms

Accumulating evidence indicates that the biological activities of apoptotic cells,
including effects of relevance to the tumor microenvironment, are mediated through
three mechanisms: (1) intercellular contact, (2) production of extracellular vesicles,
and (3) release of soluble factors.

Although the specific molecular details are far from clear (see [15, 39] for
reviews), the recognition and binding mechanisms that are a prerequisite for the
clearance of apoptotic cells through phagocytosis, together with the production
of secreted factors directly by apoptotic cells, are associated with additional,
nonphagocytic responses of interacting cells (including both phagocytes and non-
phagocytes). These range from anti-inflammatory mediators and migratory
responses to cell fate decisions such as cell survival, growth, differentiation, and
death. Current knowledge is summarized in Table 3.1 and Fig. 3.4.

The exposure of phosphatidylserine (PS) is the most renowned plasma mem-
brane moiety in the cell-cell interactions that contribute to these processes. Other
alterations in the plasma membranes of apoptotic cells, involving additional lipids
as well as carbohydrates, proteins, and nucleic acids, undoubtedly play key roles
too. For example, apoptotic cells display increased levels of heat shock proteins,
HSP25, HSP60, HSP70, and HSP90 at their surfaces [68] and translocation of
HSP60 to the surface of apoptotic cells can promote phagocytosis [71]. Additional
plasma membrane changes involve loss of ‘don’t-eat-me’ signals such as the plasma
membrane glycoproteins CD31 [63] and CD47 [64], along with exposure of the
‘eat-me’ signal PS. These changes lead to the engulfment of apoptotic cells and are
linked to the production of anti-inflammatory mediators by phagocytes. As yet, it is
unclear to what extent these changes are linked to other, nonphagocytic, responses
to apoptotic cells, either in normal or malignant contexts. It is notable that loss of
functional CD47 leads to phagocytosis of cells regardless of their commitment to
apoptosis and anti-CD47 antibodies are providing promising biological therapeutics
for non-Hodgkin’s lymphoma and acute lymphoblastic leukemia [101, 102].

Although the extracellular vesicles (EVs) produced during apoptosis are often
simply referred to as ‘apoptotic bodies,’ the latter term is not well defined and it
seems likely that cell stress and apoptosis lead to active release of various categories
of EVs ranging in size from small, exosome-like vesicles (30—100 nm in diameter)
through microvesicles (~100-1000 nm) to large subcellular vesicles (>1000 nm,
perhaps most generally described by the term ‘apoptotic bodies’). Given the well-
described capacity for extracellular vesicles to carry or display at their membrane
surfaces multiple categories of biological molecules, including transmembrane
protein receptors, translational and enzyme systems, DNA, and micro-RNAs [103,
1041], it seems probable that EVs produced actively during cell stress and cell death
will prove to have multiple biological functions, especially since EVs released
in association with apoptosis harbor hundreds of proteins [97, 100]. It is notable
and relevant to the concept of apoptosis leading to the production of functional
vesicles that EVs can mediate the transfer of biologically active molecules between
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Fig. 3.4 Responses to apoptosis in the tumor microenvironment. Through direct contact or via
release of extracellular vesicles and soluble factors, apoptotic cells communicate with a range of
neighboring cells to elicit a multitude of biological responses that have implications for the growth
and spread of malignant disease. Responding cells include phagocytes, other cells of the immune
system, stromal cells and tumor cells themselves, including cancer stem cells. AiA apoptosis-
induced apoptosis

cells. Furthermore, as a consequence of exposure of PS, which appears to be a gen-
eral characteristic of EVs, these particles may elicit responses in nonapoptotic cells
similar to the effects of apoptotic cells themselves. In this sense, apoptotic cell-
derived EVs may act as complex intercellular signaling structures that inform the
microenvironment of the apoptotic cell, fostering specific responses. For example,
at early stages of activation, neutrophils release EVs which, like apoptotic cells, can
inhibit inflammatory responses of macrophages and dendritic cells via the Mer
receptor tyrosine kinase [105]. Furthermore, it is known that apoptotic cells can
transfer biologically active genetic material, notably oncogenes, into phagocytes
[21] and it seems likely that stressed or apoptotic cell-derived EVs have similar
properties, especially since some are known to carry cargoes of DNA and/or micro-
RNAs. The consequences of tumor cell-derived EVs for cancer pathogenesis and
their potential as targets in following disease progression and therapeutic responses
are well rehearsed [106]. However, the biological roles of apoptotic cell-derived
EVs are ill defined, not least in cancer. To date, our knowledge of the function of
apoptotic tumor-cell derived EVs is limited to their ability to activate chemotactic
responses in mononuclear phagocytes via the chemokine CX;CL1 (fractalkine) [65]
and also by an ICAM-3-dependent mechanism [87]. They may also be involved in
stimulating proliferation of rat insulinoma cells [107] and in expressing and pro-
cessing certain matrix metalloproteinases [27]. It is important to note, however, that
in none of these studies have apoptotic EVs been specifically discriminated from
EVs produced as a consequence of other processes such as preapoptotic stress. We
suggest that future work will uncover numerous additional cargoes and functions of
apoptotic tumor cell-derived EVs of fundamental importance to human cancer
pathogenesis, diagnosis, prognosis, and therapy. Future work will also uncover the
mechanisms through which apoptotic EVs exert their effects, such as by receptor-
mediated endocytic or phagocytic events, via membrane fusion or by secretion or
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diffusion of soluble factors from the vesicles. In the latter context, it has been shown
that EVs produced prior to loss of membrane permeability of the originator apop-
totic cell body have highly permeable membranes, permitting release of large mac-
romolecules [97].

The release of biologically active soluble factors from apoptotic cells is well
established (Table 3.1), especially in the context of inflammation control with fac-
tors such as IL-10, transforming growth factor-p1 (TGF-P1), a-defensins and lacto-
ferrin being produced by various types of apoptotic cell [72—74, 76]. Chemotactic
‘find-me’ signals including lysophosphatidylcholine (LPC), CX;CL1, nucleotides,
and sphingosine- 1-phosphate (S1P) are released by apoptotic cells in order to attract
mononuclear phagocytes to sites of apoptosis [39, 108, 109]. Most, if not all, of
these factors have pleiotropic properties, endowing apoptotic cells with the propen-
sity to foster multiple responses of relevance to tumor establishment and growth,
not least survival and proliferation of viable neighboring tumor cells as well as pro-
oncogenic activation of stromal cellular elements of the tumor microenvironment.
There seems little doubt that the capacity for release of biologically active moieties
by apoptotic cells is currently underestimated. We return to this subject later when
we consider compensatory proliferation and mitogen production such as prosta-
glandin E2 (PGE,) [110] in response to apoptosis.

Finally, in this section, it is worth mentioning an intriguing function of apoptotic
cells which appears to be the sequestration of chemokines. Specifically, apoptotic
leukocytes can express increased functional CCRS leading to sequestration of
CCL3, CCLA4, and CCL5 and this can be modulated positively by proresolution
mediators such as lipoxin A4, resolvin E1, and protectin D1, and negatively by pro-
inflammatory mediators such as TNF-a [111]. On this basis it might be speculated
that apoptotic cells in the tumor microenvironment could regulate the activity of
chemokines through modulation of chemokine receptor expression, which in turn
may be controlled on the apoptotic cells by the cytokine milieu of the tumor.

3.4.2 Activities of Stressed Cells Versus Dying Cells

The wide-ranging changes in phenotypes and activities of apoptotic tumor cells
together with the responses they consequently elicit demonstrate that apoptosis is
far from the silent process it was initially thought to be. It is important, however, to
consider the extent to which the microenvironmental conditioning by dying cells in
tumors originates from biological mediators produced (a) as a consequence of pre-
apoptotic stress responses or alternatively (b) specifically as a result of activation of
the apoptotic program and the cell moving past the ‘point of no return’ in this path-
way, widely regarded as mitochondrial outer membrane permeabilization (MOMP).
Prototypic examples of stress-response mediators, heat-shock proteins, notably
HSP27 and HSP70, are known to inhibit apoptosis and may modulate oncogenesis.
For example, HSP70 can inhibit apoptosis signaling through interference with
apoptosis protease-activating factor-1 (Apaf-1) and apoptosis-inducing factor
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(AIF) [112]. Furthermore, modulation by stress signals can induce a state of antitu-
mor immunogenicity in previously tolerogenic apoptotic tumor cells [70].
Importantly, it should be appreciated that cellular stress responses are restorative,
being aimed at cell survival rather than cell death [113]. Studies aimed at dissecting
the molecular mechanisms responsible for the biological effects of apoptotic cells
must carefully uncouple the underlying principles from those resulting from
preapoptotic stress.

The associations between cell stress and cell death open up possibilities that
common principles underlie the capabilities of stressed and dying cells to influence
the pro-oncogenic tumor microenvironment. A tantalizing example here is cellular
senescence, an overtly tumor-suppressive mechanism, which appears to be a state of
chronic stress, designed to lock cells out of cycle and thereby prevent propagation
of premalignant, damaged cells [114]. Potential parallels may exist between apop-
totic tumor cells and senescent tumor cells participating in paracrine pro-oncogenic
signaling events.

3.5 Responses to Cell Death in the Tumor Microenvironment

The most renowned responses to apoptotic cells emanate from the phagocytes that
engulf them, the molecular mechanisms underlying phagocytosis, and anti-
inflammatory signaling being the most widely studied, especially in macrophages
(reviewed in Chaps. 2 and 9). It has been known for many years that apoptotic
cells not only elicit engulfment responses and the production of anti-inflammatory
mediators by phagocytes but also angiogenic and growth factors such as vascular
endothelial growth factor (VEGF) and hepatocyte growth factor (HGF), respec-
tively. We have previously proposed the ‘3Rs’ of apoptotic cell clearance as rec-
ognition, response, and removal [15, 39] and, just as unconventional phagocytes
such as epithelial cells, endothelial cells, and fibroblasts respond to their apoptotic
cellular neighbors by engulfing them, it follows that a wide variety of different
cell types are able to respond in other ways to apoptotic cells in their vicinity
through direct intercellular contact and via soluble factors or EVs produced by the
dying cells. Apart from phagocytic and anti-inflammatory responses, relatively
little is known either about the variety of cells that can respond to their apoptotic
neighbors or about the range of such responses (cf. [115-118]). Available evi-
dence, however, indicates that multiple cell types can respond to apoptotic cells
and that the nature of such responses can vary widely. While such responses are
undoubtedly fundamental to normal physiological systems and normal tissue
homeostasis, here, we consider these responses in the context of the microenvi-
ronment of malignant tissue.

The macrophage represents a focal point of cell death and cancer. Macrophages are
almost invariably found in either normal or diseased tissues at sites of apoptosis and
can accumulate in tumors in large numbers: for example, up to 50 % of breast cancer
tissue can be comprised of macrophages [119]. The functional plasticity of macro-
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phages makes them highly responsive to their microenvironments. Tumor-associated
macrophages (TAMs) have the potential to exert innate antitumor immunity as appears
to be the case in colorectal and gastric cancer. This stems from their adopting a proin-
flammatory phenotype in the tumor microenvironment that inhibits tumor cell prolif-
eration and promotes T cell-mediated antitumor immunity [120]. In most cancers
including breast cancer, lymphoma, cervical cancer, squamous carcinomas, and mela-
noma, however, TAMs are associated with poor prognosis [121]. Information support-
ing the view that tumor cell apoptosis is capable of driving protumor properties of
TAMs has begun to emerge. Thus, in postpartum breast cancer, the phagocytic and
anti-inflammatory receptor tyrosine kinase Mer that interacts with apoptotic cells
via its ligands Gas-6 and Protein S (which bind to PS exposed on apoptotic cells)
promotes cancer progression as a consequence of tumor cell apoptosis [122].
Furthermore, in prostate cancer, the engulfment of apoptotic tumor cells by macro-
phages induces the upregulation of milk fat globule epidermal growth factor (MFG-
E8)—a PS-binding ligand that bridges apoptotic cells with o,f3; and o5 integrins
on phagocytes—and enhancement of signal transducer and activator of transcription
3 (STAT3)-dependent transcription with resultant pro-oncogenic/anti-inflammatory
polarization (“M2-like”) of the macrophages [123]. (With respect to macrophage
polarization, it is worth noting that ‘canonical’ phenotypes centered around M1 and
M2 are unlikely to represent the true picture of the range of activation states of mac-
rophages either in cancer or in tissue repair [27, 124, 125]; here, for convenience, we
will use the terms M1-like and M2-like to indicate positioning of macrophages
toward a particular activation state.) The results of these studies of prostate and
breast cancer demonstrate that multiple receptors of macrophages are involved in
apoptotic cell clearance and in anti-inflammatory responsiveness to apoptosis. It
will be important in future studies to determine the relative importance of different
phagocytic and anti-inflammatory receptors of macrophages in a wide range of can-
cers in which apoptosis is significant. It is tempting to speculate, for example, that
Liver X receptor (LXR) is important in this context especially since LXR signaling
has been shown to play key roles in apoptotic cell clearance by mouse macrophages
and its associated anti-inflammatory responses and immunological tolerance [126].

We have recently carried out detailed studies of the role of apoptosis in the patho-
genesis of aggressive starry-sky B-cell non-Hodgkin’s lymphoma (NHL), proto-
typically Burkitt’s lymphoma (BL) [27]. In these tumors frequent apoptosis can
readily be observed histologically and the majority of the apoptotic tumor cells are
found in association with TAMs, creating the distinctive starry-sky morphology
(Fig. 3.2). Inhibition of apoptosis in a murine xenograft model of BL led to impaired
tumor growth and substantially reduced tumor cell proliferation. Notably, when tumor
cell apoptosis was suppressed, the hypoxic microenvironment of the tumor was
enhanced due to impaired blood vessel formation, suggesting a role for tumor cell
apoptosis in driving not only proliferation but also angiogenesis. In both patient sam-
ples and mouse models of Burkitt’s lymphoma, a strong correlation between tumor
cell apoptosis and macrophage numbers was observed indicating that death of tumor
cells induces TAM accumulation. A proportion of these TAMs also express prolifera-
tive markers suggesting that apoptotic cell conditioning may stimulate the prolif-
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eration of starry-sky TAMs, helping to populate the growing tumor with macrophages.
In situ gene expression profiling of starry-sky TAMs revealed a protumorigenic
activation state characterized by transcriptional activation of anti-inflammatory,
proangiogenic, and tissue remodeling pathways. For example, starry-sky TAMs
were found to preferentially express high levels of TGF-f1, growth factors includ-
ing IGF-1 and PDGF-CC, and several genes associated with angiogenesis and
metastasis including MMP2, MMP3, MMP12, TIMP2, ANPEP, LGALS3, HMOX],
and GPNMB. In addition, CD91, Mer, Axl, and Gas6 were found among apoptotic
cell interaction molecules that were upregulated in starry-sky TAMs providing
further evidence for the involvement of the Tyro-Axl-Mer receptor tyrosine kinase
axis in TAM activation and extending the variety of phagocytic receptors of apop-
totic cells of potential importance for tumor pathogenesis. Apoptotic tumor cells
thus direct the activities of TAMs toward the acquisition of multiple and diverse
protumorigenic properties that support the growth of tumor cells and subsequent
oncogenic progression.

The accumulating evidence therefore indicates that tumor cell apoptosis can
elicit specific tumor-promoting responses in breast cancer, prostate cancer, and
NHL. A similar argument may also be made for melanoma [27] and recent results
also indicate that apoptosis can drive hepatocarcinogenesis [127]. The current state
of knowledge suggests that apoptosis of tumor cells may represent a generic, pro-
oncogenic stimulus which acts through multiple molecular cell biological mecha-
nisms affecting antitumor immunity, tumor population growth, and angiogenesis.
While responses have thus far been focused mainly on the role of macrophages,
additional nonmacrophage mechanisms are likely to prove to be important for tumor
progression, especially since apoptotic cells are known to have direct effects on
angiogenesis [94] and also have the potential to produce immunomodulatory fac-
tors, chemokines, cytokines, and mitogens directly (Table 3.1).

The mitogenic capacity of apoptosis is well illustrated by the phenomenon of
compensatory proliferation of neighboring cells, first described in Drosophila.
Developmental and wounding studies in the fly indicated that the pathways underly-
ing the proliferative responses to apoptosis involve p53, WNT, TGF-f/BMP, JNK,
and Hedgehog (Hh) signaling (see [128] for recent review). The pathways are con-
text related and may be dependent or independent of executioner caspase activation.
Compensatory proliferation in response to injury has also been described during
regenerative responses in other species, including Hydra, Planaria, newts, frogs,
zebrafish, and mice. In the latter, PGE,, a key inflammatory and regulatory niche
player, is produced to drive compensatory proliferation as a result of caspase-3-
dependent activation of calcium-independent phospholipase A, (iPLA2) [110]. It is
conceivable that PGE, could mediate its regenerative power in this context through
activation of P-catenin following binding to the G protein-coupled receptor EP2.
Additional plausible molecular players in compensatory proliferation that may be
produced downstream of caspase activation and apoptosis include Sdfl, FGF20,
and IL11 [128].
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Apoptosis-driven compensatory proliferation of hematopoietic stem/progenitor
cells (HSCs) has been implicated in thymic lymphoma development in mice sub-
jected to low-dose irradiation. This pathway requires pS3, which activates leukocyte
apoptosis via the BH3-only proapoptosis protein, PUMA [129, 130]. Thus, PUMA—/-
HSCs are protected from cell death but show reduced compensatory proliferation
and stress-associated DNA damage with consequent inhibition of thymic lymphoma
formation in response to gamma-irradiation. In this way it seems that p53, acting via
its apoptosis-promoting properties, appears to promote tumorigenesis induced by
DNA damage, an activity of pS3 which contradicts its widely accepted antitumor
function in securing the demise and deletion of cells carrying potentially oncogenic
mutations. A possible alternative explanation in this scenario is that, although PUMA
is clearly a mediator of p53-induced cell death in response to radiation, it may also
have additional specific roles in thymic lymphomagenesis, especially since PUMA—/—
mice still produced many different kinds of tumors (high- and low-grade lympho-
mas, sarcomas, and carcinomas) in response to irradiation [130].

Recent evidence indicates that, in stark contrast to compensatory proliferation,
apoptotic cells can also induce further apoptosis in neighboring cells, thereby prop-
agating the apoptosis signal from a single cell to a population. Thus, genetic studies
in Drosophila wing disc development show that apoptosis in one compartment in
the tissue can induce apoptosis in a neighboring compartment. The authors appro-
priately termed this effect “apoptosis-induced-apoptosis (AiA)” and identified the
Drosophila TNF homolog Eiger as a key factor, triggered by JNK signaling, in
mediating this response [34]. They also demonstrated a similar, TNF-a-mediated
orchestration of hair follicle cell death in mice. These observations have obvious
implications for the roles of apoptosis both in constraining cancer emergence and in
delivering effective therapy.

Although it is well accepted that apoptosis represents a significant control mech-
anism in the pathogenesis of malignant disease through inhibitory mechanisms that
limit cancer outgrowth, it is clear that responses to the process are likely to play
important roles in modulating tumor growth and progression in positive as well as
negative ways. In considering these effects of apoptotic cells, it is essential also to
take into account the nonapoptotic roles of the caspases that execute the apoptosis
program [131, 132] as well as features of apoptotic cells such as PS exposure that
may have tumor modulatory effects independently of apoptosis. Examples here
include the caspase-3-mediated activation of iPLA2-induced activation of migration
of ovarian cancer cells [133] and of PS exposure on intratumoral endothelial cells
[134] that occur in the absence of apoptosis. As previously proposed, we support the
argument that responses to such effects may occur in parallel in the tumor microen-
vironment whether they are “apoptosis-like” effects or whether they are bona fide
effects of the apoptosis program produced by dying cells.
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3.6 Apoptosis and Angiogenesis: The Effects of Hypoxia

The microenvironments of malignant tumors are heterogeneous with respect to oxygen
tension and hypoxia is a well-known stress factor in tumors. Typically, lethally low
partial pressures of oxygen (including anoxia) in rapidly growing cancers lead to
necrotic zones of dead tumor cells with cells at the borders of these ischemic regions
undergoing hypoxia-induced apoptosis. In tumors in which apoptosis is constitu-
tively prominent such as starry-sky NHL, it seems that the hypoxia caused by the
rapidly proliferating tumor cells creates a dynamic cycle of malignant tissue expan-
sion in which the hypoxia induces apoptosis that stimulates angiogenesis, and that
this in turn permits further population growth with further hypoxia-induced apopto-
sis as the tumor cells outgrow their oxygen supply [27]. In this cyclical cause-and-
effect feed-forward system, apoptosis of tumor cells may exert a key oncogenic
response in endothelial cells which results in neovascularization.

In order for such a system to work, there also needs to be adaptation to hypoxia.
Both transformed and nontransformed cells adapt to the various levels of hypoxia
found in progressing tumors via the induction of hypoxia-inducible factors (HIF)
and NF-kB [135]. These transcription factors are both activated in response to
hypoxia following the inactivation of prolyl hydroxylases. HIF proteins function
as a heterodimer of alpha and beta subunits but under normoxic conditions the
alpha subunits are constitutively marked for degradation as a result of hydroxyl-
ation by prolyl hydroxylases; inhibition of these enzymes under hypoxic condi-
tions enables the alpha subunits to translocate to the nucleus, dimerize with beta
subunits, and regulate transcription [136]. Similarly, NF-xB is activated under
hypoxic conditions via the inhibition of prolyl hydroxylases, leading to a suppres-
sion of hydroxylation of IxB kinase-f, which can then phosphorylate the NF-xB
inhibitor, IkBa, leading to its degradation and a cessation of NF-kB inhibition
[137]. As a consequence of HIF and NF-kB activation, hypoxia regulates a broad
range of oncogenic cellular functions at the transcriptional level, including
metabolism, proliferation, apoptosis, inflammation, angiogenesis, and tissue
remodeling.

Available evidence indicates that, depending on cellular context (as well as oxy-
gen tension level) hypoxia may either trigger or suppress apoptosis, for example,
through differential effects of HIF on pro- or antiapoptotic Bcl-2-family protein
expression. Furthermore, glycolytic enzymes can be induced by HIF la and, at least
in certain tumor cell types, this is associated with suppression of apoptosis. It has
been suggested that this may be important in the adaptation of tumor cells to aerobic
glycolysis, otherwise known as the Warburg effect [138].

Hypoxic regions of tumors are frequently populated with TAMs that generally
have protumorigenic properties. For example, in breast cancer, TAMs are most
abundantly found in poorly vascularized regions of the tumor [119]. Indeed,
hypoxia can regulate the expression of chemokines and their receptors including
HIF1-regulated CXCL12/CXCR4 and CXCL8/CXCRS to help navigate macro-
phages to regions of low oxygen tension [139, 140]. The exposure of TAMs to
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hypoxia also modulates their function. For example, in a BALB/c mammary ade-
nocarcinoma model, tumors contained MHC II" and MHC II*¥ TAMs; the MHC
IT" TAMs expressed higher levels of proinflammatory genes including NOS2,
PTGS2, IL1D, IL6, and IL12b whereas the MHC IT"¥ TAMs expressed more anti-
inflammatory genes such as ARGI, CD163, STABI, and MRCI [141]. Hypoxic
regions of these tumors were predominantly populated with MHC 1T TAMs, i.e.,
anti-inflammatory macrophages, which were poor at processing antigen and stim-
ulating T cell-mediated responses. Hypoxic TAMs have also been reported to pro-
duce IL-10, which again contributes to the anti-inflammatory microenvironment,
promoting evasion of antitumor T cell-based immunity [142]. In addition to pro-
moting TAM enrichment and helping to reduce inflammation in the tumor,
hypoxia-conditioned TAMs further promote tumor growth by stimulating neoan-
giogenesis. This is mediated by the HIF-driven upregulation and release of VEGF
and also via the release of various cytokines including CXCL12, CCL2, CXCLS,
CXCL1, CXCL13, and CCLS5 [119, 142, 143]. Moreover, hypoxia-conditioned
macrophages support metastasis by induction of the HIF1a-regulated gene, MIF,
leading to enhanced release of MMP-9 [142].

The role of cell death in the hypoxia-associated accumulation and conditioning
of TAMs is not yet understood, but given the colocalization of cell death and
hypoxia, it seems probable that cell death will prove to be important in helping to
drive cellular adaptation in the tumor microenvironment. Future studies investigat-
ing the links between (1) hypoxia, (2) regulation of tumor cell apoptosis, (3) TAM
accumulation and activation, and (4) endothelial cell activation will substantially
improve our knowledge of the fundamental molecular cell biology of cell death-
driven oncogenic progression. As we discuss in the next section, we can draw close
parallels between these associations and basic tissue repair mechanisms that may be
driven by cell death in tumors.

3.7 Apoptosis and Tissue Repair Mechanisms in Cancer:
The “Onco-Regenerative Niche”

Given the close parallels between wound healing mechanisms—i.e., normal
responses to tissue damage—and inflammatory host responses in cancer, it seems
reasonable to expect that cell damage, including stress responses leading to cell
death, plays significant roles in both normal tissue repair and in cancer pathogene-
sis. Indeed as we have discussed earlier, while cancers have been described as
“wounds that do not heal,” it may be more accurate to describe them as “wounds
that do not stop repairing” (Savill, personal communication). Sites of injury—and
consequently sites of repair responses—have been found to be favorable for tumor
formation and metastasis including the gastrointestinal tract [144], lung [145], and
liver [146]. Since tissue regenerative processes are closely linked to tissue repair,
with organs such as the gut, skin, and liver having especially remarkable powers of
turnover and regeneration, it seems reasonable to propose the concept of the
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“onco-regenerative niche” (ORN), a complex, interconnected confraternity of cells
and extracellular factors that contribute to malignant disease via conserved, funda-
mental tissue repair mechanisms. The linkage between cell death and tissue regen-
eration is well illustrated in mouse models of liver damage and regeneration [147,
148] providing further rationale for consideration of cell death as a key driver mech-
anism in the ORN.

An important cellular player in the ORN is likely to be the macrophage, since
TAMs have widely accepted pro-oncogenic functions—including playing a central
role in a cancer stem cell niche [149]—and it has long been recognized that the
mononuclear phagocytic arm of the inflammatory response plays critically impor-
tant roles in wound healing [150, 151]. In the initial stages of the wound healing
response, macrophages are believed to help remove damaged tissue and cells and
release proinflammatory cytokines, chemokines, and factors such as VEGF that
drive subsequent angiogenesis and granulation tissue formation. During the resolu-
tion phase, apoptosis is the principal mechanism through which healing wounds are
depleted of inflammatory cells, macrophages mediating their safe disposal [150].
Just as phagocytosis of apoptotic tumor cells can alter the phenotype and function
of TAMs, macrophages engulfing apoptotic cells in wounds are driven toward an
anti-inflammatory phenotype with expression of CD206 and arginase I [150]. The
clearance of apoptotic cells by macrophages thus changes the wound microenviron-
ment from proinflammatory to anti-inflammatory thereby limiting excessive tissue
damage.

The final stage of wound repair is tissue remodeling. This involves the induction
of angiogenesis to restore a normal blood supply to the region and fibroblast-driven
extracellular matrix deposition. In tumors, the extracellular matrix is constantly
remodeling and new blood vessels must form to sustain additional growth [152,
153]. Myofibroblasts are highly contractible fibroblasts that aid tissue remodeling
during wound healing but die by apoptosis when the extracellular matrix is able to
support the wound. In tumors they are often found to persist, perhaps due to the
ongoing matrix remodeling of tumors and the presence of tumor and stromal-
derived growth factors such as TGF-p1, FGF, and PDGF. Myofibroblasts in tumors
can be significant sources of growth-promoting and metastatic factors [153] but
nothing is yet known of the implications of their apoptosis or their responses to
apoptosis in tumors.

Although details of the activation status and effector functions of macrophages in
wound repair are awaited, the available evidence suggests strong similarities between
activation states that predominate early and later in wound repair and the macro-
phage polarization that characterizes early and established tumors. Thus, both in
cancer and in wound healing, early macrophages may predominantly display proin-
flammatory phenotypes (“M1-like”’) whereas at later times during wound healing
and in established tumors, the dominant macrophage activation state is anti-
inflammatory/reparatory (“M2-like”) [154, 155] (see also Chap. 9). Notably, studies
of diabetic mice in which wound healing is impaired, as is commonly the case in
human diabetic patients, indicated that effective clearance of apoptotic cells, includ-
ing apoptotic neutrophils and endothelial cells, by wound macrophages was closely
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coupled to effective wound healing. In particular, in line with the aforementioned
“M1-like” to “M2-like” transition, proinflammatory wound macrophages appear to
be driven to an anti-inflammatory activation state by apoptotic cell clearance mecha-
nisms [156]. Similarly, age-related impairment of wound healing has been suggested
to be associated with defective clearance of apoptotic cells by macrophages [157].
These observations highlight the importance of macrophage-dependent clearance of
apoptotic cells in the formation of an anti-inflammatory microenvironment, which
under normal circumstances is necessary for healing and repair of wounds but in the
more sinister setting of cancer, apoptosis may promote tumor cell survival, prolifera-
tion, tissue remodeling, neovascularization, and metastasis.

We suggest that cell death plays a driving role in the establishment of the ORN
and that responding normal host cells, especially in the environs of cell demise (or
as a result of recruitment incited by cell death), perform critical oncogenic functions
as a consequence. In this way multiple cellular players in the ORN, such as—in
addition to macrophages—endothelial cells and surviving or emerging clones of
transformed cells, could interact in tissue repair modes in order to foster tumor
establishment, stemness of cancer clones, metastatic spread, and post-therapy
relapse. Of direct relevance to this argument is the wound-healing response to cell
death via the Mer receptor tyrosine kinase that drives metastasis in postpartum
breast cancer [122]. It will be important to establish the critical tissue repair mole-
cules that are central to the ORN. Given their role in wound healing and liver regen-
eration, notably in the latter their production by apoptotic hepatocytes [147], we
speculate that Hedgehog ligands produced by dying tumor cells could provide
important molecular components of the ORN. As we discuss in the next section,
PGE, signaling may also be crucial, especially in the ORN that may characterize
post-therapeutic disease relapse.

3.8 Opportunities for Improving Cancer Treatment

The pro-oncogenic, as well as anti-oncogenic, properties of tumor cell apoptosis
suggest opportunities for novel anticancer therapies. Mainly, such opportunities
remain undeveloped, both from the standpoint of, for example, either promoting
AiA or inhibiting compensatory proliferation. As detailed elsewhere in this book,
both chemotherapeutic and radiotherapeutic treatments induce various modes of
cell death including apoptosis. The key requirement for successful therapy is sus-
tained imbalance of the tumor cell birth/cell death equation in favor of cell death.
Immunogenic cell death is one way in which this can be achieved [158]. Since
TAMs play prominent roles in responding to apoptotic tumor cells in pro-oncogenic
modes of accumulation and activation it follows that therapeutic strategies aimed at
(1) reducing TAM accumulation, and (2) repolarizing TAMs to an antitumor pheno-
type to mediate the elimination of tumor cells could also be valuable. Both strate-
gies have potential to limit protumor and anti-inflammatory signaling by TAMs, and
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to lead to enhanced antitumor immunity, resulting in decreased tumor growth and
reduced metastasis.

Therapeutic strategies aimed at limiting the accumulation of TAMs in the tumor
microenvironment have focused either on reducing recruitment of monocytes or
suppressing macrophage survival in the tumor microenvironment. CCL2 and CSF-1
are abundantly expressed in many tumors and are believed to be among the most
important factors contributing to macrophage infiltration [159]. Additionally, many
tumors upregulate CSF-1 as a result of cytotoxic or ionizing radiation therapies,
which can lead to further accumulation of TAMs [160, 161]. Preclinical murine
models targeting CCL2, CSF-1, or their receptors (CCR2 and CSF-1R, respec-
tively) either alone, or in combination with chemotherapy are showing potential at
reducing TAM accumulation, and enhanced antitumor immunity leading to
decreased tumor growth and reduced metastases [160—-164]. A Phase 1B clinical
trial using an anti-CCR2 antibody is currently underway combined with standard
chemotherapy in pancreatic cancer patients (http:/clinicaltrials.gov/show/
NCTO01413022). Recent work also highlights the importance of the CCL2/CCR2
axis in orchestrating macrophage-driven pulmonary metastasis in murine breast
cancer. Notably, a key downstream signaling arm, CCL3/CCR1 was identified,
which the authors suggest could prove to be a useful, low-toxicity therapeutic target
for treating metastatic disease [165].

Several therapies have been shown to suppress macrophage survival in tumors.
Trabectedin, a chemotherapeutic agent, induces apoptosis exclusively in mononu-
clear phagocytes via the extrinsic apoptotic pathway mediated by tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL) receptors, and can deplete macro-
phages in tumors, thereby contributing to inhibition of tumor growth and reduction
in angiogenesis [166]. Liposomal bisphosphonates, including clodronate and zole-
dronic acid, are also capable of macrophage depletion and have shown to reduce
tumor growth and tumor vascularization [167, 168], as well as suppression of bone
and muscle metastasis [169] in murine cancer models. Additionally, immunotoxin-
conjugated mAbs targeting TAM surface proteins, including for example scavenger
receptor-A, CD52, and folate receptor P, have also shown potential at reducing
TAM infiltrate and restricting tumor growth in murine models of ovarian cancer and
glioblastoma [170-172].

Alternative therapeutic approaches have targeted the plasticity of macrophages
and are directed at preventing TAM phenotypic changes that promote tumor growth
and/or re-educate TAMs in favor of antitumor and proinflammatory signaling. These
strategies are in line with findings that patients with high ratios of M 1-like/M2-like
TAMSs more frequently experience a complete tumor resolution and higher overall
survival than patients with low M1-like/M2-like ratios [173, 174]. Common strate-
gies have sought to target TAMs directly to achieve repolarization. NF-kB activa-
tion can redirect TAMs to a tumoricidal M 1-like phenotype [175] and several agents
capable of activating NF-kB have been reported, including Toll-like receptor (TLR)
agonists, anti-CD40 mAbs, and anti-IL-10R mAbs. CpG oligodeoxynucleotide
(CpG-ODN), a TLR9Y ligand can upregulate NF-kB activation in TAMs, leading to
the production of IL-12 and TNF [176] and increased expression of MHC Class 11,
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CD86, CD80, CDA40, and IFN-y, while decreasing expression of IL-4Ra, IL-4, and
IL-10 [177]. Combining CpG-ODN treatment with anti-IL-10R mAb and monocyte
chemoattractant CCL16 was shown to rapidly change the phenotype of infiltrating
macrophages and induced the rejection of various preexisting tumors in murine
models [176]. CpG-ODN-therapies currently in clinical trials show modest activity
but may be improved by identifying molecular characteristics of subgroups of
patients that could potentially benefit from this treatment [178—180]. CD40 activation
can also reverse immune suppression of macrophages and drive antitumor T cell
responses. Addition of anti-CD40 mAb to patients with chemotherapy-naive, surgi-
cally incurable pancreatic ductal adenocarcinoma has been shown to induce an
influx of CD40-activated, tumoricidal macrophages and promote the depletion of
the tumor stroma [181, 182]. Blockade of the CSF1/CSF1R axis has also been
shown to change the TAM phenotype by reducing expression of TAM genes such as
MRCI, HMOXI, and ARG, while upregulating /L/b and led to an increase in survival
when given early in disease or increased tumor regression when given at advanced
stages of a xenograft model of proneural glioblastoma multiforme [183].

Other strategies to reprogram macrophages that have shown success in preclinical
cancer models are intratumoral delivery of IL-21 [184], and low-dose irradiation of
macrophages [185], both of which were found to switch macrophage activation to
an antitumor, proinflammatory phenotype, which was accompanied by increased
infiltration of T cells. Furthermore, two microRNAs, miR-155 [186] and miR-125b
[187], have been identified that are associated with proinflammatory activation of
macrophages and should be further investigated as therapies for redirecting TAMs.

An approach to alter TAM phenotype of particular relevance to this chapter is the
targeting of apoptotic cell-mediated activation of macrophages. Such therapies are
generally targeted against PS expressed on the membrane of apoptotic cells. Masking
of PS by a mutant form of MFG-ES8 has been shown to inhibit phagocytosis of
apoptotic cells by macrophages and could also inhibit the enhanced production of
IL-10 [188]. Furthermore, addition of annexin V, which binds to PS on apoptotic
cells, has been shown to target irradiated lymphoma cells to CD8+ dendritic cells for
in vivo clearance, leading to release of proinflammatory cytokines and regression of
tumors [189]. Murine and rat models of prostate cancer have also shown success
when chemotherapy or irradiation was combined with an anti-PS antibody, 2aG4, a
variant of the human antibody bavituximab, compared to either therapy alone [190,
191]. Gene expression analysis showed that TAMs cultured in the presence of 2aG4
increased iNOS, inflammatory cytokines IL-12 and TNFa, and T cell costimulatory
molecules (CD80, CD86, and MHC class II), and decreased expression of arginase I,
immunosuppressive cytokines IL-10 and TGF-f, and VEGF-A [191]. Bavituximab,
a human anti-PS antibody, is currently being tested in a clinical trial [192].
Additionally, chemotherapies that induce immunogenic cell death can limit apoptotic
cell activation of macrophages, and instead signal via dendritic cells leading to
stimulation of T cells, which improves therapeutic responses [158].

The notion that switching macrophages from M2-like procancer to M1-like anti-
cancer activation states is undoubtedly simplistic and seems likely to be tumor
specific or even tumor region specific, depending on the functional subtleties of the
activation status of the particular TAMs and their biological activities in modulating
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tumor growth and progression. A relevant salutary observation is that macrophages
activated in vitro with the classical M1, proinflammatory stimuli, IFNy and TNFa
have been reported to promote tissue (skeletal muscle) regeneration [124].
Furthermore, the inflammatory drive of the tumor pathogenesis will be important in
approaches that target the polarization state of the macrophage. For example,
although the receptor tyrosine kinases (RTKs) Mer and Axl are widely held as
having strong oncogenic properties [193], which has led to the development of
inhibitors of these RTKs for treatment of solid tumors [194], the oncogenic role of
the Tyro, Axl, Mer-RTK axis may be tumor and/or cell context specific. Thus, in
inflammation-driven colitis-linked cancer, loss of Mer and AxI actually promotes
the underlying oncogenic processes through failure to dampen inflammation [195].
Furthermore, suppression of apoptotic cell clearance via the Tyro, Axl, Mer-RTK
axis could also act to promote oncogenesis in an inflammatory cancer context. By
contrast, the Tyro, Axl, Mer-RTK axis may activate protumor mechanisms through
suppression of antitumor immunity or through driving oncogenic properties in
tumor-associated macrophages.

An additional TAM therapeutic approach is to enlist them to target tumor cells,
most likely through using their ability to perform antibody-dependent cellular
phagocytosis (ADCP). Recent work by Montalvao et al. has suggested that the
effectiveness of rituximab, an anti-CD20 therapy that is proven successful for treat-
ing B cell malignancies, is dependent on ADCP by Kupffer cells, the macrophages
of the liver [196]. Similarly, antitumor mAb therapy in various murine carcinoma
models resulted in rapid phagocytosis of tumor cells by Kupffer cells and inhibition
of liver metastasis [197]. As we have already noted earlier, the antagonism of “don’t-
eat-me” signals such as CD47 is a potentially highly effective response in cancer
therapy that harnesses the power of the phagocytes to engulf and degrade otherwise
viable tumor cells.

Cell death induced by anticancer therapeutics may activate host responses that
promote relapse. Recent work illustrates this effect especially in murine models of
breast cancer and melanoma in which postradiotherapy or postchemotherapy, tumor
repopulation was shown to be driven by caspase-3-dependent PGE, production gener-
ated by therapy-induced tumor cell apoptosis [25, 198]. Human studies of several
cancer types indeed support the argument that caspase-3 could be an important thera-
peutic target [14]. In our view, the presumption that inducing cell death in tumors (by
whatever means) should be the fundamental aim of cancer therapy is fatally flawed.
Given the burgeoning evidence that host responses to tumor cell death—including
therapy-induced death—may be firmly rooted in tissue repair and regeneration, it
seems timely to reassess the therapeutic “death hit” in terms of the host response,
especially since post-therapeutic relapse is such a common event. In addition to sus-
taining the anticancer effect through stimulating antitumor immunity as is the case
with immunogenic cell death, combination therapies to induce tumor cell death and
simultaneously to block death-induced development of the ‘relapse niche’ should be
considered. Identification of the key molecular targets in this niche will be crucial to
the development of effective and lasting novel anticancer therapies.
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3.9 Conclusions and Future Perspectives

Far from being passive biological entities that simply signify reduction in malignant
cell population sizes, apoptotic cells actively modulate the tumor microenviron-
ment, eliciting multiple host responses, many having pro-oncogenic properties.
Therefore, although evasion from apoptosis has accepted roles as an acquired
characteristic of a cancer cell, its oncogenic features should be considered as part of
the tumor microenvironmental contribution to the development of malignant dis-
ease. The surprising effects of apoptosis in promoting as well as inhibiting oncogen-
esis are reflected by recent evidence that p53, the prototypical tumor suppressor,
also has tumor-promoting properties [199].

The notion that apoptosis may provide a generic driver mechanism that elicits
tissue repair-like processes unifies the features of wound healing, tissue regenera-
tion, and developmental remodeling that characterize malignant tumors. In this
respect, the concept of the ORN constitutes a focus for the identification of future
therapeutic targets. The critical question here is what molecular mechanisms deter-
mine the nature of the responses that emanate from apoptosis? What features of an
apoptotic cell lead to compensatory proliferation, angiogenesis, antitumor immu-
nity, or further cell death? As we have discussed, we are beginning to understand
this important question and elucidate the answers. Undoubtedly, through thorough
understanding of the molecular cell biology of the systemic as well as microenvi-
ronmental responses to apoptosis —and indeed other forms of cell death—in tumors,
the future holds great promise for improved diagnosis, patient stratification, and
long-lasting anticancer therapies.
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