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   Foreword   

 In 1993, I took up my fi rst Chair at the University of Nottingham. Soon afterwards, 
my family attended my inaugural lecture, in which I described work on cell clear-
ance by apoptosis in the resolution of infl ammation. After the lecture, I was 
impressed by a question from my elder son, then 10 years old—“so, dad, is apopto-
sis a good thing?” My answer must have sounded evasive—“well it all depends…”. 
Indeed, some years later, Valerie Fadok and I proposed that corpse clearance defi nes 
the “meaning” of cell death. Our thesis was that evolution has hijacked the phyloge-
netically ancient process of phagocytic clearance of cells dying by apoptosis to 
deliver benefi cial outcomes in various states of tissue perturbation. For example, as 
acute infl ammation resolves, phagocytes taking up apoptotic cells suppress further 
infl ammatory responses by various mechanisms and promote tissue repair. 

 This superb new book, blessed with uniformly excellent contributions from con-
temporary leaders in the fi eld, examines what is currently understood of the com-
plexities of the death and clearance of cells in cancer. As one might expect, the 
processes are now believed to have both benefi cial and deleterious consequences in 
tumours. What emerges for me is a surprising and enlightening concept—that cancer 
could be regarded “as a wound that never stops healing”. If I have this right, the 
contributors are poised to inspire important new therapeutic approaches in cancer, 
building on exciting new data revealing benefi t from inhibition of the PD1 pathway 
in T regulatory cells. Processes that are benefi cial in infl ammation seem to be delete-
rious in cancer, and their inhibition can be therapeutic. I wish I’d known that in 1993, 
but perhaps if I had, my son’s curiosity about biology would have not have led him 
to read National Sciences at Cambridge, before becoming a science teacher. I hope 
he and his students reap the benefi t of the exciting new knowledge presented here.  

   University of Edinburgh     John     Savill   
  Edinburgh ,  UK        
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  Pref ace   

 Apoptosis, the most widely studied and arguably best understood programmed cell 
death process, is the antithesis of proliferation and as such has gained much renown 
as an anticancer mechanism. Indeed, genes involved in suppressing apoptosis have 
rightly acquired the guise of oncogenes while those that promote the process, anti- 
oncogenes. These widely accepted, logical qualities of apoptosis, substantiated by 
decades of research in the context of tumour biology, are perhaps best summed up 
by Hanahan and Weinberg in their landmark review of the acquired characteristics 
of cancer cells which include the capacity to evade apoptosis. 1  Clearly, the ultimate 
“rogue” cell, a cell that engenders an aggressive malignant tissue that may kill its 
host,  must  survive and may need to evade apoptosis in order to do this. However, 
cells of multicellular organisms, though they have partial cell autonomous qualities, 
have evolved to exist in response to signals from their neighbours. Apoptotic cells 
are not exceptional in providing such signals and the most renowned neighbourly 
response to apoptosis is the phagocytic packaging and degradation of the dying cell, 
along with additional signalling responses from the phagocytes to yet other cells of 
the multicellular host. Furthermore, in development, it is well known that apoptosis 
can elicit proliferative responses in neighbouring cells. These examples and other 
consequences of apoptosis for its microenvironment have implications for the emer-
gence, progression, invasiveness, and therapeutic responses of malignant disease, 
and in recent years, evidence has begun to emerge in support of these implications. 
This book presents a topical collection of reviews which consider the pleiotropic 
properties of apoptosis and indeed other forms of cell death in oncogenesis and 
therapy. Its primary aim is to provide a timely discussion of cell death in cancer in 
the broadest terms—from its widely accepted roles in prevention and cure to its 
potential in progression and relapse. 

 Chris Dillon and Doug Green begin by setting the scene with their chapter enti-
tled “Molecular cell biology of apoptosis and necroptosis in cancer”. Their review 
introduces the reader not only to apoptosis and its molecular mechanisms in the 
context of cancer but also to emerging relevant knowledge of the process of 

1   Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000;100:57–70. 
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 programmed necrosis, necroptosis. They discuss the underlying physiological 
mechanisms, how they may become dysregulated in malignant disease, and how 
they may be stimulated for therapeutic gain. One of the most important take-home 
messages of this chapter is that cancers are likely to evolve to become tolerized to 
withstand cell death programs, and a pervasive view throughout this volume is that 
such tolerance could develop further to be of advantage to the rogue tissue. 

 In Chap.   2    , “Clearance of dying cells by phagocytes: mechanisms and implica-
tions for disease pathogenesis”, Aaron Fond and Kodi Ravichandran elegantly sum-
marize the mechanisms by which apoptotic cells are detected, engulfed, and 
degraded by phagocytes. While this is the best-studied response to apoptosis and 
much has been learned in terms of its molecular cell biology, many questions 
remain, such as why is there so much variety in receptors and ligands in this process 
and what are the key molecules in various stages such as recognition and response? 
As the authors discuss, responses to apoptotic cells are far from limited to engulf-
ment and safe degradation, and they highlight the role of apoptosis in controlling 
infl ammation and facilitating differentiation. They not only consider normal physi-
ology but also a variety of disease processes to which the clearance mechanisms are 
likely to contribute, not least cancer. Here, they highlight especially the critical 
pathways of dying cell clearance which connect growing tumours with anti-tumour 
immune responses, noting especially how the anti-immune mechanisms so typical 
of apoptotic cell interactions with antigen-presenting phagocytes can hold such 
advantage to malignant disease that can develop so effectively in the face of an 
effective host immune system. 

 In the third chapter, “Microenvironmental effects of cell death in malignant dis-
ease”, my colleagues Catriona Ford and Jorine Voss and I expound on the sinister, 
pro-oncogenic effects of cell death in tumour tissue, mainly focusing on apoptosis 
but also making reference to other cell death modalities as appropriate. Our per-
spective is not only historical, drawing on Paget’s “seed and soil” theory and on the 
parallels between cancer pathogenesis and wound-healing responses, but is also 
topical, highlighting the relationships between normal tissue regeneration and 
malignant disease. We rehearse the concept of the “onco-regenerative niche” 
(ORN), a putative cell death-driven complex of conserved tissue repair and regen-
erative responses that are hijacked in cancer, and propose that critical cellular 
responses in the ORN are those of macrophages and endothelial cells. We also pro-
pose that extracellular vesicles produced by dying cells are key biological entities 
that facilitate the pro- oncogenic effects of apoptosis. The concept that apoptotic 
mechanisms can be directed towards oncogenic processes is developed further by 
Yun Fan and his colleagues Catherine Dabrowska and Mingli Li in Chap.   4    , 
“Apoptotic caspases in promoting cancer: implications from their roles in develop-
ment and tissue homeostasis”. Here, the authors discuss a different aspect, the utili-
zation of central molecular mediators of the apoptosis machinery, the caspases, for 
functions other than cell death, especially the promotion of cell proliferation. Given 
the hundreds of protein substrates for apoptotic caspases, there seems little doubt 
that both apoptotic and non-apoptotic activities of these enzymes will prove to have 
a multiplicity of functions that promote neoplastic disease processes. 

Preface

http://dx.doi.org/10.1007/978-3-319-39406-0_2
http://dx.doi.org/10.1007/978-3-319-39406-0_4


ix

 Chapters   5    ,   6    , and   7     further discuss the concepts introduced in Chap.   2     surround-
ing the associations between apoptosis and the regulation of anti-tumour infl amma-
tory responses and anti-tumour immunity. The review by Ian Dransfi eld and Sarah 
Farnworth (Chap.   5    : “Axl and Mer receptor tyrosine kinases: distinct and nonover-
lapping roles in infl ammation and cancer?”) considers in detail Axl and Mer, anti- 
infl ammatory receptor tyrosine kinases known to interact with apoptotic cells via 
their ligands Gas6 and Protein S which bind avidly to the exposed phosphatidylser-
ine on apoptotic cell surfaces. This receptor–ligand axis may lie at the heart of the 
anti-infl ammatory responses of phagocytes to apoptotic cells, suggesting that it may 
provide a target area for anticancer drug development—though antagonism could 
have unwanted effects in infl ammation-driven tumours! In Chap.   6     (“Immunogenic 
apoptotic cell death and anticancer immunity”), Peter Vandenabeele, Katrien 
Vandecasteele, Claus Bachert, Olga Krysko, and Dmitri Krysko discuss the particu-
lar case of immunogenic cell death, highlighting the special characteristics which 
make it particularly suited to anticancer treatment. The rationale here is that, if cell 
death processes activated by anticancer chemotherapies and radiotherapies can 
themselves have pro-oncogenic features, then by fostering cell death mechanisms 
such that the responses of the host facilitate anti-tumour immunity—for example 
through release of immunostimulatory adjuvants otherwise known as “DAMPs” 
(damage-associated molecular patterns) by dying cells—sustained tumour suppres-
sion could be achievable. This concept is considered in further depth by Udo Gaipl 
and colleagues Benjamin Frey, Anja Derer, Heike Scheithauer, Roland Wunderlich, 
and Rainer Fietkau in Chap.   7    , “Cancer cell death-inducing radiotherapy: impact on 
local tumour control, tumour cell proliferation and induction of systemic anti- 
tumour immunity”, especially in the context of radiation therapy. This chapter fur-
ther provides a tour de force of the responses of cells to irradiation and their 
application in anticancer therapies. 

 Extending the theme of apoptosis-inducing anticancer therapy, Klaus-Michael 
Debatin and his colleagues Mike-Andrew Westhoff and Nicolas Marschall con-
sider in detail in the penultimate chapter (Chap.   8    : “Novel approaches to apoptosis- 
inducing therapies”) the fundamental problem of the evolution of tumours in 
response to cell death-inducing therapies that lead to their resistance to apoptosis. 
The authors discuss the underlying mechanisms in depth and suggest solutions, 
notably using small molecule inhibitors of IAPs (inhibitor of apoptosis proteins) 
and BH3 mimetics (apoptosis-promoting small molecules), as well as by inhibiting 
cell survival signalling such as the PI3K/Akt/mToR and MEK/ERK pathways. To 
conclude the volume, and continuing new therapeutic approaches centred around 
apoptosis, Andreas Weigert, Javier Mora, Divya Sekar, Shahzad Syed, and 
Bernhard Brüne discuss the tumour-associated macrophage (TAM) as a critical cell 
death- responding component of the tumour microenvironment (Chap.   9    : “Killing 
is not enough: How apoptosis hijacks tumor-associated macrophages to promote 
cancer progression”). Indeed, the macrophage is a cell which has the potential to 
induce tumour cell death as a natural anti-tumour host entity. Problematically, 
TAMs accumulate in response to cell death and other signals in tumours, and the 
activation state of TAMs is usually multi-functionally  pro -oncogenic. The extent to 
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which the  pro- tumour functions of TAMs is driven by apoptosis requires clarifi ca-
tion in multiple tumour types, but TAMs and their responses to cell death have real 
potential in anti- tumour therapeutic targeting. As Brüne and colleagues propose, 
effective anticancer therapies should be designed not only to induce death of 
tumour cells but also to target the pro-tumour TAM responses that ensue in response 
to that cell death. 

 On behalf of all contributing authors, I hope that this volume not only brings to 
the fore many of the varied known biological effects of cell death in tumours—both 
as part of their pathogenesis and of their responses to therapy—but also stimulates 
further discussion and research. At worst, the induction of cell death by anticancer 
therapies could play critical roles in relapse and evolution of more aggressive dis-
ease. At best, shifting the balance in tumour cell population dynamics from prolif-
eration to death provides a route to disease-free survival. It seems likely that 
longevity in the latter will depend not only on inducing tumour cell death but also 
on inhibiting the consequent and perhaps inevitable pro-tumour responses. 
Undoubtedly, more targeted work in this area is required, and we hope that this 
volume will provide some inspiration towards this and that more effective cancer 
therapies that are applicable to a broad range of tumour types will ultimately emerge 
as a result.  

  Edinburgh, UK     Christopher D.     Gregory       
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    Chapter 1   
 Molecular Cell Biology of Apoptosis 
and Necroptosis in Cancer                     

     Christopher     P.     Dillon      and     Douglas     R.     Green    

    Abstract     Cell death is a major mechanism to eliminate cells in which DNA is dam-
aged, organelles are stressed, or oncogenes are overexpressed, all events that would 
otherwise predispose cells to oncogenic transformation. The pathways that initiate 
and execute cell death are complex, genetically encoded, and subject to signifi cant 
regulation. Consequently, while these pathways are often mutated in malignancy, 
there is considerable interest in inducing cell death in tumor cells as therapy. This 
chapter addresses our current understanding of molecular mechanisms contributing 
to two cell death pathways, apoptotic cell death and necroptosis, a regulated form of 
necrotic cell death. Apoptosis can be induced by a wide variety of signals, leading 
to protease activation that dismantles the cell. We discuss the physiological 
importance of each apoptosis pathway and summarize their known roles in cancer 
suppression and the current efforts at targeting each pathway therapeutically. 
The intricate mechanistic link between death receptor-mediated apoptosis and 
necroptosis is described, as well as the potential opportunities for utilizing necroptosis 
in the treatment of malignancy.  

  Keywords     Cell death   •   Apoptosis   •   Necroptosis   •   RIPK3   •   BCL-2   •   Caspases   • 
  Cancer   •   Infl ammation   •   Immunogenic  

1.1       Introduction 

  Cell death   plays an important role in the maintenance and regulation of homeostasis 
in multicellular organisms. It is also a major mechanism by which the immune system 
can eliminate cells infected by pathogens or with potentially carcinogenic mutations. 
The pathways that initiate and execute cell death are complex, genetically encoded, 

        C.  P.   Dillon      (*) •    D.  R.   Green      (*) 
  Department of Immunology ,  St. Jude Children’s Research Hospital , 
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and subject to signifi cant regulation. Mutations in genes that regulate cell death are 
quite common, resulting in either the elimination of pro- death proteins or the ampli-
fi cation of antideath proteins, a key step in the progression to cancer. This chapter 
will address our current understanding of molecular mechanisms contributing to 
two cell death pathways, apoptotic cell death and necroptosis, a regulated necrotic 
cell death. We discuss their physiological importance, their role in cancer suppression, 
and their potential use as targets for cancer therapy.  

1.2     Role of  Cell Death Pathways   in Cancer Suppression 

  Cancer is believed to result from a series of accumulating mutations that result in 
the unregulated expansion of cells [ 1 ]. In landmark papers by Hanahan and 
Weinberg [ 2 ,  3 ], the multiple “hits” required to disable the essential cell processes 
that restrict proliferation and cause tumorigenesis are termed the “hallmarks” of 
cancer. One important hallmark is the evasion of apoptosis, a form of programmed 
cell death, to be discussed in detail later (Fig.  1.1 ).  Evasion of apoptosis   is often 

Mutation
DNA Damage

Copy number alteration

Cell Death Programs Engaged

Casp-8Casp-9 Casp-2 RIPKs

Cell Eliminated Cancer

  Fig. 1.1    Role of cell death programs  in cancer  . Various cellular insults, such as DNA damage, 
mutation, or changes in copy number drive activation of cell death programs, including cell death 
mediated by caspases-9,-2, and -8, as well as RIP kinases. Failure to engage or execute these 
pathways leads to cancer       
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construed as the complete elimination of cell death pathways in cancerous cells. 
But conceptually, a cell need only disrupt a death pathway specifi cally engaged by 
a tumor suppressor mechanism to elude that checkpoint. Indeed, merely dampen-
ing apoptotic responses is often suffi cient to allow tumor progression, suggesting 
that cancer cells not only retain functionality in their cell death signaling path-
ways, but may be more “primed for death” than their normal counterparts. It is 
therefore possible that tumor cells could be driven to death by reversing the mech-
anisms that have dampened the death response and reactivating these death func-
tions. On the other hand, a number of pathways of cell death with necrotic-like 
phenotypes have recently been described, and these might provide a new avenue 
to target to bypass the tumor cell’s attempt to evade elimination. Here, we will 
address one such pathway, RIPK3-mediated necrosis, or necroptosis, and how it 
might be harnessed for therapy. 

1.3         Apoptosis   

  One of the most studied and widely characterized forms of cell death is apoptosis. 
Known commonly as programmed cell death, apoptosis is the packaging of dying 
cells into fragments that are easily consumed and eliminated by phagocytes without 
disturbing the normal function of surrounding tissues [ 4 ]. This process is mediated 
by cysteine aspartate proteases known as caspases, has a stereotypical morphological 
appearance, and generally does not elicit an immune response. Apoptosis can be 
initiated through two separate pathways, the intrinsic or mitochondrial pathway and 
the extrinsic or death receptor pathway. Both pathways converge and utilize cas-
pases as their downstream effectors of death, as these proteases have thousands of 
targets and orchestrate the fi nal stages of apoptosis.  

1.3.1     Caspases and Cell  Death            

     The cysteine aspartate protease (caspase) family is split into multiple distinct sub-
sets based on their specialized roles. Two subsets, known as effector and initiator 
caspases, are key regulators of apoptosis [ 5 ]. Effector caspases (such as caspase-3, 
-6, and -7 in mice and humans) are the mediators of cell destruction through the 
proteolysis of thousands of cellular substrates [ 6 ]. Cleavage of the inactive mono-
mer forms of these caspases causes them to form active dimers and initiate cell 
death cascades [ 5 ]. Effector caspases are cleaved by the initiator caspases (caspase-
 2, -8, and -9 in rodents, with an additional caspase-10 in other vertebrates, including 
humans). Unlike effector caspases, initiator caspases are activated through confor-
mational changes rather than cleavage [ 7 ]. Upon the integration of multiple upstream 
signals, initiator caspases are recruited via their long pro-domain to large macromo-
lecular signaling platforms where they are dimerized and thereby activated [ 8 ]. 
Different signals and platforms regulate the activation of each individual initiator 

1 Molecular Cell Biology of Apoptosis and Necroptosis in Cancer



4

caspase, thus allowing each caspase to be specialized for different cellular tasks. 
Thus, the deleterious effects of caspase inhibition or deletion can vary signifi cantly 
based on tissue type or pathogenic insults.      

1.3.2     Intrinsic  Cell Death         

    The intrinsic pathway of apoptosis is activated through a variety of intracellular 
signals ranging from DNA damage to oncogenic stress. Intrinsic cell death is most 
commonly associated with mitochondrial outer membrane permeabilization 
(MOMP) resulting in the activation of caspase-9 (Fig.  1.2 ) [ 9 ].

Mitochondria

Caspase-9, APAF, Caspase-3 
KOs: Exencephaly

Bim KO: Autoimmunity,
Tumor prone

Bcl-2 Overexpression:
Tumor prone

Anti-apoptotic Bcl-2 
family members

BID Pro-apoptotic BH3 only 
Bcl-2 family members

-DNA Damage
-ER stress
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  Fig. 1.2    Complex regulation of mitochondrial membrane integrity by BCL-2 family members. 
Intrinsic  cell death      driven by DNA damage, ER stress, or oncogene activation leads to the loss of 
mitochondria membrane permeability, release of cytochrome c, and the assembly of the apopto-
some. The apoptosome, consisting of APAF1, cytochrome c, and caspase-9, serves as the activa-
tion platform for caspase-9, which in turn cleaves effector caspases and leads to the destruction and 
packaging of the cells for removal. BCL-2 family members regulate the mitochondrial membrane, 
with proapoptotic BH3-only family members being inhibited by antiapoptotics such as BCL-2, 
BCL-XL, and MCL-1. These antiapoptotics also directly inhibit the pore-forming proteins BAK 
and BAX. Therapeutics such as ABT263 target BCL-2 and BCL-XL and remove their inhibition of 
the pathway, while stapled peptides have been shown capable of directly binding and activating 
BAK and BAX       
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1.3.2.1       Mechanisms of  Caspase-9-Mediated Apoptosis         

    Assembly of the caspase-9 activation platform, consisting of APAF1 and cytochrome c, 
is driven by intracellular signals such as DNA damage and oncogenic stress. These 
intracellular signals activate BAX and BAK, two BCL-2 family proteins, to form 
pores in the outer mitochondrial membrane, disrupting membrane integrity and releas-
ing cytochrome c [ 10 ]. Once released from the mitochondrial intermembrane space, 
cytochrome c binds to APAF1 to promote the formation of a multimeric complex, 
termed the apoptosome, which mediates caspase-9 activation [ 9 ]. 

 The activation of BAX and BAK, and thus MOMP, is regulated by the balance of 
proapoptotic and antiapoptotic BCL-2 family proteins [ 11 ]. The proapoptotic BH3- 
only proteins (e.g., BID, BIM, PUMA, and NOXA) contain one of four BCL-2 
homology domains, and some of these can directly activate the pore-forming pro-
teins, BAX and BAK [ 11 ]. The antiapoptotic proteins (BCL-2, BCL-XL, A1, and 
MCL-1) bind to and antagonize the BH-3-only proteins as well as directly act to 
inhibit active BAX and BAK (Fig.  1.2 ) [ 12 ]. Since different cellular insults induce 
specifi c BH3-only responses, and each antiapoptotic protein displays a differential 
regulation of each BH3-only protein family member, it may be important to target 
specifi c Bcl-2 proteins in certain contexts, such as restricting the effect of therapy to 
specifi c tissues, while activators or inhibitors of BAX and BAK may have a more 
universal effect [ 9 ], thus limiting their therapeutic window.     

1.3.2.2     Physiological Functions of the  Mitochondrial Apoptotic Pathway      

   Programmed cell death plays a role in the formation of the developing embryo. 
The importance of this process can be seen in mice defi cient for components of the 
apoptotic pathway. Caspase-9, caspase-3, and APAF1 knockout mice have similar 
embryonic phenotypes, developing exencephaly and cranioschesis from a failure to 
properly close the neural tube during development in some genetic backgrounds 
[ 13 – 17 ]. In contrast, the combined loss of the pore-forming proteins BAX and BAK 
leads to several developmental defects, including persistence of interdigital webs, 
an imperforate vaginal canal, and excess cell accumulation in both the central 
nervous and hematopoietic systems [ 18 ]. Specifi c deletion of BAX and BAK from 
B cells or hematopoietic stem cells results in the development of aggressive autoim-
mune disorders in mice, suggesting that these proteins also play an important role in 
regulation of the immune system [ 19 ,  20 ]. 

 Germline ablation of BIM, a proapoptotic BH3-only BCL-2 family member, leads 
to similar expansion of lymphoid tissues as seen in BAX and BAK deletion [ 21 ], 
while ablation of BID results in a myeloproliferative disorder in aging animals [ 22 ]. 
NOXA and PUMA knockout mice appear largely normal; however, cells from these 
animals placed under some stress conditions, such as DNA damage, have a survival 
advantage compared to WT controls [ 23 – 25 ]. 

 Germline deletion of antiapoptotic BCL-2 results in widespread apoptosis and 
lethality shortly after birth, whereas both BCL-XL and MCL-1 knockouts are 
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embryonic lethal [ 26 – 28 ]. Conditional mouse models show that MCL-1 is vital for 
the survival of all hematopoietic cell types with the exception of monocytes during 
development [ 29 – 31 ]. Conversely, the roles of BCL-XL and BCL-2 in hematopoi-
esis are more limited, with BCL-XL functioning primarily in megakaryocytes and 
erythrocytes and BCL-2 in lymphoid cell types [ 32 ,  33 ]. The variation of pheno-
types seen in both these germline and conditional knockout animals suggests that 
diverse tumor types may be differentially responsive to therapeutics targeted at the 
Bcl-2 family.    

1.3.2.3     Mitochondrial Apoptotic Pathway in Cancer and Cancer  Therapy      

   In the formation of hematological tumors, antiapoptotic BCL-2 proteins have been 
shown to synergize with expression of the MYC oncogene [ 34 – 36 ]. Mice with T 
cells defi cient in BAX and BAK develop an aggressive form of acute lymphoblastic 
leukemia [ 37 ] which correlates with evidence that BAX is mutated in a number of 
human hematological malignancies [ 38 ]. MCL-1 contributes to the development of 
acute myeloid leukemia [ 39 – 41 ], which is consistent with somatic copy-number 
alterations analysis, which found amplifi cations of both MCL-1 and BCL-2 in many 
cancer types [ 42 ]. Overexpression of BCL-2, BCL-XL, and MCL-1 has been found 
in breast, lung, prostate, colorectal, gastric, renal, hepatocellular, and pancreatic 
cancer [ 43 – 45 ], and transgenic expression of BCL-2 or BCL-XL synergizes with 
oncogenes to drive solid tumors in mice [ 46 – 48 ]. These results suggest that target-
ing of BCL-2 family members could prove effective for treatment for a wide variety 
of tumors [ 49 ]. 

 How can potential therapies drive cell death in tumor cells? When a cell encoun-
ters unregulated oncogene expression, the signals of transformation generally trig-
ger an apoptotic response; however, if a cell is incapable of undergoing apoptosis, 
due to the high expression of antiapoptotic proteins, the cell does not die. Importantly, 
these tumor cells are “primed to die” because the antiapoptotic proteins are occu-
pied with proapoptotic proteins such as BIM [ 50 ]. Therefore, although tumorigenic, 
these cells can be easily targeted with conventional chemotherapy and exhibit an 
enhanced sensitivity toward death. In fact, patient tumor cells can be screened 
in vitro for this “priming” to predict the cytotoxic effects of chemotherapy drugs 
that might be most effective at reducing tumor burden [ 51 ]. 

 A novel therapy approach that takes advantage of priming is the use “BH-3 
mimetics” to directly simulate the activation of these pathways and induce apoptosis 
[ 52 ]. Using a structure–activity relationship design paradigm to target protein–pro-
tein interactions rather than enzymatic active sites, the drug ABT-263 (navitoclax), a 
BH3 mimetic, has had great success in early clinical trials [ 53 – 55 ], including a recent 
Phase II trial [ 56 ]. However, ABT-263 is not specifi c, binding to BCL-2, BCL-XL, 
and BCL-W (but not MCL-1) and patients treated with this drug develop thrombocy-
topenia as a result of the loss of BCL-XL-dependent platelets (Fig.  1.2 ) [ 57 ,  58 ]. 
A newer version of this compound (ABT-199, venetoclax) eliminates thrombocyto-
penia by specifi cally targeting BCL-2 [ 59 ]. Upregulation of MCL-1 is a common 
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mechanism of acquired resistance to therapy in tumors [ 60 ], which may limit the use 
of these BH3-mimetic compounds as single agents [ 61 ]. Despite early specifi city 
challenges [ 62 ], recent efforts to directly target MCL-1 have yielded compounds that 
may work effectively as single agents or in combination with ABT-263 [ 63 ,  64 ]. 
However, the broad requirement for MCL-1 across hematopoietic cells could render 
it diffi cult to fi nd a therapeutic window for MCL-1 inhibitors [ 65 ]. 

 Another approach to targeting the BCL-2 family is “stapled” peptides, short pep-
tides capable of retaining their secondary structure, which are being investigated as 
small molecule vehicles for therapy [ 66 ]. Not only are they effective for activating 
BAX [ 67 ,  68 ], but stapled peptides also appear to bypass MCL-1 dependent acquired 
resistance in leukemic cells [ 69 ,  70 ]. 

 BH-3 mimetics have been used to kill a broad variety of tumor cells in vitro, 
including chronic lymphocytic leukemia, lymphoma, lung, breast, and colorectal 
cancer cells [ 45 ,  71 ,  72 ]. Although single agent use of BH3-mimetics appears most 
effective in the hematological tumor cells, combinatorial treatment of solid tumors 
with existing anticancer agents worked well [ 73 ]. To date, the clinical trials of ABT- 
263 and ABT-199 have focused on both single agent and combination therapy for a 
variety of neoplasms, including a Phase 3 trial of ABT-199 in combination with 
rituximab for chronic lymphocytic leukemia [ 49 ]. The progression of these drugs to 
clinical trials has accelerated the development of new therapeutics targeting the mito-
chondrial pathway [ 74 ], which hopefully will expand their usage quickly to solid 
tumors in the clinic.    

1.3.2.4     Mechanisms of  Caspase-2-Mediated Apoptosis         

    While caspase-2, the most evolutionarily conserved caspase, is thought to function in 
apoptosis [ 75 ,  76 ], its mechanism of activation, downstream targets, and physiologi-
cal role is still a matter of debate. Caspase-2 appears to play a role in cell death fol-
lowing DNA damage [ 77 ]. Insults causing double-stranded DNA breaks lead to 
activation of ATM/ATR, then p53, and ultimately cell death (Fig.  1.3 ) [ 78 ]. PIDD 
(p53-induced death domain) is a transcriptional target of p53 and a key member of 
the PIDDosome signaling complex that activates caspase-2 [ 78 ]. In the PIDDosome, 
PIDD recruits RAIDD, which in turn recruits caspase-2 through a protein–protein 
interaction domain on each protein known as a CARD domain [ 78 ]. Binding to the 
CARD domain of RAIDD puts caspase-2 into the proper conformation for activation 
[ 79 – 81 ]. In response to heat shock or endoplasmic reticulum stress, caspase-2 cleaves 
a number of downstream effectors, including BID, which permeabilizes the mito-
chondrial outer membrane [ 82 ,  83 ]. Recently, it has been suggested that caspase- 2 
plays a role in regulating genomic stability [ 84 ] and that the PIDDosome determines 
cell fate by integrating signals from DNA damage and mitotic checkpoints to activate 
caspase-2 [ 85 ].

   The mechanism for activation of caspase-2 is still a matter of ongoing investigation. 
Recent evidence suggests that PIDD and RAIDD may not be required for activation 
of caspase-2 in all contexts [ 86 ,  87 ], yet the alternative platform for its activation in 
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these contexts is still unknown. In the absence of p53, the inactivation of Chk1 
activates caspase-2 resulting in cell death [ 88 ]; however, reports confl ict as to 
whether this signaling is dependent on PIDD [ 89 ].     

1.3.2.5     Physiological Functions of the  Caspase-2 Apoptosis Pathway      

    Initial investigations found no gross phenotype in murine knockouts of caspase-2, 
RAIDD, or PIDD [ 80 ,  86 ,  90 ]. Recent studies observed premature aging and oxida-
tive stress in caspase-2 defi cient animals [ 91 – 93 ]. Caspase-2 also appears to aid in 
the maintenance of bone homeostasis through elimination of damaged osteoclasts 
[ 94 ]. Together, these fi ndings suggest that caspase-2 may play an important role in 
the elimination of transformed cells [ 95 ].     

1.3.2.6     Caspase-2-Mediated Apoptosis in Cancer and Cancer  Therapy      

  The role of caspase-2 in malignancy is still ambiguous. While the additional loss of 
caspase-2 does not affect the progression of tumors in p53 knockout mice [ 96 ,  97 ], 
caspase-2 does seem to infl uence disease development in other tumor models. 
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  Fig. 1.3    DNA damage, heat shock, or ER stress can lead to activation of caspase-2-mediated cell 
death. DNA damage activates ATM/ATR, stabilizes p53, causing the upregulation of PIDD. PIDD 
in turn recruits RAIDD forming the activation platform for caspase-2. ATM/ATR signaling can 
drive caspase-2 activation in the absence of p53, but only when Chk1 is inhibited. The link between 
heat shock and ER stress and the assembly of the caspase-2 activation platform is unclear, and in 
at least some instances activation of caspase-2 may be PIDD or RAIDD independent. Targeting 
Chk via inhibitors might prove a therapeutically useful way to activate this pathway in cancer       
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Caspase-2, ATM double knockout animals develop tumors more rapidly than ATM 
knockout mice alone [ 96 ,  98 ,  99 ]. Mice bearing the Eμ-Myc transgene together with 
the ablation of caspase-2 also develop spontaneous tumors faster than animals that 
only express the Eμ-Myc transgene. In acute lymphoblastic leukemia, decreased 
levels of caspase-2 are associated with a poorer clinical prognosis [ 100 ]. Caspase-2 
loss has also been shown to accelerate the development of mammary tumors in mice 
driven by MMTV/c-neu, as well as lung tumors driven by K-ras [ 101 ,  102 ]. 
Interestingly, caspase-2 ablation appears to delay the onset of TH/N-MYC-driven 
neuroblastoma, an observation at odds with its role in other tumor types [ 103 ]. 
The tumor suppressive effects of caspase-2 may be apoptotic in nature [ 104 ], as 
mutating the catalytic sites of caspase-2 eliminates this phenotype. 

 Activation of caspase-2 in a therapeutic setting might be achieved through either 
targeting of ATM/ATR or Chk-1 in the  DNA damage response (DDR)   (Fig.  1.3 ). 
Recent efforts have focused on Chk-1 inhibitors as either single agents or part of a 
combination therapy [ 105 ,  106 ]. While there is a signifi cant interest in ATM/ATR 
small molecule inhibitors as they move from preclinical to clinical testing phases, 
enhancing the DDR to kill off transformed cells could prove more effective if the 
caspase-2-mediated apoptosis pathway could be selectively activated [ 107 ].       

1.3.3     Extrinsic  Cell Death         

    Extracellular cues, often acting through cell surface receptors in the TNFR 
superfamily (such as TNFR, CD95/FAS, and TRAIL, receptors DR4 and DR5), 
activate the extrinsic apoptotic pathway, leading to the recruitment and activation 
of caspase-8. 

 Caspase-8 (and caspase-10, a homolog in humans) is activated by extracellular 
signals through the ligation of a family of proteins known as death receptors. Death 
receptors are a subset of the tumor necrosis factor receptor (TNFR) superfamily and 
include CD95, DR4, DR5, and TNFR [ 108 ]. When engaged by their respective 
ligands (CD95L, also known as FAS ligand for CD95; TRAIL for DR4 and DR5; 
and TNF for TNFR), these death receptors recruit the adaptor molecule Fas- 
Associated protein with Death Domain (FADD) (Fig.  1.4 ) [ 108 ]. Once FADD is 
combined with the death receptor (or in the case of TNFR after both FADD and a 
second adaptor molecule, TRADD, are recruited), inactive monomers of caspase-8 
are recruited and dimerized into active caspase-8 homodimers [ 109 ]. The activating 
platform formed by the combination of the death receptor, adaptor(s), and caspase-8 
is referred to as the  death-inducting signaling complex (DISC)   [ 110 ]. Once acti-
vated, the caspase-8 homodimer is cleaved, releasing it from the  DISC  , and this can 
cleave and thereby activate caspase-3 and -7 to promote apoptosis [ 109 ,  111 ]. While 
cleavage alone does not activate caspase-8 [ 112 ,  113 ], noncleavable versions of 
caspase-8 do not initiate apoptosis through the cleavage of caspase-3 [ 109 ]. 
Caspase-8 can also form a heterodimer with its catalytically inactive homolog 
c-FLIP, which competitively blocks the formation of the caspase-8 homodimer and 
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the resultant activation of caspase-3 [ 114 ]. As caspase-8 in the heterodimer with 
FLIP retains catalytic activity, it remains unclear why the heterodimer is incapable 
of inducing apoptosis [ 114 ].

1.3.3.1       Physiological Functions of the  Caspase-8 Apoptosis Pathway   

  Animals ablated for caspase-8 perish early in embryogenesis [ 115 ], and therefore it 
has been diffi cult to elucidate the role of caspase-8 in normal tissue homeostasis. 
While the cause of this early lethality is now understood (as discussed later), the 
exact tissues in which caspase-8 is important for homeostatic regulation remain 
unclear and is confounded by its role in regulating necroptosis. Conditional ablation 
of caspase-8 in the gut or skin results in animals that die as juveniles [ 116 ,  117 ], 
while deletion of caspase-8 from the liver, heart, muscle, or brain does not appear to 
have major effects on development [ 118 – 120 ]. Deletion of caspase-8 from the liver, 
however, does protect against lethality induced by death ligands such as CD95L, 
which in WT animals causes rapid death due to apoptotic loss of hepatocytes and 
signifi cant liver damage [ 118 ]. Deletion of caspase-8 does not appear to affect 
development of lymphoid cells such as T and B cells, but does signifi cantly affect 
their lifespan in the periphery after activation [ 121 – 123 ].   
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  Fig. 1.4    Extrinsic  cell death      is mediated by caspase-8. Ligation of the death receptor by its ligand 
leads to receptors trimerization and recruitment of adaptor molecules FADD, and in the case of 
TNFR, TRADD. These in turn recruit caspase-8, putting it into the proper conformation for activa-
tion. In the case of CD95 and DR4/5, caspase-8 self-cleaves releasing a homodimer of caspase-8 
from the receptor to the cytosol allowing it to cleave its downstream effector caspases and induce 
cell death. For TNFR, caspase-8 is recruited directly to a cytoplasmic complex for activation. The 
catalytically inactive caspase-8 homolog FLIP binds together with caspase-8 (heterodimer) at the 
receptor preventing apoptosis from occurring. Agonist antibodies have been used to induce 
caspase- 8-mediated cell death in therapeutic settings       
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1.3.3.2     Caspase-8-Mediated Apoptosis in Cancer and Cancer  Therapy   

  The role of caspase-8 in tumor pathology appears to vary signifi cantly by tumor type. 
In some models, loss of caspase-8 appears to promote oncogenesis. In the TH/N-
MYC model of neuroblastoma, caspase-8 loss appears to accelerate tumor progres-
sion, an effect that was attributed to a potential role for caspase-8 in inhibiting cell 
motility [ 124 ,  125 ]. Caspase-8 is also frequently deleted in small cell lung carci-
noma, medulloblastoma, glioma, gastric, and hepatocellular carcinomas, providing 
further support of its tumor limiting function [ 126 – 131 ]. Conversely, mutations in 
the caspase-8 promoter that reduce caspase-8 expression have been associated with 
decreased incidence of lung, esophageal, gastric, colorectal, cervical, and breast can-
cers, suggesting that caspase-8 could function as a tumor promoter in these contexts 
[ 132 ,  133 ]. These paradoxical and opposing roles for caspase-8 in tumorigenesis are 
confusing, but may now make sense in light of recent work showing a role for cas-
pase-8 in limiting necroptosis (discussed later). 

 If an appropriate therapeutic window can be identifi ed, caspase-8 could function 
as a therapeutic target in two possible ways. In those tissues where reduction of cas-
pase-8 has been associated with reduced tumor progression, caspase inhibitors could 
have valuable clinical applications if they can be targeted appropriately, as second-
generation caspase inhibitors have very few side effects [ 134 ]. However, in situations 
where the engagement of death receptor-mediated apoptosis does play an important 
role in limiting tumor growth, the application of caspase inhibitors could be detri-
mental and instead we would want to administer therapeutics that engage the death 
receptors, possibly in combination with drugs that could also reduce FLIP expression 
or stability. The use of agonistic drugs that target death receptors is complicated by 
the pro-survival roles of these pathways. In fact, there is evidence that tonic low lev-
els of TNF or CD95 signaling may be important for the survival of certain cancer cell 
types (Fig.  1.4 ) [ 135 ,  136 ]. Despite these complications, clinical trials have utilized 
agonists to target TRAIL with initial success in preferentially killing malignant cells 
over normal cells, suggesting the possibility of a therapeutic window for the use of 
such agonists [ 137 ]. New work linking the activation of apoptotic pathways to both 
programmed necrosis and infl ammatory signaling further complicates the targeting 
of these death receptors for clinical applications.       

1.3.4      RIPK-Mediated Necroptosis        : A New Target for Tumor 
Therapy? 

    The early embryonic death and pale phenotype of caspase-8 null mouse embryos 
puzzled the programmed cell death fi eld for many years [ 115 ], since there was 
no evidence of excess cell number resulting from blocking apoptosis as predicted. 
Early evidence to explain this phenotype came from the observation that inhibi-
tion of caspase- 8 increased levels of cell death in certain types of cells in vitro 
[ 138 ]. It was later demonstrated that instead of apoptosis, the observed death had 
features of necrosis and could be inhibited by necrostatin-1, a drug that targets 
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Receptor- Interacting serine/threonine-Protein Kinase 1 (RIPK1) [ 139 ,  140 ]. These 
fi ndings led to the recognition of a new form of programmed necrotic death medi-
ated by RIP kinases called necroptosis. Importantly, it was further discovered that 
the extrinsic apoptotic pathway was intricately connected to the necroptotic path-
way, with TNFR signaling and caspase 8 activation at the forefront of signaling 
events driving or inhibiting necroptosis. 

1.3.4.1     Mechanisms of  Necroptosis      

   Necroptosis can be actively inhibited by components of the death receptor-mediated 
apoptotic pathway, including caspase-8, FLIP, and FADD. Similar to extrinsic 
apoptosis, it is induced through ligation of a death receptor such as TNFR1 (Fig.  1.5 ). 
Upon its ligation, RIPK1 is recruited to the death receptor as part of complex 1. 
RIPK1 is deubiquitinated and then released from complex 1 into the cytosol where 
it activates its homolog RIPK3 by binding through a protein–protein interaction 
domain known as the  RIP Homotypic Interaction Motif (RHIM) domain   [ 141 ]. 
Active RIPK3 subsequently recruits and activates the pseudokinase MLKL through 
phosphorylation. MLKL is then targeted to the plasma membrane where it appears 
to generate pores, causing the rapid death of the cell [ 142 – 148 ]. Necroptosis is 
blocked by caspase-8 activity, although the exact mechanism by which this occurs 
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  Fig. 1.5     Necroptosis   is a programmed form of necrotic cell death. RIPK3, through its downstream 
target, MLKL is capable of inducing necrotic cell death. RIPK3 can be activated by RIPK1 via the 
ligation of death receptors by TNFα, CD95L, or TRAIL. Alternatively, innate immune signaling 
via TRIF or interferons can activate RIPK3. A heterodimer of caspase-8 and FLIP negatively regu-
lates RIPK3 activation. Necroptosis may be induced therapeutically via a combination of death 
receptor agonists and caspase inhibitors. Because necroptosis is a more infl ammatory form of cell 
death than apoptosis, induction of necroptosis may be used as an adjuvant to enhance antitumor 
immune responses       
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is not clear. RIPK3 activation is counteracted by the caspase-8: FLIP heterodimer, 
which is known to have catalytic activity [ 149 ]. It is plausible that the inhibition of 
necroptosis by caspase-8 is the result of the cleavage of RIPK1 or RIPK3 by this 
heterodimer; however, this remains to be formally demonstrated [ 114 ,  149 ,  150 ].

   The cross talk between death receptor-mediated apoptosis and necroptosis 
presents diffi culties for the design of therapies, as the modulation of one pathway 
could have unforeseen effects on the other. In particular, RIPK3 functions not only 
to drive necroptosis but can also activate apoptosis through a complex known as the 
ripoptosome [ 151 ,  152 ] in a manner that is independent of its kinase activity [ 153 ]. 
The specifi c cellular contexts that drive the necroptotic versus apoptotic functions 
of RIPK3 are still being elucidated. Additionally, several forms of programmed 
necrosis have now been described, and it is possible that there may be compensation 
and/or coregulation between these pathways [ 154 ]. For example, protection against 
ischemic reperfusion injury requires the inhibition of programmed necrosis mediated 
through both cyclophilin D and RIPK3 [ 155 ]. 

 In addition to induction by death receptors, necroptosis can also be stimulated by 
a number of other signals. For example, RIPK3 can be activated directly by TRIF, an 
integrator of innate immune signals, presumably through its RHIM domain [ 156 ]. 
Interferons also activate RIPK3 through an unknown mechanism thought to depend 
on protein kinase R (PKR) [ 157 ]. Adding to the complexity of this pathway is the 
fact that RIPK1 can both activate and inhibit necroptosis depending on context, and 
inhibition of RIPK1 and RIPK3 may have opposing effects, suggesting that targeting 
necroptosis in pathophysiological contexts is extremely complicated [ 158 ]. 

 Necroptosis as a form of cell death is distinct from apoptosis in its ability to 
induce infl ammation. Caspase-8, RIPK1, and RIPK3 all seem to play a role in the 
production of cytokines either directly (in the case of RIPK1 and RIPK3) or through 
the infl ammasome (in the case of caspase-8) [ 159 ]. Caspase-1 and caspase-8 appear 
to work in parallel to produce IL-1β in some contexts [ 160 ] and caspase-8 may 
somehow facilitate the activation of caspase-1 in response to both canonical and 
noncanonical activators of the NRLP3 infl ammasome as well as infl ammasome 
activation in response to  Yersinia  [ 161 ,  162 ]. It has been diffi cult, however, to ascer-
tain whether cell death per se and the production of damage-associated molecular 
patterns (DAMPs), or the cytokines produced via these pathways are responsible for 
the observed infl ammation [ 163 ]. It has also been suggested that killing cells via 
necroptosis may be an effective way to limit the production of DAMPs as it quickly 
eliminates the damaged cells [ 164 ]. The regulation of necroptosis, and how it might 
interact with extrinsic apoptosis, remains an area of intense research, and new 
knowledge will have implications for targeting this pathway in cancer.    

1.3.4.2     Physiological Role of  RIPK-Mediated Necroptosis      

   Necroptosis plays an important role in development under some conditions of 
genetic perturbation. Ablation of RIPK3 from caspase-8 null embryos completely 
rescues these animals, preventing the early lethality and resulting in grossly normal 
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adult mice [ 149 ,  165 ]. The embryonic lethality in  casp8  −/−  mice is also RIPK1 
dependent, which suggests that the primary role of caspase-8 in development is to 
restrain necroptosis [ 149 ,  165 – 168 ]. The loss of FADD or FLIP also yields the same 
embryonic phenotype as  casp8  −/−  mice [ 169 ,  170 ]. The lethality in FADD-defi cient 
embryos can be rescued by concurrent ablation of RIPK1 or RIPK3; however, 
FLIP-defi cient animals only survive when both RIPK3 and FADD are also deleted 
[ 120 ,  171 ]. 

 Interestingly, RIPK3 and MLKL knockout mice appear grossly normal unless 
challenged in pathogenic contexts [ 145 ,  172 ]. In contrast,  ripk1  −/−  mice can be res-
cued from perinatal lethality by simultaneous ablation of caspase-8 and RIPK3 
[ 166 – 168 ,  173 ], suggesting that RIPK1 is actually  required  for the inhibition of 
some forms of RIPK3-dependent death, including necroptosis triggered through 
TRIF or interferons [ 166 ]. 

 The conditional loss of caspase-8, FADD, or RIPK1 causes pathology in the 
development and maintenance of the endothelium, intestine, and skin [ 116 – 118 , 
 174 – 176 ], and the loss of RIPK1 also adversely impacts hematopoiesis [ 177 ]. 

 Necroptosis therefore appears to play an important role in the development and 
maintenance of barrier tissues, whose high turnover and exposure to external insults 
make them prone to development of malignancy.    

1.3.4.3     Necroptosis in Cancer and Cancer  Therapy      

   Necroptosis may act as a tumor suppressor in specifi c cells and certain types of can-
cers. In chronic lymphocytic leukemia, CYLD, which deubiquitinates RIPK1 to acti-
vate necroptosis, is downregulated, preventing normally elimination of these 
tumorigenic cells [ 178 ]. In a study examining infl ammatory carcinogenesis, research-
ers found that RIPK3 inhibited tumor growth, although the authors believe this was 
due to limitation of caspase-8-induced compensatory proliferation rather than activa-
tion of necroptosis per se [ 179 ]. To date, little direct evidence for necroptosis- 
mediated tumor suppression has been found and functioning necroptotic pathways 
have also been found in some, but not all, tumor cells in vitro [ 180 – 182 ]. In fact, 
inducing necroptosis has been found effective in killing pancreatic and ovarian 
cancer cells [ 137 ,  183 ]. 

 In cancers where the elimination or reduction of caspase-8 reduces tumor burden 
[ 132 ], it is possible that this effect is the result of increased necroptotic activity, a 
hypothesis that remains to be formally tested. In support of this hypothesis, in vitro 
experiments have shown that caspase inhibition primes colon cancer cells for 
necroptotic death (Fig.  1.5 ) [ 184 ]. However, another group found that caspase inhi-
bition did not alter the cell death response in colon cancer cells upon treatment with 
traditional chemotherapeutics, such as doxorubicin or etoposide [ 185 ]. Cross talk 
between apoptosis and necroptosis could therefore vary between cancer type or 
even within cancers of the same tissue origin [ 186 ]. 
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 Given that at least some tumors have intact necroptosis pathways, it is possible 
that activating necroptosis could be a fruitful therapeutic strategy for some cancers 
[ 187 ], especially those where caspase-8 apoptosis has been eliminated through 
either downregulation of the surface death receptor or loss of caspase-8 expression 
[ 188 ]. Since death receptor activation is important for both apoptotic and necrop-
totic cell death, targeting the downstream effectors of necroptosis, such as RIPK3 or 
MLKL, eliminates the requirement for effi cient TNFR signaling. Screens for drugs 
that directly activate RIPK3 or MLKL are underway. 

 Necroptosis could also be used as an adjuvant for tumor therapy to stimulate a 
more immunogenic form of cell death and therefore recruit activated immune cells 
to the diseased tissues. Activating necroptosis in tumor cells via polyI:C in immune- 
competent, but not immune-defi cient, hosts substantially reduced tumor burden 
[ 189 ]. This could be explained by the fact that, in addition to the production of 
immune-stimulatory cytokines released by dying cells, RIPK1 has been shown to be 
essential to cross-priming of CD8 cells for an effi cient immune response [ 190 ].        

1.3.5      Perspectives   

  Our understanding of the cellular processes that contribute to cancer has increased 
substantially since Hanahan and Weinberg fi rst detailed the “hallmarks” of cancer, 
including emerging ideas about tumor metabolism, infl ammatory microenviron-
ments, and the mechanisms behind the failure to activate an anticancer immune 
response. Even original hallmarks such as evasion of cell death have been reevalu-
ated in the context of the last decade of research. Rather than broadly eliminating all 
cell death pathways, we now understand that tumors mutate or dampen only the 
pathways which are specifi cally engaged by tumor suppressive mechanisms, leav-
ing intact the ability to induce cell death by unimpaired alternative pathways or to 
reactivate the dampened pathway. Furthermore, the identifi cation of previously 
unknown mechanisms of cell death has elucidated new molecular targets for drug 
discovery. New work utilizing both functional profi ling and deep sequencing meth-
ods has focused on accelerating the ability to determine which death pathways are 
intact in patient tumor cells, ushering an era of personalized medicine. Thus, one 
can foresee a future treatment paradigm where in vitro screening of patient tumors 
might be able to identify which among many pathways of cell death are still intact, 
and predict the response to therapies that target one or more of these pathways while 
minimizing the possibility of acquired resistance. Reaching this point will require 
continued efforts at the basic level to fi nd and describe the molecular details of cell 
death pathways.       
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    Chapter 2   
 Clearance of Dying Cells by Phagocytes: 
Mechanisms and Implications for Disease 
Pathogenesis                     

     Aaron     M.     Fond     and     Kodi     S.     Ravichandran    

    Abstract     The effi cient clearance of apoptotic cells is an evolutionarily conserved 
process crucial for homeostasis in multicellular organisms. The clearance involves 
a series of steps that ultimately facilitates the recognition of the apoptotic cell by the 
phagocytes and the subsequent uptake and processing of the corpse. These steps 
include the phagocyte sensing of “fi nd-me” signals released by the apoptotic cell, 
recognizing “eat-me” signals displayed on the apoptotic cell surface, and then intra-
cellular signaling within the phagocyte to mediate phagocytic cup formation around 
the corpse and corpse internalization, and the processing of the ingested contents. 
The engulfment of apoptotic cells by phagocytes not only eliminates debris from 
tissues but also produces an anti-infl ammatory response that suppresses local tissue 
infl ammation. Conversely, impaired corpse clearance can result in loss of immune 
tolerance and the development of various infl ammation-associated disorders such as 
autoimmunity, atherosclerosis, and airway infl ammation but can also affect cancer 
progression. Recent studies suggest that the clearance process can also infl uence 
antitumor immune responses. In this review, we will discuss how apoptotic cells 
interact with their engulfi ng phagocytes to generate important immune responses, 
and how modulation of such responses can infl uence pathology.  

  Keywords     Engulfment   •   Cell clearance   •   Apoptosis   •   Cancer   •   Immune tolerance  

2.1       Introduction 

  Phagocytes   are often thought of as the “garbage collectors” of the body, eliminating 
pathogens, immune complexes, and dying cells. Sensing infection and coordinating 
an immune response is fundamental in the body’s fi ght to prevent disease, but 
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discriminating between harmless debris and a true threat is equally vital. Every day, 
billions of cells in the body undergo apoptotic cell death as part of the normal 
physiology/homeostasis that is essential for healthy living [ 1 ]. The phagocytes that 
clear them must respond appropriately to prevent an unnecessary and unwanted 
immune response to such homeostatic cell turnover [ 2 – 5 ]. 

  Apoptosis   is often described as “immunologically silent” cell death; however, 
apoptotic cells are anything but unheard. The homeostatic clearance of apoptotic 
cells elicits critical immunosuppressive responses in the phagocytes that are often 
specifi c to apoptotic cell recognition. This includes the release of anti-infl ammatory 
cytokines, the inhibition of proinfl ammatory cytokine expression, and the regula-
tion of new immune cell production. Importantly, these are active responses to 
apoptotic cells and not just the lack of an infl ammatory response [ 6 – 10 ]. Showcasing 
the vital role of apoptotic cell clearance in the maintenance of immune tolerance, 
uncleared corpses can result in infl ammation [ 11 ]. This is partly due to the nature of 
apoptosis, which when left uncompleted by engulfment, progresses to “secondary 
necrosis,” a state in which the dying cell loses its membrane integrity and releases 
some or most of its intracellular components [ 12 ]. However, while the body may not 
want to produce an immunogenic response to apoptotic cells that are routinely 
turned over as part of homeostasis, generating immune responses to tumor-derived 
antigens could obviously be benefi cial. Recent studies suggest that the cell clear-
ance process can also initiate antitumor immunity [ 13 ,  14 ]. 

 In this review, we will discuss how phagocytes sense, engulf, and respond to 
apoptotic cells. Since the identifi cation of  phosphatidylserine (PtdSer)   as an eat-me 
signal on apoptotic cells in the early 1990s, there has been a rapid expansion in our 
knowledge of how apoptotic cells are recognized and removed. As apoptosis can be 
immunologically silent only when the corpses are cleared in a timely manner, 
understanding the mechanisms of cell clearance has provided important insights 
and tools for the study of cell clearance and its relationship to disease.  

2.2     Types of Apoptotic Cells and  Phagocytes      

   It is estimated that every day, we turnover about 200–300 billion cells, or about one 
million cells/s. The cells can die by many different modalities, including caspase- 
dependent apoptosis, necroptosis, as well as necrosis [ 15 ] (see Chap.   1     for more 
details). Even within each modality of death, there are multiple subroutines that 
eventually lead to the death of the cells fated to die [ 15 ]. This chapter primarily 
deals with clearance of cells that undergo caspase-mediated apoptosis as this is the 
most common and perhaps the best understood mode of cell death in vivo and 
in vitro. 

 There are different types of phagocytes that mediate the removal of the dying 
cells in the various tissues [ 16 ]. Phagocytes can be broadly classifi ed into three dif-
ferent types: professional phagocytes, nonprofessional phagocytes, and specialized 
phagocytes. The professional phagocytes include the macrophages and immature 
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dendritic cells. Given the recent understanding of self-renewing tissue resident, and 
recruited macrophages, they both seem capable of engulfi ng apoptotic cells. The 
professional phagocytes are named as such because in different analyses they tend 
to have a large capacity to engulf, engulf the targets with faster kinetics, and can 
also ingest multiple corpses in succession. The nonprofessional phagocytes include 
cell types such as epithelial cells, fi broblasts, and other tissue-resident cells. Although 
these nonprofessional phagocytes often display a lower capacity to engulf and 
slower kinetics in vitro, they do have a numerical supremacy and due to their proxim-
ity to the apoptotic cells (e.g., neighbor), these nonprofessional phagocytes likely con-
tribute substantially to the clearance of apoptotic cells in vivo. In fact, disruption of 
nonprofessional phagocyte engulfment has important immunological consequences. 

 The third type of phagocytes, specialized phagocytes, refers to cells that gener-
ally have a multitude of functions, one of them being phagocytosis of dying cells. 
The examples include the Sertoli cells of the testis (which provide nurse function 
for the developing male germ cells while also engulfi ng those with defective devel-
opment) [ 17 ] and retinal pigment epithelial cells (which remove the “used” photo-
receptor outer segments daily in a circadian fashion) [ 18 ,  19 ]. Obviously, the key 
difference between the three types of phagocytes is that not all of them have to 
express the same collection of receptors and they may not have similar postengulf-
ment responses. However, some of the responses of professional phagocytes and 
nonprofessional phagocytes clearly overlap, and could be relevant in tissues where 
often both of them are involved in apoptotic cell clearance simultaneously.    

2.3     Steps in Apoptotic Cell  Engulfment   

  Work from a number of laboratories over the past nearly two decades has detailed a 
series of distinguishable steps in apoptotic cell recognition and clearance (Fig.  2.1 ). 
These have helped us understand how the phagocytes and apoptotic cells get near 
each other, how the phagocytes specifi cally recognize the targets, the types of intra-
cellular signaling within phagocytes that leads to the corpse uptake, as well as some 
of the subsequent responses of phagocytes.

2.3.1        Find-Me Signals      

   The apoptotic cell is an active participant in its own clearance. The response of 
phagocytes to apoptotic cells can be infl uenced by several actions taken by the 
apoptotic cell. These include the release of fi nd-me signals that attract phagocytes 
to the site of death and the exposure of eat-me signals that allow the phagocyte to 
distinguish the dying cell from its healthy neighbors [ 20 ]. 

 For apoptotic cells to be rapidly cleared, which is the case in vivo, they must be 
rapidly “found” [ 21 ]. During homeostatic cell turnover in tissues, a single corpse 
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might be surrounded by a vast number of healthy neighbors, and therefore “calling 
out” the professional phagocytes such as resident macrophages to come clear the 
apoptotic cell is important for the prompt removal. Several such “fi nd-me” signals 
have been identifi ed and may be differentially important depending on the situation. 
The fi rst fi nd-me signal proposed was lysophosphatidylcholine (LPC); however, the 
role LPC played to attract phagocytes seemed specifi c to both the type of apoptotic 
cell (the MCF-7 breast cancer line) and phagocyte (THP-1 monocyte line) used 
[ 22 ]. Furthermore, in vivo relevance of LPC as a fi nd-me signal remains to be estab-
lished. Later, an elegant study showed that cleavage of CX3CL1/Fractalkine (FKN) 
during apoptosis leads to release of a soluble fragment that induces the migration of 
monocytes to Burkitt lymphoma B-cells in vitro and to germinal centers in vivo [ 23 ]. 

  Fig. 2.1    Major steps in apoptotic  cell clearance     . The key events in recognition and clearance of 
dying cells can be broadly classifi ed into four steps. Step 1 depicts the recruitment of motile phago-
cytes (such as tissue-resident macrophages) by apoptotic cells via the release of fi nd-me signals. 
Step 2 is the specifi c recognition of the apoptotic cell via “eat-me” ligands on the dying cells 
engaged by the receptors on phagocytes. Often, the recognition of apoptotic cells alone (even 
without corpse internalization) is suffi cient to trigger some of the key anti-infl ammatory mediators 
from the phagocytes. Step 3 is the intracellular signaling that occurs within the phagocytes leading 
to physical corpse internalization. The fourth step is the processing/digestion of the internalized 
targets and the regulation of the metabolic overload within the phagocytes       
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This could also be relevant for attraction of monocytes and the complex interplay 
between macrophages and tumor cells in a tumor microenvironment. The signifi -
cance of FKN has been established for locating apoptotic B-cells, but FKN per se as 
a universal fi nd-me signal in other cell types is at present less defi ned. Finally, the 
triphosphate nucleotides ATP and UTP were found to be released in a regulated 
manner during apoptosis by the caspase-mediated cleavage of Pannexin-1 (PANX1), 
a transmembrane protein that forms hexameric hemichannels [ 24 ]. The nucleotides 
released by PANX1 cleavage are chemotactic for monocytes in vitro and in vivo by 
signaling through the nucleotide receptor P2Y2 [ 24 ,  25 ]. Although nucleotides 
clearly are relevant fi nd-me signals, one of the interesting challenges with such 
nucleotide fi nd-me signals is how far the nucleotide signal can travel before extra-
cellular nucleotidases convert them into their nonchemotactic diphosphate and 
monophosphate forms. In addition to attracting phagocytes to the site of death, these 
fi nd-me signals may also prime the phagocytes for engulfment, although this has 
only been shown in the case of FKN, which stimulates macrophages to produce 
the apoptotic cell bridging molecule milk fat globule-EGF factor 8 (MFG-E8, dis-
cussed later) [ 26 ,  27 ].    

2.3.2      Eat-Me Signals         

    Once the phagocyte has been brought to the area of the dying cell, it must identify 
the specifi c cell that needs to be cleared, which is achieved by recognition of eat-me 
signals on the surface of the apoptotic cell. There are many “eat-me” markers identifi ed 
to date on apoptotic cells that are linked to corpse uptake. The classic eat-me signal 
is the lipid  phosphatidylserine (PtdSer)  . It had been known that aged red blood cells 
lose their phospholipid asymmetry, but Fadok and colleagues demonstrated that 
PtdSer is also exposed by thymocytes as they undergo apoptosis [ 28 ]. Furthermore, 
they found that apoptotic thymocyte engulfment by macrophages is inhibited by the 
competitive addition of PtdSer-containing liposomes. Since then, PtdSer exposure 
has been found to be an evolutionarily conserved general feature of apoptosis from 
lower organisms to man and is now commonly used to assay the apoptotic status of 
a cell [ 29 ,  30 ]. 

 Phosphatidylserine (PtdSer) as an eat-me signal has stood the test of time due to 
a preponderance of evidence of its importance [ 31 ]. Exogenous incorporation of 
PtdSer into the outer leafl et of viable cells in some cases is suffi cient to cause their 
engulfment by macrophages, and PtdSer liposomes alone in certain circumstances 
can elicit some of the responses induced in the phagocyte [ 32 ,  33 ]. The asymmetric 
distribution of PtdSer in healthy cells is maintained through fl ippases that actively 
mediate the movement of PtdSer from the outer to the inner membrane [ 31 ]. In 
contrast, during apoptosis induction, the fl ippases appear to be inactivated, while 
another set of enzymes called “ phospholipid scramblases  ” become active, and the 
latter randomize the PtdSer levels between the outer and inner leafl ets. The exposed 
PtdSer is then recognized by specifi c receptors on the phagocytes, contributing to 
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corpse internalization [ 31 ,  34 ,  35 ]. The P4-ATPase family member ATP11C and its 
chaperone CDC50 have been identifi ed as key components for the fl ippase function 
seen in healthy cells. With respect to the scramblases, members of the Xkr-family 
with six transmembrane domains appear to perform this role. Remarkably, both the 
Xkr8 scramblase and ATP11C fl ippase have sites that can be cleaved by apoptotic 
caspases [ 31 ,  34 ,  35 ]. Thus, in live cells, the fl ippase remains active while the 
scramblase is inactive, while this occurs in opposite ways after caspase-mediated 
cleavage of these proteins during apoptosis. Current evidence based on mutant 
proteins suggests that the fl ippase is likely more dominant in maintaining the PtdSer 
asymmetry and that it has to be inactivated for the scramblase to fully promote the 
PtdSer exposure. 

 While PtdSer exposure is clearly central in apoptotic cell recognition and widely 
studied, unfortunately that has been at the expense of thorough characterization of 
many other eat-me signals that have been seen in different apoptotic contexts. These 
include the ER resident protein calreticulin (CRT), which some studies have found to 
translocate to the cell surface during apoptosis [ 36 ,  37 ]. However, CRT has also been 
shown to play a role on the surface of the phagocyte in interacting with Mannose 
Binding Lectin (MBL) and complement C1q bound to the surface of apoptotic cells 
[ 38 ]. In addition to CRT and PtdSer, many modifi cations to the apoptotic cell surface 
have been implicated, such as the presentation of oxidized Low Density Lipoprotein 
(oxLDL)-like sites, changes to glycosylation such as the capping of CD43, the expo-
sure of Annexin I, and the expression of ICAM3 [ 39 – 42 ]. Although these are less 
well characterized than PtdSer, they indicate that the apoptotic cell has many ways to 
make itself known to the phagocyte. Recently, DD1α, a p53-inducible protein 
that mediates homotypic interaction between apoptotic cells and phagocytes has 
been defi ned and has been linked to establishment of immune responses to cancer 
cells [ 43 ,  44 ].     

2.3.3     The  Engulfment Receptors and Bridging Molecules   

  Eat-me signals on the surface of apoptotic cells are not useful without cognate 
receptors on phagocytes to recognize the eat-me signals. This is the role of various 
engulfment receptors on phagocytes and other soluble bridging molecules. Due to 
the importance of phosphatidylserine, much work has been done to identify its 
receptors. Although a PtdSer recognizing membrane receptor (simply termed 
“PSR”) was fi rst identifi ed using an antibody that blocked apoptotic cell engulf-
ment, this is no longer considered a PtdSer recognition receptor as the knockout of 
the gene in mice did not impact engulfment and PSR is now thought to be a nuclear 
protein [ 45 ]. Since then, multiple receptors that directly or indirectly bind PtdSer 
have been identifi ed and play a role in engulfment (Fig.  2.2 ). In 2007, Brain 
Angiogenesis Inhibitor 1 (BAI1), T-cell immunoglobulin domain-containing 4 
(TIM4), and Stabilin-2 (Stab2) were all identifi ed as receptors that can bind directly 
to PtdSer [ 46 – 48 ]. Modifying BAI1, TIM4, or Stab2 levels altered the engulfment 
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capacity of phagocytes in vitro. In the years since the identifi cation of these receptors, 
other receptors have been proposed, including triggering receptor expressed on 
myeloid cells-like protein 2 (TLT2) and the receptor for advanced glycation end- 
products (RAGE) [ 49 ,  50 ]. The relative role of each of these engulfment receptors 
to apoptotic cell engulfment, either independent of the others or in cooperation, still 
needs to be fully elucidated. Some preliminary studies suggest that TIM-4 and MER 
proteins can cooperate in the clearance of apoptotic targets by peritoneal macro-
phages [ 51 ]. Moreover, MER homolog appears to phosphorylate ELMO1 proteins 
that also function downstream of BAI1 [ 52 ].

   PtdSer can also be recognized indirectly by phagocytic receptors via bridging 
molecules. One of the fi rst engulfment receptors identifi ed was α v β 3  integrin, which 
has since been shown to bind apoptotic cells via the PtdSer-dependent bridging 
molecule MFG-E8 [ 8 ,  53 ]. Later, the receptor tyrosine kinase Mer (as well as its 
homologs Tyro3 and Axl, part of a family of receptors termed TAM receptors) was 
found to mediate corpse clearance [ 54 ,  55 ]. Mer functions by binding to growth 
arrest-specifi c gene 6 (Gas6) or protein S, which recognizes PtdSer [ 54 ] (see Chap.   6     
for more details). 

Direct PS
Recognition

  BAI1

  TIM4

  Stab2

  TLT2

  RAGE

Indirect PS
Recognition
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v 3/5   MFGE8

  LRP1 C1q
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Recognition
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  CD36   TSP   ?

  ? Annexin I

  CD14   ICAM3

  SR-A OxLDL-like
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  Fig. 2.2    Recognition of apoptotic cells by  phagocytes     . Phosphatidylserine, one of the key eat-me 
signals on apoptotic cells, can be recognized either directly via phagocytic receptors or indirectly 
through bridging molecules. Although phosphatidylserine is a key recognition entity, a number of 
other eat-me markers can also participate to different degrees in the recognition and uptake of 
apoptotic cells       
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 Other less well understood bridging molecules include C1q, MBL, and 
Thrombospondin-1 (TSP-1) [ 9 ,  38 ]. C1q is thought to opsonize late apoptotic and 
early necrotic cells [ 56 ]. It has multiple receptors, but its role in cell engulfment is 
thought to be through LDL-related receptor protein 1 (LRP1 or CD91), a multifunc-
tional receptor that has also been found to mediate engulfment through CRT and MBL 
[ 36 ,  38 ]. Finally, TSP-1 was found to increase macrophage binding to apoptotic 
neutrophils and mediate their engulfment via the phagocytic receptor CD36 [ 9 ]. Other 
receptors implicated in cell engulfment include MEGF10, the infl ammatory receptor 
CD14, the C1q receptor CD93 (although surprisingly its mechanism is thought to not 
be through C1q), class A and B scavenger receptors, and the ATP- binding cassette 
transporter 7 (ABCA7) [ 57 ]. The identifi cation of many receptors that seem to all 
regulate apoptotic cell engulfment indicates that they are used by distinct cell types, 
work in concert as an “engulfment synapse,” or provide redundancy to the system. 
The fact that disruption of many of these receptors often results in a partial reduction 
in apoptotic cell uptake in vitro, and can lead to somewhat similar disease phenotypes 
in vivo, suggests that the fi rst two possibilities are at least partially correct.    

2.3.4     Intracellular Signaling in the  Phagocyte      

   Once a phagocyte recognizes an apoptotic cell, signaling occurs to rearrange the 
cytoskeleton and engulf the target. In  C. elegans , where much of the early work was 
done to identify some of the relevant engulfment genes, two phagocytic signaling 
pathways were discovered that share homology with mammalian engulfment path-
ways. In both nematodes and mammals, the pathways converge on the Rho family 
GTPase CED10/Rac1, which in turn signals through WAVE to Arp2/3, initiating 
actin nucleation and cytoskeletal rearrangement [ 58 ,  59 ]. Actin polymerization 
forms the phagocytic cup around the apoptotic cell and mediates the physical act of 
engulfment. The intracellular signals will be discussed briefl y here, but more in- 
depth reviews can be found elsewhere [ 60 – 64 ]. 

 The fi rst evolutionarily conserved engulfment pathway contains the nemotode 
genes cell death defective-1 (CED-1), CED-6, and CED-7. In mammals, the orthol-
ogous pathway members, respectively, are LRP1 or MEGF10, engulfment adaptor 
GULP1, and ABCA1 or ABCA7 [ 61 ,  62 ]. In mammals, GULP1 has been shown to 
be downstream of LRP1 as well as Stab2, whereas the direct functions of ABCA1 
and ABCA7 in engulfment have been controversial and may not play the same role 
as CED-7 in the nematode [ 65 ,  66 ]. Although this pathway requires Rac1 for engulf-
ment, the mechanism by which GULP connects to Rac1 is currently unknown. 

 The second pathway that is shared between nematodes and mammals is the 
CED-2, CED-5, CED-12 pathway, corresponding to the mammalian proteins CrkII, 
Dock180, and engulfment and cell motility (ELMO), respectively. In this pathway, 
ELMO and Dock180 act together as a bipartite guanine nucleotide-exchange factor 
(GEF) for Rac1 activation [ 67 ]. The phagocytic receptor BAI1 has been shown to 
signal directly to ELMO, but other unknown receptors may feed in to the pathway 

A.M. Fond and K.S. Ravichandran



33

through the TRIO protein activating the GTPase RhoG, which can activate ELMO to 
promote engulfment [ 47 ,  68 ]. In fact, it has been shown that the TAM family receptor 
MER can lead to phosphorylation of ELMO1. Finally, while CED-2/CrkII is associ-
ated with this pathway and has been found in complex with ELMO/Dock180 [ 69 ], 
its actual role is unclear, as ELMO and Dock180 can act without binding to CrkII 
[ 70 ]. This suggests that there may be subpathways within this group of genes regu-
lating engulfment. 

 In addition to these known canonical signaling pathways, there are alternate 
mediators of cell engulfment. For example, it was proposed that RAGE acts as an 
engulfment receptor in mice by activating Rac1 through Diaphenous-1 (mDia1) 
[ 50 ]. The signaling pathways for many of the other phagocytic receptors linked to 
apoptotic cell clearance remain to be defi ned. TIM4 has a very short intracellular 
domain, which has been shown to be dispensable for its function in engulfment 
[ 71 ]. TIM4 appears to function cooperatively with the MER receptor in clearance of 
apoptotic cells in the peritoneum. Others have suggested that TIM4 works as a 
tether in conjunction with α v β 3 /MFG-E8 to mediate engulfment; however, TIM4- 
mediated engulfment in the peritoneum is benefi ted by sequestration of MFG-E8 to 
prevent its binding to apoptotic cells, suggesting that TIM4 and α v β 3 /MFG-E8 do 
not work in a single engulfment pathway in vivo [ 72 ,  73 ]. Interestingly, the seques-
tration of MFG-E8 is accomplished by the oxidation of PE on the surface of resident 
noninfl ammatory macrophages by 12/15-lipoxygenase as a way to prevent infl am-
matory infi ltrating monocytes from recognizing and clearing the apoptotic cells and 
initiating an unintended immune response [ 73 ]. This highlights the importance of 
the correct engulfment signals occurring in the correct cell type for the right output, 
which is the generalized suppression of infl ammation characteristic of apoptotic cell 
engulfment.     

2.4     Effects of  Apoptotic Cell Clearance   

2.4.1     Induction of an  Anti-infl ammatory Program   

   One of the fi rst recognized effects of apoptotic cells was their ability to induce the 
production of anti-infl ammatory cytokines by engulfi ng phagocytes [ 6 ]. While the 
phagocyte encounter with bacterial lipopolysaccharide (LPS) induces production of 
infl ammatory cytokines, phagocyte interaction with apoptotic cells instead stimulates 
the release of anti-infl ammatory cytokines [ 6 ]. This fi nding changed the assumption 
that apoptotic cells were “immunologically inert” and that it is not just the lack of 
proinfl ammatory signals, rather apoptotic cells carry ligands that can actively induce 
an anti-infl ammatory signaling within the phagocytes (Fig.  2.3 ). It was also shown 
that engulfment of apoptotic cells uniquely caused the release of anti- infl ammatory 
signals compared to other forms of uptake, such as engulfment of zymosan or IgG-
opsonized apoptotic cells [ 74 ]. Although it has been reported that PtdSer signaling 
alone is suffi cient to induce these signals, such as the anti- infl ammatory effects of 
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PtdSer liposomes [ 33 ,  75 ], or the administration of PtdSer liposomes in mouse models 
of infl ammation to reduce disease [ 76 ], the effect of isolated PtdSer liposomes is 
very variable and they are never as potent as whole apoptotic cells. Either the confor-
mation of the PtdSer exposure on the apoptotic cells, or more likely, one or more 
additional signals on the apoptotic cells are necessary for the full elicitation of the 
anti-infl ammatory responses from phagocytes.

Program: Signals:
Regulation of Cell

Numbers:

    TGF

    IL-10

    PGE2, PGI2

    PAF

    ABCA1

    TNF

    IL-1

    IL-12

    IL-8

   Survival

   Proliferation

   IL-23 (  PMNs)

   CXCL12 
(  PMNs)

Apoptotic Cell
Recognition/Engulfment

  Fig. 2.3    Responses of  phagocytes  . When phagocytes (both professional phagocytes and nonpro-
fessional phagocytes) engage and engulf apoptotic cells, they produce anti-infl ammatory media-
tors such as TGF-β, interleukin-10 (IL-10), platelet activating factor (PAF), prostaglandin E2, as 
well as the membrane protein ABCA1 that induces anti-infl ammatory effects by a yet to be defi ned 
mechanism. Apoptotic cell recognition also suppresses the release of proinfl ammatory cytokines 
such as TNFα, interleukin-1β, interleukin-12, and interleukin-8. The apoptotic cell recognition 
process also regulates the numbers of neutrophils and hematopoietic precursor cells via the cytokine 
interleukin-23 (IL-23) and the chemokine CXCL12       
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    Transforming Growth Factor-β (TGF-β)   is a classic example of an anti- 
infl ammatory signal released as a consequence of apoptotic cell engulfment. It is 
transcriptionally upregulated by apoptotic cell recognition in a p38 MAPK, JNK, 
and ERK-dependent process [ 77 ]. The apoptotic cell recognition-dependent tran-
scription, translation, and release of TGF-β after PtdSer recognition is not unique to 
professional phagocytes such as macrophages but also observed in bronchial epithelial 
cell lines and vascular smooth muscle cells [ 78 ,  79 ]. Similar to TGF- β  , the tran-
scriptional upregulation of IL-10 in phagocytes requires p38 MAPK, and the phar-
macological inhibition of p38 completely abrogates the IL-10 response to apoptotic 
cells [ 80 ]. Besides TGF-β and IL-10, other anti-infl ammatory mediators are produced 
via different means. Several eicosanoids are made in response to apoptotic cell engulf-
ment, including prostaglandins E 2  and I 2  (PGE 2 , PGI 2 ) [ 74 ,  75 ]. The increased produc-
tion of these is due to upregulation of important enzymes in their synthetic pathways, 
including COX-2, PGES, and PGIS. However, this response was found to be depen-
dent on TGF-β autocrine and paracrine signaling to the phagocyte, indicating that 
TGF-β is a master regulator of the cell’s anti- infl ammatory response after the 
engulfment of corpses [ 75 ]. 

 Phagocytes also respond to apoptotic cells by upregulating the cholesterol trans-
porter ABCA1 [ 81 ,  82 ]. This upregulation is transcriptional and induced by recog-
nition of PtdSer [ 82 ]. Recent studies show that the upregulation of ABCA1 
downstream of apoptotic cell recognition occurs via a novel membrane-initiated 
pathway [ 83 ]. This induction of ABCA1 transcription was rapid, and at least in part, 
involves the upstream phagocytic receptor BAI1, as well as the downstream signaling 
intermediates ELMO1 and Rac1. Importantly, this ABCA1 upregulation does not 
involve the classic LXR-dependent ABCA1 upregulation that is normally seen with 
increase in intra cytoplasmic oxysterol levels. 

 The upregulation of ABCA1 can have several effects important for the anti- 
infl ammatory tone of the cells. First, the upregulation of cholesterol transporters 
unsurprisingly increases cholesterol effl ux from the phagocyte. The presence of 
cholesterol in membranes affects the signaling of cell surface receptors as well as 
the function of transporters, and therefore the ability to effl ux excess cholesterol is 
an important response to engulfed cells to prevent cholesterol loading [ 84 ]. The 
inability to maintain cholesterol homeostasis can lead to activation of Toll-like 
receptors (TLRs) and infl ammatory signaling [ 85 ]. However, ABCA1 (and ABCG1) 
have other effects as the absence of ABCA1 causes an infl ammatory cell death of 
the phagocyte mediated by sustained JNK activation [ 86 ]. Finally, ABCA1 itself 
can signal as an anti-infl ammatory surface protein by signals through ABCA1 to 
Jak2 and STAT3 [ 87 ]. Whether ABCA1 is truly a signifi cant anti-infl ammatory 
molecule in phagocytes immediately after apoptotic cell engulfment remains to be 
seen, but it is clear that ABCA1 can play important functions in the response to 
apoptotic cells. 

 The increase in anti-infl ammatory receptors, intracellular signals, and secreted 
mediators by the phagocyte are important for the dampening of immune responses/
local infl ammation within a tissue context. In addition to just acting in the engulfi ng 
phagocyte, the secreted immunosuppressive cytokines can signal back on the phagocyte 
as well as to neighboring cells to suppress their proinfl ammatory responses.   
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2.4.2     Suppression of  Proinfl ammatory Signals   

  The suppression of proinfl ammatory signals is subtly different from the active 
initiation of an anti-infl ammatory program, although the two are connected 
(Fig.  2.3 ). When  peripheral blood mononuclear cells (PBMCs)   were preincubated 
with apoptotic cells before being stimulated with LPS, they produced less of the 
infl ammatory cytokines TNFα, IL-1β, and IL-12 [ 6 ]. The suppression of TNFα, 
IL-8, GM-CSF, and proinfl ammatory eicosanoids like leukotriene C 4  is mediated by 
the autocrine signaling from released TGFβ, Platelet Activating Factor (PAF), and 
PGE 2  [ 74 ]. Although some of the immunosuppressive effects of apoptotic cells can 
be traced back to the release of anti-infl ammatory cytokines by phagocytes, this is 
not the only mechanism as LPS-induced production of IL-12 gets suppressed by 
treatment with apoptotic cells independent of TGFβ or IL-10 [ 88 ]. The suppression 
of IL-12 expression was found to be through GC-binding protein (GC- BP), a zinc 
fi nger nuclear factor that binds to the IL-12 promoter after apoptotic cell recognition 
[ 88 ]. Others have shown that LXR is crucial for the apoptotic cell- dependent sup-
pression of IL-12 expression; however, LXR also controls a positive feedback loop 
whereby apoptotic cells signal through LXR to upregulate apoptotic cell receptors 
[ 89 ]. Sorting out the precise signaling pathways downstream of apoptotic cell recog-
nition, the specifi c transcription factors activated, which genes they activate, and how 
they link to upregulation of anti-infl ammatory cytokines and suppression of proin-
fl ammatory signals is a key challenge in the fi eld.     

2.5     Defective  Apoptotic Cell Clearance   and  Infl ammatory 
Disease   

2.5.1      Autoimmunity   

    Considering the anti-infl ammatory effects of apoptotic cell clearance, it is no sur-
prise that defects in the engulfment of apoptotic cells often result in systemic infl am-
mation. The cause of the infl ammation likely depends on the cause of the engulfment 
defect, but the presence of uncleared apoptotic cells which then undergo secondary 
necrosis provides a suffi cient infl ammatory stimulus to cause autoimmunity [ 3 ,  5 , 
 90 ]. Apoptotic cells in the absence of clearance naturally progress to secondarily 
necrotic cells and lose their membrane integrity, resulting in the release of infl am-
matory intracellular contents [ 12 ,  91 ]. Some cells during apoptosis may even release 
proinfl ammatory cytokines over time [ 92 ]. This stresses the importance of effi cient 
clearance early in the apoptotic program as a way to diffuse a ticking time bomb of 
infl ammation and prevent homeostatic cell turnover from inducing a detrimental 
response. Before much of the apoptotic cell receptors or intracellular signals impor-
tant for clearance were established, it was observed that excess apoptotic cells 
injected into mice were immunogenic, inducing the production of antibodies 
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indicative of autoimmunity such as antinuclear and anticardiolipin antibodies [ 11 ]. 
Similarly, blocking the uptake of endogenous apoptotic cells in mice by masking 
PtdSer to prevent its recognition by phagocytes results in autoimmunity [ 93 ]. 

 Now that some of the opsonins of apoptotic cells as well as engulfment receptors 
have been discovered, autoimmunity has been observed as a frequent result of their 
deletion in mice. Defi ciency of the apoptotic cell bridging molecules C1q or MFG- 
E8 both result in marked autoimmunity as measured by autoantibodies and the 
development of glomerulonephritis [ 94 ,  95 ]. Consequently, disrupting the ability of 
phagocytes to bind MFG-E8 by deleting α v  integrin also results in autoimmunity 
[ 96 ]. Receptors for apoptotic cells using other bridging molecules are not able to 
compensate for this loss to maintain immune tolerance, and in fact deleting a com-
ponent of seemingly independent engulfment pathways all result in autoimmunity. 
For example, preventing signaling by Mer, a receptor for the apoptotic cell bridging 
molecule Gas6, also results in lupus-like autoimmunity in mice [ 55 ,  97 ]. If direct 
recognition of PtdSer on apoptotic cells by TIM4 is eliminated by genetic deletion, 
again autoimmunity results [ 98 ,  99 ]. 

 In all of these mouse models in which autoimmunity occurs, there are also 
lingering uncleared apoptotic cells in vivo, making it diffi cult to uncouple these two 
features. However, DNaseII-defi cient macrophages are able to phagocytose apop-
totic cells but lack the ability to degrade the engulfed nuclei, resulting in an abun-
dance of DNA-containing bodies throughout the embryo [ 100 ,  101 ]. Although 
global deletion of DNaseII in mice is embryonic lethal, the induced deletion of 
DNaseII in adult mice causes the development of autoimmune polyarthritis similar 
to rheumatoid arthritis [ 102 ]. The macrophages that are still able to effi ciently 
engulf apoptotic cells are unable to process the corpses and subsequently have an 
infl ammatory phenotype, including high TNFα expression [ 102 ]. These fi ndings sug-
gest that although cells undergoing secondary necrosis can be suffi ciently immuno-
genic, the anti-infl ammatory signaling in the phagocytes is also important to prevent 
autoimmunity. 

 In patients with  systemic lupus erythematosus (SLE)  , a prototypical autoimmune 
disease characterized by chronic systemic infl ammation, there is an increase in 
uncleared apoptotic cells in lymph node germinal centers, suggesting failed clear-
ance [ 103 ]. The engulfment capacity of  peripheral blood mononuclear cells (PBMCs)   
isolated from SLE patients is markedly decreased compared to PBMCs from normal 
healthy donors [ 104 ]. Whether impaired clearance is a cause or an effect of autoim-
munity in humans is yet to be defi nitively established.   

2.5.2      Airway Infl ammation   

  The lung is an interesting model organ to examine how apoptotic cells interact with 
multiple cell types, including professional phagocytes such as macrophages and 
nonprofessional phagocytes such as neighboring epithelial cells. The phagocytic 
responsibilities of these populations could vary based on the different 
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circumstances. For example, during acute injury when there is increased apoptosis 
of epithelial cells as well as the infi ltrating neutrophils, the professional phagocytes 
are likely the most capable cell type to handle the increased load. This is seen when 
excessive apoptotic cells are instilled into the lungs of mice. Although multiple cell 
types are able to clear them, only CD103+ dendritic cells are able to traffi c the 
engulfed apoptotic cells to the lung-draining lymph node to present antigen [ 105 ]. 
In an acute lung injury model in mice, MFG-E8 defi ciency exacerbated the effects, 
suggesting that engulfment is protective in the lung [ 106 ]. 

 Mice in which Rac1 is deleted specifi cally in the epithelial cells are more suscep-
tible to  house dust mite (HDM)   or ovalbumin-induced airway infl ammation [ 79 ]. 
Interestingly, airway epithelial cells rather than the macrophages from these mice 
have impaired engulfment of apoptotic cells, suggesting that engulfment by the epi-
thelial cells helps to maintain tolerance to allergens. In this context, the cytokines 
secreted by the engulfi ng epithelial cells, especially IL-10, appear to be important 
for the prevention of disease [ 79 ]. Although Rac1 is linked to many functions out-
side of apoptotic cell engulfment, the in vivo and in vitro evidence implicates Rac1 
as important in the initiation of airway infl ammation. In support of the importance 
of epithelial cells as engulfers of apoptotic cells, it has been shown that epithelial 
cells from cystic fi brosis patients, who have increased numbers of free apoptotic 
cells in their sputum, are defective in their ability to engulf apoptotic cells due to 
increased levels of RhoA, a GTPase with an inhibitory role in engulfment [ 107 ]. 

 In other diseases of the lung, such as emphysema and  chronic obstructive pulmo-
nary disease (COPD)  , apoptotic cell clearance is benefi cial. The porcine pancreatic 
elastase model of emphysema in mice is driven partially by apoptosis in the lung. 
Cotreatment of these mice with Annexin V to block apoptotic cell uptake worsened 
the emphysema [ 108 ]. Furthermore, smoking has been linked to impaired engulf-
ment of apoptotic cells [ 109 ]. The alveolar macrophages from patients with  COPD   
exhibit defective engulfment capacity in vitro, corresponding to the increase in free 
apoptotic cells in the lungs of these patients [ 110 ].   

2.5.3      Infl ammatory Colitis   

  An example of an infl ammatory disease that may be affected by the clearance of 
apoptotic cells is infl ammatory bowel disease. In mouse models of colitis, mice 
treated with  dextran sulfate sodium (DSS)   develop reversible acute intestinal infl am-
mation associated with massive apoptosis. When DSS is given to mice lacking 
MFG-E8, the colitis is more severe than in treated wild-type mice [ 111 ]. Mirroring 
the effect of MFG-E8, mice with conditional knockout of α v  integrin in hematopoi-
etic cells develop spontaneous systemic infl ammation, including severe colitis [ 96 ]. 
A causative link between impaired engulfment and the extent of colitis in mice has 
not been made, and in fact it has been suggested that the effects of MFG-E8 are 
through alternate anti-infl ammatory mechanisms [ 112 ]. Recent studies suggest that 
the levels of the phagocytic receptor BAI1 are altered during DSS-induced colitis 
and also in human patients with ulcerative colitis [ 113 ]. Mice defi cient in BAI1 have 
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a much more pronounced disease with large numbers of uncleared apoptotic cells. 
Perhaps most telling of the relevance of apoptotic cell clearance in this disease 
model, mice with transgenic overexpression of BAI1 show attenuated disease, with 
reduction in proinfl ammatory cytokines and overall reduced infl ammation. 
Interestingly, BAI1 expression in intestinal epithelial cells (rather than the myeloid 
cells) was critical for the benefi cial effect, once again highlighting the key role 
played by nonprofessional phagocytes during infl ammation [ 113 ].      

2.6     Phagocytes, Anti-infl ammatory Responses, 
and Cancer Context 

2.6.1     Phagocytic Signaling Pathways in a Malignant  Tissue   

  It is well known that apoptotic cells are found in many types of solid tumors along 
with mononuclear phagocytes, particularly,  tumor-associated macrophages (TAMs)  . 
The current evidence based on in vitro studies, and profi ling of the TAMs suggests 
that the collection of engulfment proteins expressed in these  TAMs   is not vastly differ-
ent from conventional tissue-resident macrophages. Therefore, the types of signaling 
pathways activated during apoptotic cell clearance in the tumor are likely not vastly 
different from the normal uptake mechanisms. But the real challenge is determining 
the interplay between the apoptotic tumor cells and the TAMs (see Chap.   3     for more 
discussion). Some of these challenges include: the type of responses initiated within 
the phagocytes upon contact with apoptotic and live tumor cells within the tumor 
tissue; the nature of death within the tumor; hypoxia versus normoxia (depending on 
the extent of vascularization of the tumor tissue) conditions when the phagocytes 
engulf; the effect of factors secreted by the healthy and dying tumor cells on the 
TAMs; the rates of proliferation within the tumor; and fi nally, the cross talk between 
the normal cells, tumor cells, and the TAMs and how they may infl uence the response 
of the engulfi ng phagocytes. Currently, there are signifi cant efforts to induce immune 
responses to tumors via immunogenic cell death (see Chap.   7    ). 

 Interestingly, a number of engulfment genes that are linked to apoptotic cell 
clearance are also linked to tumor development in different tissues. These have been 
identifi ed either via large-scale screening approaches, individual candidate gene 
approaches, or via altered expression profi les. We have chosen four examples below 
to highlight the link between engulfment genes and cancer.   

2.6.2      BAI1   

  The gene encoding the phagocytic receptor BAI1 was initially identifi ed as a 
p53-inducible gene whose expression was severely reduced or lost in  glioblastomas 
(GBM)   [ 114 ,  115 ]. Moreover, it was shown that the thrombospondin repeats of 
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BAI1 (which also binds PtdSer) could function to inhibit angiogenesis [ 115 ]. Given 
the high degree of vascularization of GBM, it was initially hypothesized that the 
loss of BAI1 might infl uence the state of vascularization within the tumors 
[ 116 – 119 ]. However, given the recent studies directly linking BAI1 to apoptotic 
cell clearance, this needs to be revisited. GBMs are also known to have a number of 
apoptotic and necrotic cells, with characteristic “palisade necrosis” seen within the 
advanced stages of GBM (often lacking BAI1 expression). Whether this is due to 
defective clearance or defective angiogenesis or both remains to be determined.   

2.6.3      ELMO1   

  The engulfment adapter protein ELMO1 has been linked to different types of 
cancers and is likely involved in apoptotic cell clearance and its role in tumor cell 
migration [ 120 – 124 ]. While macrophages express one of the highest levels of 
ELMO1, ELMO1 is widely expressed and mutations in ELMO1 that confer activa-
tion have been linked to head and neck tumors. Since ELMO1 associates with 
Dock180 to act as a guanine nucleotide exchange factor to activate Rac1 during cell 
migration [ 121 ], ELMO1 has been linked to metastasis of tumor cells in different 
contexts.   

2.6.4      Pannexin Channels   

  In addition to the known role of Panx1 in the release of fi nd-me signals from apoptotic 
cells, recently a mutant variant form of pannexin has been identifi ed in highly meta-
static human breast cancer cells [ 125 ]. This variant has been linked to extrusion of 
tumor cells from small vessels and metastasis. Although the precise mechanism by 
which the short fragment of Panx1 mediates this response of tumor cells is unclear, 
because Panx1 is a hexameric channel, it is possible that there is interference with 
the “holo channel.” Work in the context of apoptosis already suggests that Panx1 
can infl uence cell shape and the cytoskeleton [ 126 ], and the short fragment of Panx1 
might infl uence or augment the natural function of Panx1.   

2.6.5      MER Tyrosine Kinase   

  The tyrosine kinase phagocytic receptor MER-TK has been linked to many differ-
ent types of cancers [ 127 ,  128 ]. Besides its high expression in macrophages, and 
the induction of MER-TK expression by different stimuli and conditions, MER-TK 
is also expressed on certain epithelial cells [ 113 ]. Moreover, in gene expression 
profi ling studies MER-TK expression has been shown to be both upregulated and 
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downregulated [ 129 ]. Given the anti-infl ammatory properties associated with 
MER-TK expression on macrophages [ 130 ], there could be complex scenarios 
depending on MER-TK expression in the macrophages versus tumor cells (see 
Chap.   6     for more details).    

2.7     Concluding Thoughts 

 Our understanding of apoptotic cell clearance has expanded greatly in the past few 
decades, both mechanistically and in its physiological roles. There is also much 
work left to do to parse the complex signaling networks involved in clearance. There 
are inevitably more components of the engulfment machinery that remain to be 
identifi ed, whether eat-me signals, engulfment receptors or coreceptors, or intracel-
lular signaling pathways. Many of the players already known do not yet have clearly 
defi ned roles, which offer the opportunity to make new progress in this area. 
Furthermore, it is still unclear how different cell types utilize different engulfment 
pathways to clear cells and how these differences affect the response to apoptotic 
cells. A key aspect of tissue homeostasis is the loss/disposal of used/aged cells 
while replacing them with newer cells/regeneration. This is particularly important 
for cell types such as neutrophils that are produced in very large numbers, have a 
relatively short lifespan, and whose production has to be tightly coordinated. Since 
the loss of neutrophil numbers is a critical complication in many cancer therapies, 
defi ning the specifi c molecular details how the neutrophil death/engulfment/pro-
duction cycle is coordinated in healthy and treated patients could be highly thera-
peutically relevant. Another of the beautiful challenges ahead in the context of 
cancer and cell death is determining under which contexts the apoptotic cell clear-
ance is altered in tumors, whether the anti-infl ammatory properties of apoptotic 
cell recognition are dampening an immune response or modifying the macro-
phages, how the tumor cells (via engulfment) might be made immunogenic, and 
how manipulation of the engulfment machinery can be of benefi t. In addition, with 
recent evidence that apoptotic cell clearance can be augmented in vivo [ 113 ], the 
next level challenge is boosting cell clearance via small molecules and to target the 
myriad of infl ammatory diseases.     
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    Chapter 3   
 Microenvironmental Effects of Cell Death 
in Malignant Disease                     

     Christopher     D.     Gregory     ,     Catriona     A.     Ford    , and     Jorine     J.L.P.     Voss   

    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   • 
  Extracellular vesicle   •   Burkitt lymphoma   •   Starry-sky   •   Angiogenesis   •   Onco- 
regenerative niche   •   Anticancer therapy  

3.1       Introduction: Imbalances of  Cell Birth   and  Cell Death 
in Cancer   

   Cell gain is fi nely 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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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.

  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. ( c ) Conceptual illustrations of apoptotic cells infl uencing 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 infl uencing tumor growth, ultimately 
with net growth being the outcome       
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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 signifi cant 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 refl ected 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 signifi cance 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 fi gures represent only a very brief visualization window on prolifer-
ating cells, so apoptosis in histological sections is only fl eetingly evident because of 
the rapidity with which apoptotic cells disappear from microscopic view. Since they 
are effi ciently phagocytosed and digested, apoptotic cells are only identifi able in 
tissues for around 1–3 hours [ 15 ]. Therefore, just as small numbers of mitotic fi g-
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 fi elds (Fig.  3.2 ). These lymphomas take 
their description from the infi ltrating 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 fi broblasts, endothelial cells, fat cells, and infl ammatory 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 ,  c ) 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 fi gures are also present (circled). ( b ) Macrophages labeled 
according to their expression of CD68. ( c ) 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 effi cient 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   Infl uencing 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 defi nition 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-infl ammatory 
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 ineffi cient 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 amplifi cation of extrinsic apoptosis pathways. Conditions of 
 oxygen stress, glucose, and amino acid deprivation caused by rapid tumor growth 
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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-infl ammatory versus pro-
infl ammatory, tolerogenic versus immunogenic, death promoting versus death 
inhibiting. The ‘balance’ of these effects has not yet been studied in detail but will 
undoubtedly impinge signifi cantly on tumor evolution and patient outcome and the 
underlying mechanisms have potential to provide information on novel therapeutic 
targeting. 

Anti-tumor
immunity

Chemotherapy

Radiotherapy

'Onco-regenerative niche'
insufficiency

Clonal
'hallmark-deficiency'

Angiogenic
insufficiency

Nutrient deprivation
or limitation

AiA

  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 insuffi cient angiogenesis are 
likely to be important in generating proapoptotic signals. Clonal ‘hallmark-defi ciency’ refers to 
clones of tumor cells carrying genetic mutations but fail to acquire hallmark characteristics of 
cancer cells (for example, as defi ned 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 ]       
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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 proinfl ammatory 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 infl uence 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 defi cient 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 infl ammation associated with necrosis [ 48 ] and downregulate proinfl amma-
tory cytokine responses at the level of transcription [ 49 ]. In this anti-infl ammatory 
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 defi ned 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-infl ammatory 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 
clarifi cation 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 μm 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 infl ammatory 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 fi rm grounding for the establishment of the 
principle that cell death can impart potentially signifi cant 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 effi ciently from tissues under 
normal circumstances (free dead cells never being observed in normal physiology), 
dead cells engender unwanted effects such as proinfl ammatory 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.  

C.D. Gregory et al.
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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 specifi c 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-infl ammatory 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-infl ammatory 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 defi ned 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 , 
 104 ], 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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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 specifi c responses. For example, 
at early stages of activation, neutrophils release  EVs   which, like apoptotic cells, can 
inhibit infl ammatory 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 defi ned, 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 3 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 specifi cally 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 

  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       
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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 infl ammation control with fac-
tors such as IL-10, transforming growth factor-β1 (TGF-β1), α-defensins and lacto-
ferrin being produced by various types of apoptotic cell [ 72 – 74 ,  76 ]. Chemotactic 
‘fi nd-me’ signals including lysophosphatidylcholine (LPC), CX 3 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 2 ) [ 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. Specifi cally, apoptotic 
leukocytes can express increased functional CCR5 leading to sequestration of 
CCL3, CCL4, and CCL5 and this can be modulated positively by proresolution 
mediators such as lipoxin A 4 , resolvin E1, and protectin D1, and negatively by pro-
infl ammatory mediators such as TNF-α [ 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) specifi cally 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 infl uence 
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- 
infl ammatory 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- infl ammatory 
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 fi broblasts respond to their apoptotic 
cellular neighbors by engulfi ng 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-infl ammatory 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-
fl ammatory 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-infl ammatory 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 α v β 3  and α v β 5  integrins 
on phagocytes—and enhancement of signal transducer and activator of transcription 
3 (STAT3)-dependent transcription with resultant pro-oncogenic/anti-infl ammatory 
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-infl ammatory responsiveness to apoptosis. It 
will be important in future studies to determine the relative importance of different 
phagocytic and anti-infl ammatory receptors of macrophages in a wide range of can-
cers in which apoptosis is signifi cant. 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-infl ammatory 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 profi ling of starry-sky TAMs revealed a protumorigenic 
activation state characterized by transcriptional activation of anti-infl ammatory, 
proangiogenic, and tissue remodeling pathways. For example, starry-sky TAMs 
were found to preferentially express high levels of  TGF-β1 , growth factors includ-
ing  IGF-1  and  PDGF-CC , and several genes associated with angiogenesis and 
metastasis including  MMP2 ,  MMP3 ,  MMP12 ,  TIMP2 ,  ANPEP ,  LGALS3 ,  HMOX1,  
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 specifi c 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, fi rst described in Drosophila. 
Developmental and wounding studies in the fl y indicated that the pathways underly-
ing the proliferative responses to apoptosis involve p53, WNT, TGF-β/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, 
zebrafi sh, and mice. In the latter, PGE 2 , a key infl ammatory and regulatory niche 
player, is produced to drive compensatory proliferation as a result of caspase-3- 
dependent activation of calcium-independent phospholipase A 2  (iPLA2) [ 110 ]. It is 
conceivable that PGE 2  could mediate its regenerative power in this context through 
activation of β-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 Sdf1, 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 p53, 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 p53 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 specifi c 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 identifi ed the 
Drosophila TNF homolog Eiger as a key factor, triggered by JNK signaling, in 
mediating this response [ 34 ]. They also demonstrated a similar, TNF-α-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 signifi cant 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 fi de  
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-κB [ 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-κB is activated under 
hypoxic conditions via the inhibition of prolyl hydroxylases, leading to a suppres-
sion of hydroxylation of IκB kinase-β, which can then phosphorylate the NF-κB 
inhibitor, IκBα, leading to its degradation and a cessation of NF-κB inhibition 
[ 137 ]. As a consequence of HIF and NF-κB activation, hypoxia regulates a broad 
range of oncogenic cellular functions at the transcriptional level, including 
metabolism, proliferation, apoptosis, infl ammation, 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 1α 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/CXCR8 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 hi  and MHC II low  TAMs; the MHC 
II hi  TAMs expressed higher levels of proinfl ammatory genes including  NOS2 , 
 PTGS2 ,  IL1b ,  IL6,  and  IL12b  whereas the MHC II low  TAMs expressed more anti-
infl ammatory genes such as  ARG1 ,  CD163 ,  STAB1,  and  MRC1  [ 141 ]. Hypoxic 
regions of these tumors were predominantly populated with MHC II low  TAMs, i.e., 
anti- infl ammatory 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-infl ammatory microenvironment, 
promoting evasion of antitumor T cell-based immunity [ 142 ]. In addition to pro-
moting TAM enrichment and helping to reduce infl ammation 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, CXCL8, 
CXCL1, CXCL13, and CCL5 [ 119 ,  142 ,  143 ]. Moreover, hypoxia-conditioned 
macrophages support metastasis by induction of the HIF1α-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 infl ammatory host responses in cancer, it seems 
reasonable to expect that cell damage, including stress responses leading to cell 
death, plays signifi cant 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 infl ammatory 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 proinfl ammatory 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 infl ammatory cells, macrophages mediating their safe disposal [ 150 ]. 
Just as phagocytosis of apoptotic tumor cells can alter the phenotype and function 
of TAMs, macrophages engulfi ng apoptotic cells in wounds are driven toward an 
anti-infl ammatory phenotype with expression of CD206 and arginase I [ 150 ]. The 
clearance of apoptotic cells by macrophages thus changes the wound microenviron-
ment from proinfl ammatory to anti-infl ammatory thereby limiting excessive tissue 
damage. 

 The fi nal stage of wound repair is tissue remodeling. This involves the induction 
of angiogenesis to restore a normal blood supply to the region and fi broblast-driven 
extracellular matrix deposition. In tumors, the extracellular matrix is constantly 
remodeling and new blood vessels must form to sustain additional growth [ 152 , 
 153 ]. Myofi broblasts are highly contractible fi broblasts 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-β1, FGF, and PDGF. Myofi broblasts in tumors 
can be signifi cant 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-
fl ammatory phenotypes (“M1-like”) whereas at later times during wound healing 
and in established tumors, the dominant macrophage activation state is anti- 
infl ammatory/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, proinfl ammatory wound macrophages appear to 
be driven to an anti-infl ammatory 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-infl ammatory 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 2  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-infl ammatory 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 infi ltration [ 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/
NCT01413022    ). 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 identifi ed, 
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 β, have also shown potential at reducing 
TAM infi ltrate 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 proinfl ammatory signaling. These 
strategies are in line with fi ndings that patients with high ratios of M1-like/M2-like 
TAMs 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-κB activa-
tion can redirect TAMs to a tumoricidal M1-like phenotype [ 175 ] and several agents 
capable of activating NF-κB have been reported, including Toll-like receptor (TLR) 
agonists, anti-CD40 mAbs, and anti-IL-10R mAbs. CpG oligodeoxynucleotide 
(CpG-ODN), a TLR9 ligand can upregulate NF-κB activation in TAMs, leading to 
the production of IL-12 and TNF [ 176 ] and increased expression of MHC Class II, 
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CD86, CD80, CD40, and IFN-γ, while decreasing expression of IL-4Rα, 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 infi ltrating 
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 benefi t 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-naïve, surgi-
cally incurable pancreatic ductal adenocarcinoma has been shown to induce an 
infl ux 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 
 MRC1 ,  HMOX1,  and  ARG1 , while upregulating  IL1b  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, proinfl ammatory phenotype, which was accompanied by increased 
infi ltration of T cells. Furthermore, two microRNAs, miR-155 [ 186 ] and miR-125b 
[ 187 ], have been identifi ed that are associated with proinfl ammatory 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-E8 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 proinfl ammatory 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, infl ammatory cytokines IL-12 and TNFα, and T cell costimulatory 
molecules (CD80, CD86, and MHC class II), and decreased expression of arginase I, 
immunosuppressive cytokines IL-10 and TGF-β, 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 
 specifi c or even tumor region specifi c, 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, proinfl ammatory stimuli, IFNγ and TNFα 
have been reported to promote tissue (skeletal muscle) regeneration [ 124 ]. 
Furthermore, the infl ammatory 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 specifi c. Thus, in 
infl ammation-driven colitis-linked cancer, loss of Mer and Axl actually promotes 
the underlying oncogenic processes through failure to dampen infl ammation [ 195 ]. 
Furthermore, suppression of apoptotic cell clearance via the Tyro, Axl, Mer-RTK 
axis could also act to promote oncogenesis in an infl ammatory 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 2  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 fl awed. 
Given the burgeoning evidence that host responses to tumor cell death—including 
therapy-induced death—may be fi rmly 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. Identifi cation 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 refl ected 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 unifi es 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 identifi cation 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 stratifi cation, and 
long-lasting anticancer therapies.     
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    Chapter 4   
 Apoptotic Caspases in Promoting Cancer: 
Implications from Their Roles in Development 
and Tissue Homeostasis                     

     Catherine     Dabrowska    ,     Mingli     Li    , and     Yun     Fan    

    Abstract     Apoptosis, a major form of programmed cell death, is an important mech-
anism to remove extra or unwanted cells during development. In tissue homeostasis 
apoptosis also acts as a monitoring machinery to eliminate damaged cells in response 
to environmental stresses. During these processes, caspases, a group of proteases, have 
been well defi ned as key drivers of cell death. However, a wealth of evidence is emerg-
ing which supports the existence of many other non-apoptotic functions of these cas-
pases, which are essential not only in proper organism development but also in tissue 
homeostasis and post-injury recovery. In particular, apoptotic caspases in stress-
induced dying cells can activate mitogenic signals leading to proliferation of neigh-
bouring cells, a phenomenon termed apoptosis-induced proliferation. Apparently, such 
non-apoptotic functions of caspases need to be controlled and restrained in a context-
dependent manner during development to prevent their detrimental effects. Intriguingly, 
accumulating studies suggest that cancer cells are able to utilise these functions of 
caspases to their advantage to enable their survival, proliferation and metastasis in 
order to grow and progress. This book chapter will review non-apoptotic functions of 
the caspases in development and tissue homeostasis with focus on how these cellular 
processes can be hijacked by cancer cells and contribute to tumourigenesis.  

  Keywords     Apoptosis   •   Caspase   •   Non-apoptotic function   •   Apoptosis-induced 
 proliferation   •   Development   •   Tissue homeostasis   •   Cancer  

4.1       Introduction 

  Apoptosis   was fi rst identifi ed as a form of cell death by its distinct morphological 
characteristics including cellular shrinkage, chromosome condensation, nuclear 
fragmentation and formation of apoptotic bodies [ 1 ,  2 ]. Studies in  C. elegans  then 

        C.   Dabrowska    •    M.   Li    •    Y.   Fan      (*) 
  School of Biosciences, University of Birmingham ,   Edgbaston ,  Birmingham   B15 2TT ,  UK   
 e-mail: y.fan@bham.ac.uk  

mailto:y.fan@bham.ac.uk


90

uncovered that apoptosis is genetically controlled and plays critical roles during 
development to remove unwanted or unnecessary cells [ 3 ,  4 ]. Such function of 
apoptosis further extends to maintenance of tissue homeostasis by eliminating dam-
aged or unfi t cells [ 5 ,  6 ]. Apoptosis has therefore been viewed as a monitoring 
programme to identify and kill potentially harmful cells that may develop into can-
cer. Consistent with this idea, evading apoptosis has been considered as a hallmark 
of cancer [ 7 ,  8 ]. 

 The key components of the  apoptotic machinery   are caspases, a family of cyste-
ine proteases which cleave their substrates leading to cell death [ 9 ,  10 ]. Recently 
however, in addition to their functions in apoptosis, caspases are becoming better 
understood in their multifunctional nature with an increasing number of non- 
apoptotic functions discovered. We acknowledge the abundance of high quality 
reviews which have described with clarity the non-apoptotic functions of caspases 
in the context of development and tissue regeneration [ 11 – 14 ]. This chapter there-
fore focuses on the roles of caspases in sustaining cancers and promoting their 
spread which seems to contradict what we know about their roles in apoptosis. 
There is now certainly a great wealth of evidence to show that the apoptotic cas-
pases actually have multiple functions other than executing cell death, and cancer 
cells can hijack these activities to directly promote their growth, metastasis and 
recurrence after therapy. Here we have synthesised the evidence present in the cur-
rent literature supporting this claim, to highlight that the caspases do indeed have a 
role in progressing cancers. Issues that may exist in current cancer therapies for 
particular patient subsets are also discussed.  

4.2     The Apoptotic Machinery: Functions of the  Apoptotic 
Caspases      

   Apoptosis is an evolutionarily conserved mechanism in multicellular organisms, 
allowing correct pattern formation during development and the removal of cells 
which are detrimental to the health and survival of the organism [ 15 – 18 ]. The path-
ways leading to apoptosis have been elucidated in many organisms, including  C. 
elegans ,  Drosophila  and mammals, which are summarised in Fig.  4.1 . A noticeable 
family of key components in these apoptosis pathways are the caspases. By defi ni-
tion, caspases are cysteine-aspartic acid proteases. They cleave their substrates after 
the aspartic acid residue which features at the end of short tetrapeptide motifs [ 9 , 
 19 ]. In addition to their functions in apoptosis, caspases are also well known for 
their roles in infl ammatory responses [ 20 – 22 ]. For example, there are 18 known 
mammalian caspases among which caspases-2, -3, -6, -7, -8, -9 and -10 function in 
apoptosis and thus have been classifi ed as apoptotic caspases [ 14 ,  23 ]. This review 
focuses on these caspases, especially caspases-3, -7, -8 and -9 due to their reported 
multiple non-apoptotic functions.

   Under normal cellular conditions all apoptotic caspases are present as inactive 
pro-caspases, called zymogens, which consist of a prodomain, a small subunit and 
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a large subunit [ 19 ,  24 ]. They require cleavage in apoptotic cellular conditions to 
become activated. Based on the structure of N-terminal prodomains, apoptotic cas-
pases can be subdivided into the initiator (or apical) and effector (or executioner) 
caspases. The initiator caspases have elongated prodomains which contain either 
the death effector domains (DED, e.g. for caspase 8) or the caspase-recruitment 
domains (CARD, e.g. for caspase 9). In contrast, the effector caspases have small 
prodomains. These caspases also have distinct functions and substrates during the 
process of apoptosis [ 25 – 27 ]. The initiator caspases cleave inactive pro-effector 
caspases and activate them. They are therefore also called apical caspases. In con-
trast, effector caspases, once activated by the initiator caspases, further cleave their 
broad range of cellular proteins leading to execution of cell death. They therefore 
have another name as executioner caspases. For simplicity, terms of initiator and 
effector caspases are used in this review. 

4.2.1      Apoptosis in  C. elegans       

   The caspases were fi rst identifi ed in  C. elegans  in which 131 cells undergo apopto-
sis during development by the action of a simple and linear pathway (Fig.  4.1a ) [ 3 , 
 4 ,  16 ]. Before an apoptotic stimulus is detected by a cell, CED-4, a homologue of 
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the mammalian adaptor protein apoptosis activating factor 1 (Apaf-1), exists as a 
dimer, which is sequestered on the outer leafl et of the outer membrane of the mito-
chondria by contact with a Bcl-2 family member called  CED-9   [ 28 ]. Upon apop-
totic stimulus, Egl-1, a pro-apoptotic BH3-only protein (Bcl-2 homology 3), is 
expressed, binding CED-9, thus releasing CED-4. CED-4 is then free to form a 
tetramer. Once the CED-4 tetramer is assembled, it can cleave and activate the 
 caspase CED-3, which in turn activates other downstream apoptotic effector pro-
teins leading to cell death (Fig.  4.1a ) [ 28 ,  29 ].    

4.2.2     The Intrinsic Apoptosis Pathway  in       Drosophila  
and Mammals 

   Unlike the linear pathway in  C. elegans , apoptotic pathways of extrinsic and intrin-
sic origin have been identifi ed in both  Drosophila  and mammals (Fig.  4.1 ). The 
intrinsic pathway has been extensively studied in  Drosophila  (Fig.  4.1b ). Initially, 
apoptotic stimuli cause the expression of the pro-apoptotic genes of the RHG fam-
ily: mainly  reaper ,  hid  ( head involution defective ) and  grim  [ 30 ,  31 ]. These gene 
products act to relieve the repression exerted by the inhibitors of apoptosis (IAPs) 
[ 32 – 34 ], which, under normal cellular conditions, inhibit activities of the  Drosophila  
initiator caspases such as Dronc [ 35 ,  36 ] and effector caspases such as DrICE and 
Dcp-1 [ 37 ,  38 ]. The major IAP in  Drosophila  is Diap1 which functions as an 
E3-ubiquitin ligase. Under no apoptotic stimuli, it binds to Dronc via its own BIR2 
domain and causes ubiquitin to be tagged to Dronc [ 36 ]. Such ubiquitylation was 
believed to stimulate degradation of Dronc via the proteasome. However, a recent 
genetic analysis suggests that Diap1-mediated ubiquitylation blocks processing and 
activation of Dronc but does not lead to its protein degradation [ 39 ]. When RHG 
proteins antagonise Diap1 by competitively binding to its BIR domains, Diap1 can 
no longer perform its function on inhibiting Dronc [ 36 ,  40 ,  41 ]. From here released 
Dronc, although inactive, can induce formation of the apoptosome by the adapter 
protein Ark [ 42 ,  43 ]. Upon such interaction Dronc can autocleave and become acti-
vated. Activated Dronc further cleaves and activates its downstream effector cas-
pases, mainly DrICE and Dcp-1, leading to apoptosis (Fig.  4.1b ) [ 44 – 46 ]. Notably, 
pro-apoptotic proteins need to localise to the mitochondria and execute their apop-
totic functions in  Drosophila  [ 47 – 54 ]. Two Bcl-2 family members, Debcl and Buffy, 
have been identifi ed in  Drosophila  [ 55 – 59 ]. Debcl is localised to the mitochondria 
and has pro-apoptotic functions, while Buffy may localise to endoplasmic reticula 
to carry out its own anti-apoptotic roles [ 60 ]. 

 In the mammalian intrinsic pathway, the mitochondrion plays a central and more 
decidedly important role (Fig.  4.1c ). The  Bcl-2 family protein  s can be subdivided 
into three groups: the BH3-only proteins (such as Bid, Bad, Bik, Bim, Noxa and 
Puma), the pro-apoptotic Bax subfamily members (such as Bax, Bak and Bok) and 
the anti-apoptotic Bcl-2 family members (such as Bcl-2 and Bcl-XL) [ 61 – 64 ]. In 
response to apoptosis, BH3-only proteins either activate the Bax subfamily members 
or antagonise the anti-apoptotic Bcl-2 members to regulate mitochondrial outer 
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membrane permeabilisation (MOMP) which then leads to release of cytochrome c 
(cyt c). Released cyt c binds to the adaptor protein Apaf-1, via the WD repeat domain 
at the carboxy terminus of Apaf-1, forming the apoptosome. Pro-caspase-9 can in turn 
interact with Apaf-1 in the apoptosome, via their mutual CARD domains [ 65 ]. Pro-
caspase-9 then autocleaves and becomes active [ 66 ]. The activated caspase- 9 further 
cleaves its downstream effector caspases, caspase-3 and -7, to trigger apoptotic cell 
death [ 63 ]. In addition to cyt c, pro-apoptotic proteins such as Smac (or Diablo) and 
HtrA2 (or Omi) are also released from mitochondria during the process of MOMP 
[ 67 – 69 ]. Similar to what happens in  Drosophila , these pro- apoptotic proteins antago-
nise IAPs such as XIAP leading to activation of caspase-9, -3 and -7 and apoptosis. In 
addition to Smac and HtrA2, another mammalian IAP antagonist is ARTS which is 
not released from mitochondria [ 70 ,  71 ]. Similar to the RHG proteins in  Drosophila , 
it is localised to the mitochondrial outer membrane and inhibits XIAP [ 72 ].    

4.2.3     The Extrinsic Apoptosis Pathway  in       Drosophila  
and Mammals 

   In contrast to the intrinsic pathway, the extrinsic pathway is initiated by the binding 
of a death ligand to a death receptor in the cell (Fig.  4.1c ). In mammals, examples 
of the death ligands are tumour necrosis factor (TNF) family members including 
Fas ligand (FasL) and  TNF-related apoptosis-inducing ligand (TRAIL)   [ 73 – 75 ]. 
These ligands bind to their specifi c receptors Fas and DR4/5, forming complexes. 
Once such a ligand–receptor complex is formed, the adaptor protein  Fas-associated 
Death Domain (FADD)   can bind the cytosolic region of Fas and DR4/5. There, 
FADD acts as a platform on to which pro-caspase-8 can bind, by interaction of the 
death effector domain (DED) of FADD with the DED at the extended N-terminus of 
pro-caspase-8, forming the  death-inducing signalling complex (DISC)   [ 76 – 78 ]. 
Due to receptor clustering in the plasma membrane, the pro-caspase-8 monomers 
are brought within close proximity of each other in DISC complexes, and once in 
this newly established close proximity they can autocleave and become activated 
[ 79 ,  80 ]. Upon activation, caspase-8 can then cause the cleavage and activation of 
effector caspases caspase-3 and -7 leading to cell death [ 9 ,  25 ]. Homologues of 
death ligands, receptors and their functions in apoptosis induction have also been 
found in  Drosophila  (Fig.  4.1b ). There is only one TNF homologue, Eiger (Egr), 
identifi ed in  Drosophila  so far [ 81 ,  82 ]. Two TNF receptors including Wengen 
(Wgn) and, more recently, Grindelwald (Grnd) have been reported [ 83 ,  84 ]. 
Activation of Egr triggers both apoptosis and a type of non-apoptotic cell death 
through the Jun N-terminal Kinase (JNK) pathway, a stress-response signalling 
pathway [ 81 ,  82 ,  85 ,  86 ]. For the aspect of apoptosis, JNK induces expression of 
pro-apoptotic genes and activation of the apoptotic machinery [ 82 ,  86 ]. Interestingly, 
in stress-induced apoptosis, the initiator caspase Dronc can activate not only effec-
tor caspases DrICE and Dcp-1 but also JNK which then feedback to the apoptosis 
pathway to further amplify it [ 87 ]. Notably, although different in their nature of 
inducing apoptosis, connections between the extrinsic and intrinsic pathways also 
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exist in mammals. Caspase-8 can act on the pro-apoptotic BH3-only proteins such 
as BID leading to activation of the intrinsic pathway which further ensures a robust 
apoptotic response [ 88 – 90 ].       

4.3     Apoptosis, Development and Non-apoptotic 
Functions  of Caspases      

 Apoptosis and development are interconnected. On the one hand, apoptotic caspases 
were originally identifi ed as key players in the developmental programme [ 3 ]. Their 
apoptotic functions are critical for removal of extra cells produced at the early stage 
of development and elimination of unwanted cells in tissue patterning and morpho-
genesis [ 16 ]. A recent study on Apaf-1 knock-out mice suggests that apoptosis is 
required to remove Fgf8 morphogen-producing cells and terminate Fgf8 production 
at the correct developmental time, thus ensuring proper development of the forebrain 
[ 91 ]. Apoptotic cells can even actively drive epithelial folding during morphogenesis 
[ 92 ] and cell extrusion during tissue repair [ 93 ]. These examples have certainly 
underlined the developmental role of apoptosis. On the other hand, it is also becom-
ing clear that the developmental programme can modulate cellular apoptotic 
responses. Many key components in the apoptosis pathway can be targeted by the 
developmental programme to defi ne distinct cellular susceptibilities to apoptosis. 
For example, in  Drosophila  third instar larvae, a pulse of hormone ecdysone increases 
the whole organismal sensitivity to apoptosis by upregulating the basal level of Ark, 
Dronc and DrICE [ 94 ]. Furthermore, in the developing  Drosophila  eye tissue, mul-
tiple mechanisms were employed to control cellular levels of IAPs as well as pro-
apoptotic proteins [ 95 ,  96 ]. Similarly, in mouse embryos, primed stem cells are very 
sensitive to apoptosis due to their low levels of BIM regulated by microRNAs [ 97 ]. 
Therefore, cellular apoptosis susceptibility can be modulated by developmental pro-
grammes. However, the links between apoptotic caspases and development go far 
beyond death. Increasing evidence is now demonstrating the actual, true multifunc-
tional nature of the caspases with somewhat surprising and fascinating roles in 
diverse cellular processes. These functions include regulating immune responses, 
promoting cell proliferation, and regulating cell differentiation and fate specifi cation 
which have been extensively reviewed elsewhere [ 1 ,  11 ,  13 ,  14 ,  21 ,  25 ,  98 ,  99 ]. Here, 
we highlight some of these non-apoptotic functions, in particular roles of caspases in 
tissue homeostasis, in the context of cancer development.  

4.4     Caspases in Tissue Homeostasis:  Apoptosis-Induced 
Proliferation (AiP)         

        Organisms are constantly exposed to environmental stresses. Damaged cells are fre-
quently removed by apoptosis. Meanwhile, new cells are generated by proliferation 
to compensate for the cell loss thus to maintain tissue homeostasis. For example, up 

C. Dabrowska et al.



95

to 60 % of cells in the developing  Drosophila  wing epithelial tissue can be lost in 
response to radiation without affecting fi nal adult wing size and morphology [ 100 ]. 
A similar phenomenon has also been found in the processes of wound healing and 
liver regeneration in mammals [ 101 ]. Apparently, tissue homeostasis is important 
for tissue function to remain optimal and critical to organism survival. Evidence in 
multiple organisms including  Hydra  [ 102 ],  Drosophila  [ 103 – 105 ] and mouse [ 101 ] 
is now demonstrating that apoptotic caspases have non-apoptotic functions to trigger 
compensatory proliferation, a process therefore termed apoptosis- induced prolifera-
tion (AiP) or apoptosis-induced compensatory cell proliferation [ 106 – 109 ]. For sim-
plicity we use the term apoptosis-induced proliferation (AiP) in this review. Recent 
studies in  Drosophila  have provided mechanistic insights into how AiP occurs 
(Fig.  4.2a, b ) [ 103 – 105 ,  110 – 113 ]. Intriguingly, depending on the developmental 
state of the affected tissue, i.e. proliferating versus differentiating tissues, either ini-
tiator or effector caspases drive distinct mechanisms of AiP in  Drosophila  [ 103 ].

4.4.1       The Initiator Caspase-Driven AiP  in  Drosophila       

 The molecular mechanism of AiP was fi rst addressed in  Drosophila  by taking 
advantage of caspase inhibitors [ 104 ,  111 ,  112 ]. P35, a baculovirus inhibitor of 
apoptosis, acts as a peudosubstrate of  Drosophila  effector caspases, e.g. DrICE and 
Dcp-1 [ 114 ]. Expression of P35 thus blocks activity of DrICE and Dcp-1 and execu-
tion of cell death. To determine how stress-induced apoptotic cells may contribute 
to compensatory proliferation, such cells were kept “undead” by P35 (i.e. the apop-
totic machinery is activated but execution of cell death is blocked). Surprisingly, 
“undead” cells stimulate overgrowth of surrounding tissues despite the presence of 
P35 [ 104 ,  111 ,  112 ]. This suggests that dying cells release mitogenic signals to 
induce AiP independent of effector caspases. Further loss-of-function analyses 
revealed that the initiator caspase Dronc, which is not inhibited by P35, actually 
coordinates apoptosis and AiP (Fig.  4.2a ). It appears that, at least in the “undead” 
model of AiP, Dronc activates JNK in dying cells leading to activation of several 
mitogenic signalling pathways including the Wingless (Wg, a homologue of the 
mammalian Wnt) and Decapentaplegic (Dpp, a TGF-β-like homologue of the mam-
malian BMP) signalling pathways which are required for AiP [ 112 ,  115 ].  Drosophila  
homologue of p53 is also required for AiP, probably through its role in a feedback 
regulatory loop including JNK, p53 and pro-apoptotic genes [ 87 ,  113 ]. However, 
one concern of the “undead” model of AiP is that it may not represent what happens 
in the physiological process of AiP [ 115 – 117 ]. For example, it has been suggested 
that Wg and Dpp are not required for AiP when there are no “undead” cells [ 115 ]. 
Nevertheless, a  Drosophila  model of regenerative growth without using P35 has 
identifi ed Wg as an important factor which is induced in response to tissue damage 
and is required for tissue regeneration [ 118 ]. In addition to these, a recent genetic 
screen using both an “undead” model and a P35-independent regenerative model 
has discovered a role of EGFR signalling in AiP and tissue regenerative growth 
[ 110 ]. In this process, JNK transcriptionally induces Spi, one of EGF ligands in 
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  Fig. 4.2    Apoptosis-induced proliferation in  Drosophila  and mammals. Molecular mechanisms of 
apoptosis-induced proliferation (AiP) in proliferating ( a ) versus differentiating (cell cycle exited, 
 b ) tissues in  Drosophila  and in mammals ( c ). A stressed but “undead” cell ( a ,  left , in  red ) or an 
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 Drosophila , in dying cells which then activates proliferation of neighbouring cells 
via EGFR signalling. JNK can also activate the transcription factor Yorkie (Yki) in 
the Hippo signalling pathway to regulate AiP in developing  Drosophila  wing tissues 
[ 119 ,  120 ]. Interestingly, such a role of Yki in AiP seems to be tissue specifi c as it 
is not required for AiP in proliferating eye tissues [ 110 ].  

4.4.2     The Effector Caspase-Driven AiP in  Drosophila  

 A second form of AiP was identifi ed in the differentiating  Drosophila  eye tissue 
which is a monolayer epithelium with differentiated photoreceptor cells at the api-
cal side and cell cycle exited but unspecifi ed cells at the basal side [ 103 ]. At the late 
third instar larval stage, both types of cells have relatively low susceptibility to 
apoptosis presumably due to their post-mitotic status and protection of survival sig-
nals such as high Diap1 and the EGFR signalling [ 95 ]. Therefore, under apoptotic 
stresses, e.g. expression of the pro-apoptotic gene  hid , these cells do not die imme-
diately. Instead, the stressed photoreceptor neurons release Hedgehog (Hh), another 
evolutionarily conserved growth signalling ligand, to trigger cell cycle re-entry of 
unspecifi ed cells (Fig.  4.2b ). Such an AiP event can be blocked by P35 or double 
mutants of DrICE and Dcp-1 suggesting an effector caspase-driven form of AiP is 
employed in the differentiating eye tissue [ 103 ]. Interestingly, mechanisms of AiP 
seem to be operated in a context-dependent manner. This is best shown in the devel-
oping  Drosophila  eye tissue. The late third larval eye tissue consists of an anterior 
proliferating portion where all cells are actively dividing and a posterior differenti-
ating portion where most of the cells present have exited the cell cycle. The initiator 
caspase-driven AiP appears to be employed in proliferating tissues, while the effec-
tor caspase-driven AiP is employed in differentiating tissues [ 103 ]. However, what 
controls such distinction is not yet known.  

4.4.3     AiP in Other Organisms Including Mammals 

 In addition to  Drosophila , roles of AiP in regeneration have also been implicated in 
other multicellular organisms particularly in  Hydra ,  Xenopus  and mouse [ 101 ,  102 , 
 106 ,  121 ]. In the freshwater  Hydra , both head and foot can regenerate completely 
after bisection at the midgastric area. Massive localised apoptosis was observed for 
the head regenerating tip, but not the foot regenerating counterpart, preceding 
increase of cell proliferation [ 102 ]. Interestingly, ectopic activation of apoptosis at 
the foot regenerating tip resulted in regeneration of head instead of foot. In this 
process, caspases activate Wnt3, a homologue of  Drosophila  Wg, in dying cells 
leading to regenerative proliferation [ 102 ]. This study suggests that apoptosis can 
direct certain regenerative programmes. Similar requirements of caspases in regen-
eration were also reported for  Xenopus  tadpole tail regeneration which is abolished 
by inhibiting caspase-3 [ 121 ]. Notably, in other regeneration models such as 
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planaria and newt, massive apoptosis at the amputation site has been observed 
[ 122 – 124 ]. However, it is not yet clear whether apoptotic caspases actually drive 
release of mitogenic signals such as Wnt, TGF-β and Hh in these processes. More 
recently, roles of AiP in mammals were reported in mouse models of wound healing 
and liver regeneration [ 101 ,  125 ]. The rate of skin wound healing and liver regrowth 
after partial hepatectomy was signifi cantly reduced in caspase-3 or -7 defi cient mice 
due to impaired post-injury cell proliferation. It was further revealed that activated 
caspase- 3 and -7 cleave calcium-independent phospholipase A2 (iPLA2) to increase 
its catalytic ability and promote synthesis of prostaglandin E2 (PGE2). Release of 
PGE2 from the dying cell then induces compensatory proliferation (Fig.  4.2c ) [ 101 ]. 
Although detailed mechanisms on how PGE2 triggers compensatory proliferation 
are not yet revealed, the link between PGE2 and the Wnt signalling cascade has 
been established in both zebrafi sh and mice [ 126 ]. PGE2 binds to EP2, a G-protein 
coupled receptor, leading to activation of β-catenin, a key intracellular transducer of 
Wnt signalling [ 127 – 129 ].          

4.5     Caspases  in Cancer Development  :  Non-apoptotic 
Functions   

   Current cancer therapies such as chemo- and radiotherapies frequently aim to acti-
vate apoptosis of cancer cells. Therefore, activating apoptosis has long been viewed 
as an “anti-cancer” process. However, increasing evidence is now suggesting that 
apoptotic caspases can play oncogenic roles through their non-apoptotic functions 
(Fig.  4.3 ). As discussed earlier the roles of the apoptotic caspases are essential in 
proper organism development and tissue homeostasis. Apparently different func-
tional aspects of caspases needs to be tightly controlled and restrained by cellular 
contexts in order to prevent their detrimental effects. In the context of cancer, these 
non-apoptotic functions of caspases can be hijacked to ensure survival of cancer 
cells and promote their spread. Thus, the multifunctional nature of the apoptotic 
caspases is becoming clinically important.

4.5.1       Caspases Promote Cell Survival and Cell Proliferation 

    The crucial function of caspases in cell survival and  proliferation         has been reported 
during development. Targeted disruption of caspase-8 in mice causes embryonic 
lethality, a feature not shared by the other caspases [ 78 ,  130 ]. Caspase-8 −/−  mouse 
embryos exhibited abnormal phenotypes prior to death, namely hyperaemia, with 
the number of haematopoietic precursors signifi cantly reduced [ 78 ]. This suggests 
that caspase-8 is required for either maintenance or proliferation of haematopoietic 
precursors. As further support for this view, depletion of caspase-8 in lymphoid tis-
sues inhibits antigen-induced T and B lymphocyte proliferation [ 131 – 133 ]. 
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Although it was originally thought that caspase-8 regulates cell proliferation in 
these cases, it is more likely that caspase-8 has pro-survival functions due to its 
inhibitory role on necroptosis, another form of programmed cell death [ 130 ,  134 ]. 
The key factors involved in such regulation are caspase-8, the long isoform of cel-
lular FLICE-like inhibitory protein (FLIP L ), and two kinases, RIPK1 and RIPK3, 
which are required for activation of necroptosis. FLIP L  is structurally similar to 
caspase-8 but without its catalytic activity [ 135 ]. It can bind to pro-caspase-8, form-
ing a heterodimer which prevents caspase-8 from completing its apoptotic functions 
by occupying all binding sites of caspase-8 in the DISC. This consequently prevents 
caspase-8 homodimer formation. Therefore, when the FLIP L  levels are low, homodi-
merisation of pro-caspase-8 occurs which activates caspase-8 for its apoptotic func-
tion. In contrast when FLIP L  levels are high, e.g. triggered by survival signals 
mediated by a transcription factor NFκB, formation of the pro-caspase-8-FLIP L  het-
erodimer does not trigger apoptosis. Instead, it can bind to the RIPK1-containing 
complex to suppress its activation of RIPK3 and necrotic cell death, although the 
underlying mechanism remains unclear [ 134 ]. Hence, the level of FLIP L  is crucial 
for caspase-8-regulated cell survival. Interestingly, an increase in FLIP L  expression 
has been detected in a variety of tumour types, including B-cell chronic lympho-
cytic leukaemia, pancreatic cancer and ovarian cancer, amongst many others [ 136 , 
 137 ]. Down-regulating FLIP L  levels in tumours sensitises the cells to apoptosis 
[ 136 ,  138 ]. This is most likely due to decreased ability for caspase-8-FLIP L  het-
erodimers to form and increased ability of caspase-8 homodimerisation, which can 

  Fig. 4.3    Schematic diagram of non-apoptotic functions of  caspases      that may contribute to various 
aspects of cancer progression       
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then activate caspase-3 and apoptosis. In a study of cervical cancers, high-grade 
tumours were found to have higher expression of FLIP L  [ 137 ]. Moreover, increasing 
grade of lesions was directly associated with increased c-FLIP expression, where 
12.5 % of normal cervical epithelia stained positive for relevant expression of FLIP L  
compared to 82.1 % of squamous cervical carcinomas stained positive for FLIP L  
[ 137 ]. This shows the signifi cance in correlation of uncontrolled caspase-8-FLIP L  
dimer formation and cancer progression. Interestingly, infection by high-risk human 
papillomavirus (HPV), particularly HPV-16, was highly signifi cantly correlated 
with high expression of FLIP L  [ 139 ]. Although the viral infection does not explain 
the cause of high FLIP L  expression in other cancer types, high expression of FLIP L  
was determined to be a marker of early cervical carcinogenesis and therefore has the 
potential to be utilised for early diagnosis [ 137 ,  139 ]. This evidence highlights that 
the caspase-8-FLIP L  heterodimer can be hijacked by cancer cells to promote tumour 
survival, by avoiding the apoptotic functions of caspase-8. 

 In addition to the initiator caspases, the effector caspases have also been impli-
cated in promoting cell survival and cell cycle progression. In cultured cancer cell 
lines with their origin in leukaemia or hepatocellular or cervical carcinoma, cas-
pase- 3 and -7 are found to be required in cell cycle progression through the G1 and 
G2/M checkpoints [ 140 ,  141 ]. Overexpression of the BIR2 domain of XIAP inhib-
its caspase-3 and -7, and when added to cells also induced cell cycle arrest. In con-
trast, inhibition of caspase-9 by expression of the BIR3 domain of XIAP did not 
cause the same effect, which indicates that caspase-3 and -7 have functions indepen-
dent of caspase-9 activity. Although it is not yet clear how caspase-3 and -7 may 
promote cell cycle progression without being cleaved by caspase-9, the  anaphase-
promoting complex/cyclosome (APC/C)  , which regulates degradation of various 
cell cycle regulators through ubiquitylation, failed to form when caspase-3 and -7 
were inhibited [ 140 ]. This suggests that pro-caspase-3 and -7 may contribute to cell 
proliferation. Interestingly, direct substrates of caspases including cell cycle regula-
tors can also promote cell survival or cell cycle progression at least in some circum-
stances. For example, the cyclin-dependent kinase inhibitor P27 Kip1  can be cleaved 
by caspase- 3 which then becomes activated and anti-apoptotic to protect human 
leukemic cells from death [ 142 ]. In addition to this, a more recent study suggested 
that caspase- 3 can act as a sensor to extracellular stresses, therefore determining 
whether the cells live or not [ 143 ]. In this study, caspase-3-knockout mice become 
more sensitive to UV radiation with increased number of cells undergoing necrosis 
compared to the control animals. In response to doxorubicin, an anticancer drug 
inducing apoptosis of cardiomyocytes, the caspase-3-defi cient mice also show sig-
nifi cantly increased number of apoptotic cardiomyocytes which die through cas-
pase-7 instead [ 143 ]. Caspase-3, but not caspase-6 and -7, cleaves the p120 RasGAP 
protein in vitro to activate a kinase, Akt, leading to survival functions of PI3K sig-
nalling [ 144 ,  145 ]. Consistently, Akt activity, indicated by the level of phosphory-
lated Akt, increases in response to stresses such as UV radiation and doxorubicin 
injection. But such increase is strongly reduced in caspase-3-knockout mice. 
Knock-in mice with a RasGAP mutant resistant to caspase-3 cleavage can restore 
their apoptotic sensitivity [ 143 ]. Given these fi ndings of caspases in cell survival 
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and proliferation, could they contribute to tumourigenesis? As discussed later (see 
Sect.   5.3    ), the answer becomes clear by discovering roles of AiP in tumour reoccur-
rence following cytotoxic cancer therapies.     

4.5.2     Caspases and  Metastasis   

  Metastasis is a crucial process to understand in cancer progression as it is the cause 
of approximately 90 % of cancer-related deaths [ 8 ]. It is an incredibly complex pro-
cess consisting of multiple key steps for a cancer cell, or a group of cancer cells, to 
progress through [ 146 ]. These steps include breaking away from a bulk tumour, 
disseminating in the blood or lymph, exiting the circulation, then establishing and 
repopulating at a new site, where a secondary tumour forms. Interestingly, caspases 
have been implicated in aiding some of these steps through their non-apoptotic 
functions in cell migration, angiogenesis and possibly cell dedifferentiation. 

 Caspases have been reported for their functions in controlling cell motility dur-
ing development. In  Drosophila , Dronc, the caspase-9 homologue, is required for 
migration of border cells in the ovary [ 147 ], a process critical for oocyte develop-
ment. In mammals, caspase-8 −/−  mouse embryos die with a circulatory failure sug-
gesting roles of caspase-8 in migration of endothelial cells [ 78 ,  148 ]. Similarly, in 
cancer-specifi c studies, caspase-3 and its downstream targets have been implicated 
in causing tumour cell migration, thus contributing to achieving metastasis. In ovar-
ian cancer cells, caspase-3 has been shown to be involved in the process of initiating 
cell migration via activation of arachidonic acid, the precursor of PGE2, similarly 
as in the context of AiP described earlier (Fig.  4.2c ) [ 128 ,  149 ,  150 ]. Ovarian cancer 
cells have strong migratory responses towards laminin-10/11, a protein component 
of the extracellular matrix. This is probably due to the high levels of β1 integrin in 
ovarian cancer cells, because binding of laminin-10/11 to β1 integrin leads to a 
moderate increase of caspase-3 activity [ 150 ]. Although the intermediate molecules 
determining caspase-3 activation from integrin–laminin binding are unknown, Zhao 
et al. [ 150 ] determined that moderate increase of caspase-3 activity does not lead to 
apoptosis, instead, it cleaves iPLA2 and activates its enzymatic activity to produce 
arachidonic acid and then PGE2. Consistently, pan caspase inhibitors, caspase-
3-specifi c inhibitors or knockdown of iPLA2 inhibits migration of these cells. 
Interestingly, cleaved iPLA2 also activates Akt survival signalling to protect these 
cells from apoptosis [ 150 ]. This further enhances cancer cell migration. Not surpris-
ingly arachidonic acid has also been implicated to be the driving factor of cell 
migration in other cancers including prostate cancers [ 151 ]. Further support for 
roles of caspase-3 in cell migration comes from a study on lung cancer metastasis 
[ 152 ]. In this study, however, a protease-independent function of caspase- 3 was sug-
gested to promote metastasis. The authors used A549 cells, derived from high 
malignancy lung adenocarcinoma cells with high levels of caspase-3, for their study. 
Knockdown of caspase-3 in A549 cells diminishes their metastatic activities in the 
lungs when these cells were injected into nude mice via the tail vein suggesting 
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roles of caspase-3 in promoting metastasis. Consistently, ectopic expression of cas-
pase-3 in MCF-7 cells, derived from caspase-3-defi cient and low malignancy breast 
cancer cells, enhances metastatic ability of these cells. Following these fi ndings, the 
authors then found that high levels of caspase-3 actually lead to high activity of the 
 extracellular signal-regulated kinases (ERK)   which are required for the observed 
lung metastasis. However intriguingly, such increased  ERK   activity and cell migra-
tion are not affected by the caspase inhibitor Z-DEVD-FMK. Furthermore, expres-
sion of protease-dead mutants of caspase-3 in MCF-7 cells still enhances their 
migration through increased  ERK   activities. Although it is not yet clear, the acid 
sphingomyelinase and its downstream signal molecule ceramide were suggested to 
be the molecules linking caspase-3 and ERK [ 152 ]. Interestingly, another mecha-
nism of caspase-3-dependent cell migration has been reported for the “undead” 
cells in  Drosophila  models [ 153 ]. In this case, DrICE, a caspase-3 homologue in 
 Drosophila , activates JNK leading to cell migration and tissue invasion. Therefore, 
cellular contexts may determine how caspase-3 promotes cell motility. 

 Following migration and invasion of cancer cells, angiogenesis is essential to 
further cancer progression, enabling tumour growth above a diameter of 1 mm and 
metastasis [ 146 ]. Knockdown of caspase-8 suppressed vascular endothelial growth 
factor (VEGF)-mediated angiogenic signalling [ 154 ]. Interestingly, such require-
ment of caspase-8 in promoting angiogenesis is not affected by Ac-IETD- cho, a 
caspase-8 inhibitor that maintains high levels of pro-caspase-8. In contrast, the 
same study also showed that caspase-8 is required in TRAIL signalling to antago-
nise angiogenesis which can be inhibited by Ac-IETD-cho [ 154 ]. Therefore, pro- 
caspase- 8 and caspase-8 appear to have distinct functions during angiogenesis 
mediated by VEGF. 

 Another cellular process that can potentially impact on cancer metastasis is cell 
dedifferentiation. Although it is still a subject of debate, existence of “cancer stem 
cells”, a small fraction of stem cell-like cancer progenitor cells, may facilitate or 
even establish the metastatic colonies for cancer progression [ 146 ]. If this is true, 
maintenance and reprogramming, thus dedifferentiation, of cancer cells may be cru-
cial in the process of metastasis which, again, may involve caspases. Notably, both 
caspase-8 and caspase-3 are required for the dedifferentiation of murine fi broblasts 
to form  induced pluripotent stem cells (iPSCs)   in vitro [ 155 ]. Activation of caspase-
 8 and -3 is induced by expression of Oct-4, one of the four transcription factors used 
to programme  iPSCs  . By inhibiting caspase-8 the cells were completely unable to 
develop into  iPSCs  , whereas some could if only caspase-3 was inhibited suggesting 
potential roles of other effector caspases such as caspase-7 in induction of  iPSCs  . 
The authors further showed that the caspases act upon retinoblastoma susceptibility 
protein (Rb), but how from here the phenotype of a pluripotent stem cell is produced 
is unknown although p53 and its downstream cell cycle regulator p21 have been 
implicated in the process [ 155 ]. Interestingly, studies of human tumours in relation 
to their Oct-4 expression showed that tumours expressing high levels of Oct-4 
resulted in increased metastases, shorter survival and furthered disease progression 
in comparison to tumours low in Oct-4 expression [ 156 ]. A recent study further 
sorted murine breast cancer 4T1 cells with either high or low Oct-4 expression and 
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tested their tumourigenic potential in vivo by injecting sorted cells into the mouse 
mammary glands [ 157 ]. The results support that Oct-4 can enhance cancer stem cell 
properties. This fi ts in vitro data and hypotheses theorising on the capacity of cancer 
stem cells in disease progression, though more studies are required in a greater 
range of tumour types.   

4.5.3     Caspases in  Tumour Repopulation      Following Cytotoxic 
Cancer Therapies 

   Cytotoxic therapies exert their anti-tumour properties by inducing apoptosis as a 
result of DNA damage [ 158 ]. As discussed earlier, AiP is a process utilised in non- 
cancerous tissue in order to maintain tissue homeostasis that allows tissue regenera-
tion and recovery from damage. Consequently, this means that cytotoxic therapies 
can potentially induce not only cell death but also the AiP pathway which may in 
fact counteract cancer treatment. Tumours, to some extent, are comparable to stan-
dard developmental tissues [ 159 ], and, conceivably, when damaged they can respond 
in the same way to regenerate and to compensate for the infl icted damage, thus to 
repopulate and reoccur. Recent studies on AiP in cancer models have suggested this 
is the case. In one study, experiments were conducted to fi nd out how caspase-3 is 
responsible for promoting accelerated tumour repopulation following cytotoxic 
therapy in 4T1 murine breast cancer cells [ 160 ]. It was found that the AiP pathway, 
activated in either cancer cells or stromal cells, could become hijacked by cancer 
cells following radiotherapy, causing accelerated tumour repopulation in vitro and 
in vivo, in nude mice. These were also confi rmed with human breast cancer cell 
lines in nude mice [ 160 ]. The results gained in this study were further developed in 
studies on metastatic melanoma, showing that chemotherapy too can result in AiP 
and tumour repopulation [ 161 ]. As in the tissue regeneration mouse model, it is 
PGE2 which is secreted from apoptotic cells and stimulates recipient living cells to 
proliferate in the tumour repopulation model (Fig.  4.2c ) [ 160 ,  161 ]. The authors 
also found that tumours with elevated caspase-3 were more resistant to radiotherapy 
than those with reduced caspase-3 [ 160 ]. This at fi rst seems paradoxical; however, 
with regards to the AiP model, this observation is logical. Higher caspase-3 expres-
sion allows for greater production of PGE2, which in turn stimulates the increased 
growth rate of surviving cells, thus ensuring the maintenance of a larger tumour 
mass. Huang et al. found that the therapy sensitive cells were induced to undergo 
apoptosis, and the release of prostaglandins from the therapy sensitive cells caused 
the therapy-resistant cells to proliferate at an accelerated rate and repopulate the 
treated tumour [ 160 ]. 

 Statistical studies have been conducted to give a measure of how higher expres-
sion of particular caspases in tumours can affect outcome and survival likelihood. 
In a study of breast cancer, 103 out of 137 tumours were deemed to have high levels 
of caspase-3, although some activity was noticed in all of the tumours [ 162 ]. 
Increased caspase-3 level signifi cantly correlated with worsened survival of the 
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patients sampled and, in the tumours sampled, caspase-3 was only found in the 
cytoplasm, not the nucleus where the apoptotic target of caspase-3 resides. This 
suggests a possible mechanistic block preventing the effector caspase-3 from reach-
ing its target molecule, the  inhibitor of caspase-activated DNase (iCAD)  , to free 
caspase-activated DNase (CAD) which can cause DNA fragmentation and subse-
quent cell death [ 162 ]. Another study assessing implications of caspase-3 in gastric, 
ovarian, cervical and colorectal cancers concluded that patients possessing tumours 
which expressed higher caspase-3 had shortened survival time and also found that 
caspase- 3 expression was signifi cantly associated with tumour stage [ 163 ]. Both 
studies concluded that higher caspase-3 expression resulted in worsened prognosis. 
Notably, participants of these studies had not undergone any form of therapy. 
However, these fi ndings of statistical signifi cance were further confi rmed by Huang 
et al. [ 160 ], on patients who had undergone radiotherapy or chemotherapy. 

 Given these new insights of mechanisms causing tumour repopulation following 
cytotoxic therapy, if repopulation is to be prohibited in tumours, then the AiP path-
way needs to be blocked while still allowing caspase-3 to carry out its apoptotic func-
tions. As described for AiP (Fig.  4.2c ), PGE2 is synthesised from arachidonic acid by 
 cyclooxygenases (COX)  . Thus, COX inhibitors in theory should prevent the AiP 
pathway from progressing. This has been shown in practice, where administering a 
COX inhibitor in conjunction with cytotoxic therapy signifi cantly decreases rate of 
tumour repopulation [ 160 ,  161 ]. Therefore, use of a COX inhibitor in conjunction 
with the cytotoxic therapy may benefi t patients possessing tumours with high levels 
of caspase-3. Notably, caspase-3 may not be the only component in the apoptosis 
pathway that can promote cancer tumourigenesis as suggested by studies on lym-
phoma [ 164 ,  165 ]. Further mechanistic understanding of AiP in various cellular con-
texts will be the key to explore its clinical signifi cance. Interestingly, in addition to 
AiP, engulfment of apoptotic cells by macrophages can create a tumour-promotive 
microenvironment by releasing signalling molecules [ 166 – 168 ] and regulating vari-
ous aspects of tumour progression [ 169 ]. Again, caspases play key roles here. 
Activation of iPLA2 by caspase-3 leads to production of  lysophosphatidylcholine 
(LPC)  , as well as PGE2, from dying cells [ 170 ]. LPCs, together with several other 
molecules such as sphingosine-1-phosphates (S1Ps) and the nucleotides ATP and 
UTP, recruit macrophages to engulf apoptotic cells [ 171 ]. Therefore, apoptotic cas-
pases can promote tumourigenesis directly through AiP or indirectly through recruit-
ing macrophages [ 128 ]. This is further discussed in Chap.   3    .       

4.6     Concluding Remarks 

 For many years, the apoptotic function of caspases has been considered, both in 
developmental settings and in a cancer setting, where activation of apoptotic pro-
teins is considered to be essential in causing cell death and reducing tumour burden 
[ 8 ]. While these considerations of caspase function remain valid, increasing evi-
dence suggests that non-apoptotic functions of the apoptotic caspases exist in a 
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context-dependent manner. These functions are crucial in development and tissue 
homeostasis, where caspases have been implicated in stem cell pool maintenance by 
enhancing survival pathways and in AiP for tissue recovery upon cell loss, about 
which we have learned a lot from  Drosophila  models. Intriguingly, a wide range of 
non-apoptotic functions of caspases have been implicated in promoting tumour 
growth, metastasis and recurrence post-cytotoxic therapy (Fig.  4.3 ). It is therefore 
worthwhile to consider not only how to kill the tumour cells, but also how to prevent 
tumour spread and repopulation in cancer treatments. Further understanding of 
molecular mechanisms and cellular contexts leading to various non-apoptotic func-
tions of caspases would certainly be benefi cial.     
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    Chapter 5   
 Axl and Mer Receptor Tyrosine Kinases: 
Distinct and Nonoverlapping Roles 
in Infl ammation and Cancer?                     

     Ian     Dransfi eld      and     Sarah     Farnworth   

    Abstract     The receptor tyrosine kinases Axl and Mer subserve the process of termination 
of proinfl ammatory signaling and have key roles in both the resolution of infl ammation 
and restoration of homeostasis. Axl functions prominently under conditions of tissue 
stress or in response to infection, whereas Mer has a major role in maintenance of 
homeostasis within tissues. Distinct patterns of expression of Axl and Mer underlie 
their clearly defi ned functional roles during the initiation and progression of infl amma-
tion. Axl and Mer are expressed by tumor cells and by infi ltrating infl ammatory cells 
and the regulation of cellular function via Axl and Mer signaling is also important for 
tumorigenesis, tumor progression, and metastasis. In this review, we consider the diver-
gent functions of Axl and Mer in the context of infl ammatory processes within tumors 
and the implications for development of therapeutic agents targeting these receptors.  

  Keywords     Receptor tyrosine kinase   •   Axl   •   Mer   •   Gas6   •   Protein S   •   Infl ammation   
•   Macrophage   •   Tumor   •   Homeostasis   •   Tumor microenvironment  

5.1       Introduction 

 Following injury or infection, the  infl ammatory response   is geared to provide 
defense against invading microorganisms, repair of injury, and restoration of tissue 
architecture that is required for normal organ function [ 1 ]. It is now apparent that 
infl ammation and establishment of an infl ammatory tissue microenvironment is 
closely linked to both tumorigenesis and tumor progression and ultimately, the 
potential for metastasis [ 2 ]. The development and progression of  infl ammatory 
responses   is coordinated by the precise spatiotemporal release of infl ammatory 
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mediators that act to guide the recruitment and activation of infl ammatory cells and 
regulation of stromal cell function necessary for tissue repair [ 3 ]. In particular, the 
association between tumor progression and altered infl ammatory homeostasis sug-
gests that failed resolution of infl ammation may represent an important underlying 
mechanism [ 4 ]. Thus, therapeutics developed for the treatment of persistent or 
chronic infl ammation associated with debilitating infl ammatory or autoimmune dis-
eases that target either initiation, progression, or ultimate termination of infl amma-
tory responses may also fi nd utility in the treatment of cancer. 

 Restoration of balance of infl ammatory or immune responses is one of the key 
determinants of the process by which infl ammation normally resolves. Inhibition of 
proinfl ammatory signaling via the Tyro3, Axl, and Mer subfamily of  receptor tyro-
sine kinases (RTKs)   is pivotal for resolution of infl ammatory responses and restora-
tion of tissue homeostasis [ 5 ]. When these regulatory feedback inhibition loops are 
removed, hyperresponsiveness to infl ammatory stimuli or commensal microorgan-
isms may ultimately lead to the development of a persistent infl ammatory microen-
vironment within tissues that favors tumor development and progression. 
Overexpression and/or mutation of Tyro3, Axl, or Mer has been reported in several 
different cancers and aberrant intracellular signaling via these receptors likely con-
tributes to tumor progression and metastasis [ 6 ]. The ligands for Tyro3, Axl, and 
Mer bind to phosphatidylserine (PtdSer) which is exposed on the membranes of 
cells undergoing apoptosis or necrosis, cell-derived microparticles, and many enve-
lope viruses [ 7 ]. Importantly, ligand binding to Tyro3/Axl/Mer in the context of 
PtdSer initiates RTK signaling that provides feedback inhibition of proinfl amma-
tory responses [ 8 ]. Although these receptors share many molecular properties, Axl 
and Mer have well-defi ned, nonoverlapping functional roles during the develop-
ment and resolution of infl ammatory responses [ 9 ]. In this article, we discuss this 
emerging distinction between Axl and Mer in an infl ammatory setting that may 
affect tumor progression and metastasis.  

5.2     Axl and Mer Receptor Tyrosine  Kinases         

    Tyro3, Axl, and Mer were identifi ed as a subfamily of related receptor tyrosine 
kinases (RTKs) in a PCR-based screen of transcripts enriched in preparations of 
sciatic nerves isolated from rat [ 10 ]. The same year, O’Bryan and colleagues identi-
fi ed a transforming gene isolated from two human chronic myelogenous leukemia 
patients that they termed  Axl  [ 11 ]. Expression of  Axl  was found in a wide range of 
tissues suggesting an important role for this receptor in normal cellular function. 
Mer (gene name:  Mertk ) was originally cloned from a B lymphoblastoid cell library 
[ 12 ] and is closely related to Axl, with 44 % sequence identity and a similar overall 
domain structure. RT-PCR analysis revealed widespread expression with message 
present in testis, ovary, prostate, lung, kidney, and monocytes in bone marrow, with 
lower expression in the spleen, placenta, thymus, small intestine, colon, and liver. 
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 A careful analysis of the  Mertk −/− mice revealed increased susceptibility to sep-
tic shock in response to LPS with evidence of a heightened infl ammatory response 
in the small intestine [ 13 ]. Excessive production of TNF-α by Mer-defi cient macro-
phages suggested that Mer functions as a critical inhibitory pathway to guard against 
excessive tissue damage in responses to bacterial endotoxin by regulating activation 
of NFkB [ 13 ]. Although  Tyro3/Axl/Mertk  triple knockout animals are viable [ 14 ], 
Lemke and colleagues demonstrated that these animals displayed multiple major 
organ defects and neurological abnormalities with increased apoptosis and cellular 
degeneration in a variety of adult tissues, including the brain, prostate epithelium, 
liver parenchyma, and blood vessel walls [ 14 ]. In addition, postnatal degeneration 
of rods and cones in the retina was evident and apoptotic cells were prominent in the 
massively enlarged spleens of adult  Tyro3/Axl/Mertk  triple knockout mice consis-
tent with aberrant homeostasis within lymphoid tissue. Hyperproliferation and con-
stitutive activation of T and B lymphocyte populations present in lymphoid tissues 
from  Tyro3/Axl/Mertk  triple mutant mice was associated with development of ele-
vated antibody titers to nuclear proteins, double-stranded DNA, cardiolipin, and 
lipids, including phosphatidylserine similar to that observed in human autoimmune 
diseases such as arthritis and systemic lupus erythematosus [ 15 ]. Importantly, 
hyperactivation of macrophages and dendritic cells was identifi ed as being respon-
sible for the initiation of lymphoproliferation and autoimmunity observed in the 
triple mutant mice [ 15 ]. Together these fi ndings indicated that concerted activation 
of the Tyro3/Axl/Mer family of receptors is pivotal for maintenance and homeo-
static balance of a wide variety of mature mammalian tissues.     

5.3      Ligands            

     Two principal ligands for the Tyro3/Axl/Mer family of receptors have been identifi ed, 
Gas6 and Protein S, initially based upon their ability to induce tyrosine phosphoryla-
tion of Tyro3 [ 16 ]. Protein S was originally identifi ed as a vitamin K-dependent pro-
tein present in plasma [ 17 ] that was able to bind to a Tyro3-Fc construct, but not to an 
Axl-Fc construct. Axl activation could be induced by Gas6 [ 16 ], a gene product origi-
nally identifi ed as a growth arrest-specifi c protein in arrested fi broblasts [ 18 ]. Gas6 is 
a ligand for Tyro3, Axl, and Mer, whereas Protein S binds only Tyro3 and Mer [ 19 ]. 
Both Protein S and Gas6 have an N-terminal Gla- domain containing ~10 gamma-
carboxylated glutamic acid residues similar to those found in vitamin K-dependent 
coagulation proteins which show strong Ca 2+ -dependent binding to negatively charged 
phospholipids. However, Protein S differs from Gas6 in having a thrombin-sensitive 
cleavage site proximal to the Gla-domain [ 18 ]. Gas6 and Protein S bind extremely 
rapidly to PtdSer exposed on the apoptotic cell surface following loss of membrane 
lipid asymmetry, thus providing a molecular linkage between the apoptotic cell mem-
brane and Axl or Mer expressed on the phagocyte. Axl and Mer have been shown to 
rapidly localize to sites of contact with apoptotic cells in a ligand-dependent manner 
[ 9 ] and RTK activity is absolutely required for subsequent internalization of tethered 
apoptotic cells via control of cytoskeletal regulation [ 20 ].      
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5.4      Soluble Receptors            

         Binding of Protein S or Gas6 has been reported to induce down-regulation of Axl 
and Mer expression, most likely via a mechanism involving either ubiquitin- 
mediated degradation or ADAM17-dependent shedding. Proteolytic cleavage of the 
extracellular domain of Axl and Mer from the cell surface represents a mechanism 
for inhibition of Axl and Mer function and signaling as infl ammation progresses. 
The soluble forms of Axl [ 21 ] and Mer [ 22 ] may act to block the function of cell- 
associated receptors as they bind ligand with high affi nity. Increased plasma levels 
of soluble Mer and Axl were found in chronic kidney disease and this was associ-
ated with higher levels of ADAM17 expression in chronic kidney disease patients 
[ 23 ] and in established multiple sclerosis lesions [ 24 ]. Elevated plasma levels of 
sAxl have been reported in a variety of infl ammatory disease settings, including 
community- acquired pneumonia [ 25 ], limb ischemia [ 26 ], lupus fl ares [ 27 ], obesity 
and insulin resistance [ 28 ] and preeclampsia [ 29 ], acute coronary syndromes [ 30 ], 
aortic aneurism [ 31 ], and intracranial aneurism rupture [ 32 ]. In contrast, increased 
levels of soluble forms of Mer are found in autoimmune conditions. For example, 
elevated levels of soluble Mer were present in plasma from patients with primary 
Sjorgen’s Syndrome [ 33 ] and levels of soluble Mer present in plasma of patients 
with juvenile onset systemic lupus erythematosus may be a correlate of disease 
activity [ 34 ]. High levels of sAxl were reported to be present in exudates from trans-
planted Fibroblast growth factor-transformed tumors [ 35 ] and sAxl is associated 
with disease severity and poor prognosis in renal cancer [ 36 ] and in hepatocellular 
carcinoma [ 37 ] and correlates with tumor burden in patients with neurofi bromatosis 
[ 38 ]. The presence of soluble forms of Axl may represent a useful biomarker for the 
presence of systemic infl ammation [ 31 ] and thus for tumor progression, since sAxl 
may be derived from tumor cells in some cases.          

5.5     Axl- and Mer-Mediated Clearance of Apoptotic  Cells            

 In adults, the process of self-renewal that takes place continuously within diverse 
tissue settings generates large numbers of apoptotic cells daily. Rapid and effi cient 
phagocytosis of apoptotic cells is important for preventing the release of potentially 
proinfl ammatory intracellular contents. In addition, macrophage recognition of 
apoptotic cells suppresses proinfl ammatory cytokine release stimulated by infl am-
matory triggers such as LPS and induces the release of IL-10 and TGF-β [ 39 ,  40 ]. 
The repertoire of surface receptors that are expressed by phagocytes determines the 
capacity for apoptotic cell recognition (reviewed elsewhere [ 41 ,  42 ]). Myeloid cell 
populations exhibit distinct patterns of expression and function of Axl and Mer, 
both in in vitro settings and in immune tissues in vivo ,  which will constrain engage-
ment of these receptors in the process of apoptotic cell clearance. Although  Mertk  
mRNA transcripts are expressed by virtually all macrophage populations that have 
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been examined [ 43 ], Mer is especially prominent in homeostatic tissue settings 
(e.g., retinal pigment epithelial cells of the eye [ 44 ], Sertoli cells of the testis [ 14 ], 
and tingible body macrophages of the spleen [ 45 ]). Mer-mediated phagocytic clear-
ance of apoptotic cells may be particularly important for maintaining an anti- 
infl ammatory tissue microenvironment. In some tissues, e.g., the retina and the bone 
marrow, Mer-mediated apoptotic cell clearance exhibits circadian regulation as part 
of a homeostatic tissue response to environmental challenge [ 46 ,  47 ]. 

 In contrast, Axl is expressed by tissue cells, e.g., Langerhans cells of the skin 
[ 48 ], alveolar macrophages [ 49 ], and splenic dendritic cells [ 9 ] that are poised to 
respond to injury or infectious stimuli and exposure of macrophages to diverse pro-
infl ammatory stimuli specifi cally induces Axl expression [ 9 ]. In vivo, there is evi-
dence for selective expression of Axl in macrophages exposed to continual 
environmental triggers, as reported for macrophages present in the airways [ 49 ] and 
elevated expression of Axl may defi ne an infl ammatory activation state for tissue 
phagocytes. During an infl ammatory response, Axl-dependent clearance of apop-
totic cells may specifi cally provide a mechanism for initiation of the process of 
resolution of infl ammation.  

5.6     The  Axl/Gas6 Axis   

  Lew and colleagues have elegantly demonstrated that Axl signaling is dependent on 
the context of a PtdSer scaffold, since although Axl binds with high affi nity to Gas6 
lacking the Gla domain, tyrosine phosphorylation of Axl is not induced [ 19 ]. Thus, 
ligand-induced down-regulation of Axl expression would be predicted to require a 
source of PtdSer such as apoptotic cells. Furthermore, data from the Lemke labora-
tory demonstrated that Axl was required to maintain levels of Gas6 present in plasma 
and Gas6 expression within many tissues [ 9 ] which is likely to have important con-
sequences in terms of regulation of Tyro3/Axl/Mer function. Interaction of Gas6 with 
Axl may be required to prevent rapid tissue clearance of Gas6 and therapeutic use of 
inhibitors of Axl or genetic knockdown of Axl may also impact upon Gas6 expres-
sion within tissues. Whether occupancy of Axl by Gas6 could effectively “arm” tis-
sue phagocytes for rapid Axl-dependent recognition of PtdSer that becomes exposed 
on apoptotic cells, exosomes or enveloped viruses remains to be determined.   

5.7     Tumor Microenvironment and Expression 
of Mer and  Axl            

     Divergent profi les of expression of Axl and Mer are also seen in human cancers, in 
which Axl and Mer RTK activity may contribute to tumor progression and metasta-
sis [ 50 ]. In an analysis of tumor-associated changes in  Tyro3 ,  Axl , and  Mertk  mRNA 
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expression across multiple tumor types, Zagorska and colleagues identifi ed  evidence 
for exclusivity of expression which would be consistent with distinct roles for these 
receptors in tumor progression [ 9 ]. Consistent with this suggestion, Axl and Mer 
exhibit restricted expression profi les in specifi c tumor types. Axl is expressed in 
acute myelogenous leukemia [ 51 ] and in B cell Chronic Lymphocytic Leukemia 
[ 52 ], but not in acute lymphoblastic leukemia [ 53 ]. Mer is ectopically expressed in 
human lymphoblastic [ 54 ] and T-ALL cell lines [ 55 ] and myeloid leukemias [ 56 ] 
when compared with normal B- and T-lymphocytes [ 12 ]. Overexpression of Mer 
has also been shown in Acute Myeloid Leukemia, Mantle Cell Lymphomas [ 57 ], 
pituitary adenomas [ 58 ], prostate cancer [ 59 ], and melanoma [ 60 ]. Expression of 
Mer and Axl is differentially regulated in normal melanocytes when compared with 
melanoma cells with increased expression of Axl on melanoma cell lines compared 
to normal melanocytes [ 61 ].      

5.8     Macrophages and the  Tumor Microenvironment      

   The presence of monocyte/macrophages within tumors is a defi ning feature of the 
tumor microenvironment and has been associated with poor survival in ovarian, 
thyroid, and hepatocellular carcinomas [ 62 – 64 ]. Experimental depletion of macro-
phages with liposomal clodronate reduces growth in a variety of tumor types, 
including melanoma, lung, and prostate tumors [ 65 – 67 ]. However, there are notable 
exceptions to this protumor role for tumor-associated macrophages, notably in the 
bone marrow, the liver, and in the pancreas [ 68 ]. For example, depletion of  Kupffer 
cells   within liver enhances metastasis and in a xenograft model of tumor metastasis 
to the liver, worsens prognosis [ 69 ]. Whether differential expression of Mer and Axl 
in these different macrophage populations contributes to their pro- or antitumor 
effects has not been determined. 

 Macrophages within tumors are thought to derive mostly from infi ltrating mono-
cytes [ 70 ,  71 ] under the control of a combination of chemokines (CCL2), growth 
factors (CSF-1), and other infl ammatory mediators, including complement [ 72 ], 
and hypoxia [ 73 ], although local proliferative responses may also contribute [ 74 ]. 
The tumor microenvironment induces a distinct transcriptional profi le in the 
recruited monocytes that is associated with enhanced survival and proliferation of 
tumor cells, angiogenenic/lymphangiogenic responses, and dampened antitumor 
responses of both macrophages and cytotoxic T lymphocytes [ 75 ]. These effects are 
likely to require interaction with other immune cells, cancer stem cells, and stromal 
cells that are present within the tumor microenvironment, as well as tumor cells 
themselves. In general, tumor-associated macrophage phenotype has been reported 
to be more regulatory/wound healing or “M2-like” [ 76 ]. However, tumor-specifi c 
factors, such as tissue origin, stage of tumor progression, and tumor size may also 
critically infl uence macrophage phenotype [ 77 ] and differential regulation of Axl 
and Mer is associated with this phenotype [ 78 ].    
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5.9      Tumor Macrophage Heterogeneity   

  Heterogeneity within the microenvironment of individual tumors may further act to 
condition macrophages to exhibit site-specifi c phenotypic and functional differ-
ences that may result in differential expression of Axl and Mer. Macrophages with 
an M2-like phenotype accumulate within the hypoxic/necrotic areas of many differ-
ent tumors including prostate [ 79 ], breast [ 80 ], and ovarian carcinomas [ 81 ] and 
release proangiogenic factors such as Vascular Endothelial Growth Factor 
(VEGF). Macrophages were found to exhibit distinct phenotypes in hypoxic or less 
hypoxic regions of tumors [ 82 ]. Tumor infi ltrating monocytes may initially differ-
entiate independently of hypoxia, with subsequent recruitment of macrophages 
expressing low levels of MHC class II to hypoxic regions and acquisition of a pro-
angiogenic phenotype [ 83 ]. 

 A proinfl ammatory or hypoxic [ 84 ] tumor microenvironment might favor induc-
tion of expression of Axl on both tumor cells or infi ltrating monocytes. High levels 
of Gas6 and Axl were reported in hypoxia-inducible factor-1α expressing prostate 
cancer cells and in bone metastases compared with normal tissues. A hypoxic tumor 
microenvironment may inhibit Gas6-mediated downregulation of Axl and lead to 
sustained Gas6/Axl signaling [ 85 ]. Furthermore, oxidative stress could activate Axl 
phosphorylation to synergistically enhance cell migration in an Akt-dependent man-
ner. Axl was found to be required for neuronal migration in Gonadotropin-releasing 
hormone responses [ 86 ] and promotes cell invasion through induction of Matrix 
metalloproteinase-9 expression [ 87 ]. Activation of Rac1 via Axl elicits reactive 
 oxygen species accumulation, which is associated with malignant cancer phenotypes, 
resistance to chemotherapy, and metastasis [ 88 ]. Elevated expression and activation 
of Axl may therefore be important in tumors that are characterized by extensive 
infl ammatory cell infi ltrates, or those lacking extensive vascularization, which may 
have important implications for the use of antiangiogenic therapeutics [ 89 ]. In con-
trast, expression of Mer may be induced by exposure of phagocytes to apoptotic cells 
in a nuclear receptor LXRalpha/beta- dependent manner [ 90 ], thereby amplifying 
Mer-mediated apoptotic cell clearance mechanisms. Macrophage expression of Mer 
is associated with an anti- infl ammatory and tissue remodeling phenotype induced by 
M-CSF and IL-10, glucocorticoids, and PPARγ antagonists [ 91 ,  92 ]. Mer-dependent 
clearance of dying cells has been shown to be critical in shaping the cytokine micro-
environment of developing tumors [ 93 ]. Macrophages associated with human 
Burkitt lymphoma xenografts, a tumor which exhibits high levels of constitutive 
apoptosis, show upregulated expression of Mer [ 94 ].   

5.10      Microvesicles   

  In addition to soluble mediators and the unique extracellular matrix composition 
associated with tumors that may alter macrophage phenotype and function, tumor 
cells may release microvesicles which could infl uence tumor development in a 
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number of ways. First, microvesicles derived from some tumors, e.g., chronic 
 lymphocytic leukemia (CLL) B-cells, express constitutively phosphorylated Axl, 
which correlates with activation of multiple signaling intermediates including 
Lyn, phosphoinositide- 3 kinase, Syk/ζ-associated protein of 70 kDa, phospholi-
pase Cγ2. Small molecule inhibition of Axl with R428 or TP-0903 induced rapid 
CLL B cell apoptosis [ 52 ], possibly as a consequence of reduced expression of the 
antiapoptotic proteins Mcl-1, Bcl-2, and XIAP and upregulation of BIM [ 95 ]. 
Second, microvesicles expose PtdSer on their outer membrane and can be opso-
nized with PtdSer binding proteins, including Gas6 and Protein S. Macrophages 
and epithelial cells present within tumors that express Axl or Mer may then spe-
cifi cally interact with opsonized microvesicles using the same molecular mecha-
nisms that are involved in the phagocytosis of apoptotic cells. Finally, it is 
becoming clear that internalization of microvesicle “cargo,” which includes 
miRNA and a variety of proteins, by macrophages can directly affect macrophage 
functional responses [ 96 ].   

5.11     Axl- and Mer-Mediated  Signaling      

 In a homeostatic or infl ammatory setting, signaling via Mer and Axl forms part of a 
critical feedback loop that inhibits cellular responses to diverse proinfl ammatory 
stimuli including Toll-like receptor (TLR) ligands, type I interferons, and hypoxia. 
For example, ligation of Axl in the context of PtdSer exposure [ 19 ] acts to attenuate 
TLR- or cytokine receptor-mediated activation via inhibition of both MyD88-
dependent and MyD88- independent pathways. As a consequence, Axl-mediated sig-
naling inhibits activation of ERK1/2, p38MAPK, and NF-kB pathways [ 8 ]. Ligation 
of Axl leads to specifi c induction of SOCS1 and SOCS3, E3 ubiquitin ligases that 
control degradation of pivotal adaptors for NF-kB and TLR signaling such as TRAF6 
and TIRAP. In STAT1−/− dendritic cells, upregulation of SOCS1 and SOCS3 tran-
scripts was markedly reduced in response to addition of Gas6, consistent with a 
requirement for type I IFN receptor/STAT1 in upregulation of Axl and subsequent 
inhibition of proinfl ammatory signaling [ 8 ]. However, in the context of a developing 
tumor, Mer or Axl signaling may activate cellular survival/antiapoptotic, prolifera-
tive (PI3K/Akt, p38, Erk) and migration (FAK, RhoA) responses. Mer-dependent 
activation of the NF-kB and induction of STAT5 and STAT6 phosphorylation and 
transcriptional activity was reported in acute myeloid leukemia [ 56 ], melanoma cell 
lines [ 60 ], and in T-ALL cell lines [ 55 ]. High levels of expression of Axl also offer a 
survival advantage to tumor cells, conferring drug resistance in AML [97]; enhanced 
survival, adhesion, and proliferation in Schwannoma cells [98]; tumor progression in 
breast cancer [ 99 ]; and reduced survival in patients with head and neck cancer [ 100 ] 
or Ewing Sarcoma [ 101 ].  
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5.12     Interplay Between Axl/Mer and Other  Signaling 
Pathways         

      Increased expression of Axl and associated Axl-dependent signaling pathways may 
induce chemoresistance that is induced following repeated use of chemotherapeutic 
agents [ 97 ]. Axl is upregulated in imatinib-resistant CML [ 102 ] and Axl expression 
is associated with resistance to cetuximab therapy [ 103 ] and EFGR therapy [ 104 ]. 
Hyperactivation of Axl has been reported in lapatinib-resistant breast cancer and 
siRNA knockdown of Axl expression restores sensitivity to lapatinib in these cells 
[ 105 ]. Downregulation of Axl by shRNA in hepatocellular carcinoma cell lines 
resulted in the inhibition of invasive capacity in vitro and in vivo [ 106 ]. Overexpression 
of Axl in squamous cell carcinomas of head and neck is associated with persistent 
mTOR activation and a lack of response to PI3Kα inhibition. Phospholipase 
Cγ-dependent activation of mTOR may also occur via Axl-induced phosphorylation 
of epidermal growth factor receptor (EGFR) [ 107 ]. However, Gas6-induced activa-
tion of Axl may result in restoring migratory defects and inhibition of apoptosis in 
glioblastoma cells, rendering them more sensitive to sunitinib treatment [ 108 ]. Axl-
mediated signaling in breast cancer cells leads to the phosphorylation of the scaffold-
ing proteins ELMO1/2 resulting in the formation of a complex with Axl. ELMO 
knockdown prevented Gas6-induced Rac1 activation in breast cancer cells, reducing 
proliferation and abolishing breast cancer cell invasion [ 109 ]. 

 Signaling downstream of Tyro3/Axl and Mer may impact upon a range of onco-
genic pathways, as described earlier. The specifi c pathways activated are likely to be 
dependent on the receptor, ligand, and cell type. Mer phosphorylation was found to 
be reduced in  Axl/Tyro3 −/− mice, suggesting that signaling may involve both 
homodimerization and heterodimerization of Tyro3/Axl/Mer to induce subsequent 
receptor auto-phosphorylation in some cell types and processes [ 110 ]. Furthermore, 
there may be crosstalk between Tyro3/Axl/Mer and other RTKs. For example, 
Gas6/Axl crosstalk with HGF/MET is important for migration and survival in 
Hypothalamic Gonadotropin-releasing hormone neurons [ 111 ].       

5.13     Strategies for Altering Expression and/or  Function         
of Axl and Mer 

    The impact of different experimental strategies designed to dissect the function of 
Axl and Mer in tumorigenesis and progression may require careful interpretation. 
Use of small molecule inhibitors, receptor mAb, shRNA knockdown, or the use of 
knockout mice may also affect Axl- or Mer-mediated responses of tumor-associated 
cells, particularly macrophages or  NK cells  . An interesting recent study showed that 
inhibition of Tyro3/Axl/Mer kinase activation in wild-type  NK cells   was associated 
with enhanced antimetastatic NK cell activity in vivo and reduced murine 
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mammary cancer and melanoma metastases in an NK cell-dependent manner [ 112 ]. 
NK cell-mediated rejection of metastatic tumors was induced following deletion/
inactivation of the E3 ubiquitin ligase Cbl-b (casitas B-lineage lymphoma-b) that 
acts to ubiquitylate Tyro3, Axl, and Mer. In the absence of Cbl-b, Gas6-induced 
downregulation of Axl in NK cells was not observed. Binding of Axl to Gas6 
induces interaction with the ubiquitin ligase c-Cbl and ubiquitylation of Axl leading 
to endocytic/lysosomal degradation that was independent of proteosomal activity 
[ 113 ]. Furthermore, differential Axl/Mer signaling in neoplastic cells present within 
tumors [ 114 ] may provide protumor effects that in combination with Axl/Mer- 
mediated inhibition of tumor-associated macrophage infl ammatory cytokines and 
chemokine production [ 13 ,  115 ,  116 ] act to favor tumor progression.     

5.14     Axl/Mer  Inhibitors         

    Due to the important role of Mer in homeostatic apoptotic cell clearance within tis-
sues, long-term inhibition of Mer may have an impact on vision impairment, male 
fertility, and autoimmune disease. Whether lower expression of Axl within tissues 
will result in fewer side effects following therapeutic blockade remains to be deter-
mined. Excessive cytokine production following Axl inhibition during infection 
could predispose to autoimmunity or susceptibility to septic shock. Small molecule 
ATP mimetics that specifi cally inhibit Tyro3/Axl/Mer RTK activity are in develop-
ment as cancer therapies or treatment of enveloped virus infections [ 7 ]. In general, 
these inhibitors have been reported to reverse protumor effects, most notably when 
used in combination with other agents. Treatment with the Mer-specifi c UNC569 
increased the sensitivity of acute lymphoblastic leukemia (ALL) cells and a pediatric 
tumor cell line (BT12) to chemotherapy and decreased colony formation, possibly 
via induction of apoptosis. UNC569 inhibition of Mer in ALL xenografts in vivo 
resulted in reduced tumor infi ltration into the central nervous system [ 117 ] and 
regressed disease in a transgenic zebrafi sh model of T-ALL [ 118 ]. Similarly, inhibi-
tion of Mer with an UNC569 derivative, UNC1062 promoted apoptosis and inhibited 
colony formation in melanoma cells [ 60 ], BT12 cells, and nonsmall cell lung cancer 
cell lines A549 and Colo699 [ 119 ]. The Axl-specifi c inhibitor R428 was found to 
reduce metastatic burden and extend survival in mouse models of breast cancer 
metastasis [ 120 ]. Inhibition with the small molecule inhibitor BMS777607 (which 
inhibits Met, Ron, Axl, and Mer RTKs) was found to attenuate breast cancer cell 
migration, an effect that was more marked when Lyn and p130Cas were also targeted 
[ 121 ]. Inhibition of Axl was also found to reduce growth and proliferation of head 
and neck cancer tumor cells and led to resensitization of EGFR inhibitor (erlotinib) 
resistant tumor cells to therapy [ 100 ]. Synergistic effects of inhibition of Axl with 
antimitotic agents in killing tyrosine kinase inhibitor-resistant cancer cells that had 
undergone EMT have been reported [ 122 ] and also synergistic effects of Axl inhibi-
tion with cisplatin treatment in the suppression of liver micro- metastasis [ 120 ].     
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5.15      Decoy Receptors   

  Administration of an exogenous source of soluble Axl was found to inhibit progres-
sion of established metastatic ovarian cancer in vivo [ 123 ]. Development of “decoy” 
receptors that act as potent inhibitors of Axl or Mer-mediated signaling could reduce 
metastasis and disease progression in vivo [ 124 ].  NK cells   with high expression of 
Axl/Tyro3 exhibit potent cytotoxic activity and NK cell activity in Axl−/− mice is 
markedly reduced [ 8 ]. A key role for Axl in CD56+ NK cell development from CD34+ 
hematopoietic stem cells has been demonstrated using Axl-Fc constructs, revealing a 
positive regulatory effect of the Axl/Gas6 pathway on FLT3 signaling [ 125 ].   

5.16     Knockdown or Antibody  Treatment         

    An alternative approach to inhibition of Tyro3/Axl/Mer receptor tyrosine kinase 
activity is to suppress protumor effects via reduction of cellular expression. Function 
blocking antibodies or shRNA knockdown of Mer was found to reduce glioblastoma 
migration in vitro [ 126 ] and delay progression of a mouse model of human leukemia 
(B-ALL) [ 127 ]. Mer knockdown also inhibited melanoma proliferation, migration, 
Akt signaling, colony formation and cell survival in vitro [ 61 ], and melanoma 
tumorigenesis in vivo [ 60 ]. Knockdown of Mer with shRNA was found to reduce 
colony formation in vitro in acute myeloma cell lines, signifi cantly reduced the rate 
of myoblast apoptosis in response to serum starvation and delayed leukemia devel-
opment in vivo [ 56 ], and enhanced apoptosis and chemosensitivity of NSCLC and 
astrocytoma [ 128 ,  129 ]. A monoclonal antibody to Mer (Mer590), which prevents 
Mer phosphorylation and signaling via receptor internalization, has been shown to 
impede glioblastoma migration in vitro [ 126 ] and increase chemosensitivity in non-
small cell lung cancer [ 130 ]. A combination of Mer shRNA with Mer590 mAb may 
have additive effects on reduction of Mer expression levels, signifi cantly increasing 
cell death of nonsmall cell lung cancer cell line Colo699 [ 130 ]. Similarly, antagonis-
tic anti-Axl antibodies down-regulate Axl expression, reduce growth in a xenograft 
model by inhibiting tumor cell proliferation, and promoting apoptosis [ 116 ]. Axl 
knockdown with siRNA inhibits angiogenesis, with impaired endothelial tubule for-
mation [ 131 ] and also VEGF signaling, thereby potentiating the effect of anti-VEGF 
in several different tumor models [ 132 ]. These effects would be consistent with vas-
cular defects and increased vessel permeability seen in  Axl −/− mice that suggest a 
critical role for Axl in maintenance of normal vascular architecture [ 133 ].     

5.17      miRNAs and Axl/Mer            

     Recent data suggests that Axl and Mer expression is downregulated by specifi c 
microRNAs. In response to DNA damage or oncogenic stress, p53 activation results 
in transcriptional regulation of miR-34s. In a p53-regulated miRNA-defi cient mouse 
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tumor model, miR-34 target genes, including Axl, were overexpressed. Exogenous 
miR-34 reduced proliferation and invasion of epithelial tumor cells and prevented 
tumor formation and progression in mice [ 134 ]. miR-34a and miR-199a have been 
reported to decrease Axl expression [ 135 ,  136 ] and targeting of Axl via miR-34a was 
reported to suppress ovarian cancer, reducing both proliferation and motility [ 137 ]. 
Axl was also targeted by miR-199a, acting to negatively regulate progression of osteo-
sarcoma [ 138 ]. Further studies will likely reveal a key role for miR-34 regulation of 
Axl in both infl ammatory and tumor contexts. The levels of soluble Mer may be 
increased following knockdown of miR-126, which acts to suppress metastatic initia-
tion and colonization by negatively regulating endothelial recruitment [ 139 ]. MiR-
126 interacts with  MERTK  3′ untranslated regions, reducing levels of soluble Mer, 
which enhances endothelial recruitment through binding and inhibition of Gas6.      

5.18     Axl and Epithelial–Mesenchymal  Transition      

    Recent studies have also revealed an intriguing role for Axl in the control of  epithelial 
mesenchymal transition (EMT)  , which may enhance cell migration and survival asso-
ciated with malignant progression. EMT regulates the generation of cancer stem cells 
that are capable of tumor initiation and self-renewal and contribute to resistance to 
treatment and development of metastases. Axl expression shows a strong association 
with mesenchymal phenotype, for example, in nonsmall cell lung cancer and triple-
negative breast cancer [ 122 ]. Axl expression was found to be correlated with cell 
invasiveness and mesenchymal-like tumor formation in mammary epithelial cells. In 
nonsmall cell lung cancer cell lines, genes related to the epithelial- to- mesenchymal 
transition, including Axl were differentially methylated between epithelial and mes-
enchymal cells. In a pancreatic cancer cell line, stable knockdown of  Axl  resulted in 
reduced viability and anchorage-independent growth and attenuated migration/inva-
sion which was associated with downregulation of EMT- associated transcription fac-
tors, slug, snail, and twist [ 140 ].  Axl  knockdown resulted in reduced metastatic spread 
of breast cancer cells from the mammary gland to lymph nodes and increased overall 
survival [ 141 ]. Similarly,  Axl  knockdown was found to reduce migration and invasion 
of breast cancer cells to the lung following injection into the tail vein in vivo [ 142 ]. 
EMT could be reversed by Axl downregulation in both human mammary epithelial 
cells and murine breast CSCs, resulting in attenuation of self-renewal capacity, 
restored chemosensitivity, and reduced tumor formation in vivo [ 143 ].     

5.19     Concluding Remarks 

 Mer and Axl have distinct functional roles within tissues that are dependent on the 
infl ammatory state, with Mer generally being associated with homeostatic regula-
tion. Axl and Mer exhibit differential patterns of tissue expression, ligand-binding 
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specifi cities, and signal transduction potential. As a consequence, these two recep-
tors are likely to make distinct contributions to tumor development and progression 
(summarized in Fig.  5.1 ). Understanding the mechanisms underlying regulation of 
expression and function of Axl and Mer will be critical for maximizing the thera-
peutic effi cacy of reagents that have been developed to target these molecules for 
the treatment of cancer.

Macrophage

Tumour cell

Mer Axl

Injury

Infection

Phagocytosis
Resolution

of inflammation

Anti-
inflammatory
stimuli

Phagocytosis
Homeostasis

AxlMer

Angiogenesis
Pro-survival

EMT/metastasis

Pro-survival
Proliferation

Metastasis

  Fig. 5.1    Schematic of the  divergent functional roles of      Mer and Axl within the tumor microenvi-
ronment. Mer expressed on macrophages is generally associated with homeostatic regulation, 
whereas Axl is upregulated upon exposure of macrophages to hypoxia or proinfl ammatory stimuli 
and initiates the process of resolution of infl ammation. Mer-expressing tumor cells demonstrate 
enhanced survival, proliferation, and metastasis, whereas Axl-expressing tumor cells demonstrate 
increased angiogenesis and EMT as well as enhanced survival and metastasis. These distinct func-
tions of Mer and Axl in homeostasis and infl ammation may be important for development of new 
therapeutics to target the receptor tyrosine kinases for the treatment of tumors       
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    Chapter 6   
 Immunogenic Apoptotic Cell Death 
and Anticancer Immunity                     

     Peter     Vandenabeele    ,     Katrien     Vandecasteele    ,     Claus     Bachert    ,     Olga     Krysko    , 
and     Dmitri     V.     Krysko    

    Abstract     For many years it has been thought that apoptotic cells rapidly cleared by 
phagocytic cells do not trigger an immune response but rather have anti- infl ammatory 
properties. However, accumulating experimental data indicate that certain antican-
cer therapies can induce an immunogenic form of apoptosis associated with the 
emission of damage-associated molecular patterns (DAMPs), which function as 
adjuvants to activate host antitumor immune responses. In this review, we will fi rst 
discuss recent advances and the signifi cance of danger signaling pathways involved 
in the emission of DAMPs, including calreticulin, ATP, and HMGB1. We will also 
emphasize that switching on a particular signaling pathway depends on the immu-
nogenic cell death stimulus. Further, we address the role of ER stress in danger 
signaling and the classifi cation of immunogenic cell death inducers in relation to 
how ER stress is triggered. In the fi nal part, we discuss the role of radiotherapy- 
induced immunogenic apoptosis and the relationship of its immunogenicity to the 
fraction dose and concomitant chemotherapy.  
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6.1       Introduction 

 In the human body close to 500 billion cells die each day by apoptosis, and they are 
continuously recognized and removed by the phagocytic system without causing 
infl ammation or scars. The process of  clearing—dying cells   play a critical role in 
development, maintenance of tissue homeostasis, control of immune responses, and 
resolution of infl ammation. Immunological responses elicited by apoptotic cells have 
been studied extensively in the last two decades. Back in the nineties it was shown 
that uptake of apoptotic neutrophils or eosinophils by human monocyte- derived mac-
rophages does not induce secretion of  granulocyte macrophage colony stimulating 
factor (GM-CSF)   or  thromboxane B2   [ 1 ,  2 ]. In later studies it was shown that apop-
totic cells actually inhibit the production of many proinfl ammatory cytokines by 
 antigen-presenting cells   (Fig.  6.1 ) [ 1 ,  3 – 10 ]. Cells undergoing apoptosis are known 
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  Fig. 6.1    Timeline of the key milestones in the development of the  immunogenic cell death   con-
cept. Of note that immunotherapy in the treatment of cancer was fi rst successfully used in 1891 by 
William B. Coley, who injected streptococcal products into patients with inoperable cancer. These 
products became known as Coley’s Toxins. The following references are used to make this fi gure: 
[ 14 – 16 ,  20 ,  25 ,  32 ,  33 ,  42 ,  43 ,  46 ,  92 – 104 ]       
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to modulate their tissue microenvironments either by acting on phagocytes and 
thereby inhibiting immunological and infl ammatory responses and promoting “heal-
ing” signaling pathways and/or by releasing immunomodulatory signals. Indeed, in 
the context of anticancer therapy it is generally accepted that most chemotherapeutic 
drugs elicit apoptotic cell death. Phagocytosis of  apoptotic cells   maintains an anti-
infl ammatory state in the extracellular environment and thereby contributes to an 
immunosuppressive network in a primary tumor site to promote further tumorigene-
sis [ 11 ]. Several studies have confi rmed this notion. It has been shown that apoptotic 
tumor cells promote coordinated tumor growth, angiogenesis, and accumulation of 
 tumor-associated macrophages (TAMs)   in aggressive B cell lymphomas [ 12 ]. It has 
also been demonstrated that radiotherapy induces caspase-3-dependent release from 
apoptotic cells of arachidonic acid and prostaglandin E 2 , which then promote the 
growth of the tumor cells that survive radiation activation [ 13 ]. This correlates with 
observations in cancer patients that tumors with elevated levels of activated caspase-3 
are associated with a poor disease outcome [ 13 ]. All these studies indeed demon-
strate that cancer cells undergoing apoptosis can promote tumor progression. 
However, in the late nineties it was reported that  dendritic cells (DCs)   internalize 
apoptotic cells and process them for presentation to both MHC class I- and class 
II-restricted T cells with an effi ciency that is dependent on the number of apoptotic 
cells [ 14 ]. Later, it was discovered that certain types of anticancer treatments, such as 
chemotherapeutics (e.g., anthracyclines) [ 15 ], γ-irradiation [ 16 ,  17 ], and photody-
namic therapy [ 18 – 21 ] (Table  6.1 ) can induce a specifi c form of apoptosis, which 
was named  immunogenic apoptosis (IA)   due to its immunostimulatory or adjuvant-
like properties (Fig.  6.1 ). When cancer cell lines exposed to lethal doses of inducers 
of immunogenic apoptosis in vitro are used to vaccinate syngenic mice, they protect 
them against a subsequent challenge with live cancer cells of the same type. The 
immunogenicity of apoptotic cancerous cells relies on the spatiotemporal emission 
of specifi c signals called  danger- associated molecular patterns (DAMPs)  , such as 
calreticulin (CRT), ATP, and HMGB-1. Most of these molecules have predominantly 
nonimmunological functions inside the cell but they become immunogenic after they 
are emitted extracellularly.  DAMPs   are derived from different subcellular compart-
ments, including the plasma membrane, nucleus, ER, and cytosol, and they can often 
be modifi ed by the proteolysis and/or oxidation associated with cell death mecha-
nisms [ 22 ,  23 ].  DAMPs   exert their immunostimulatory effects upon their recognition 
by membrane- bound or cytoplasmic pattern-recognition receptors (PRRs, e.g., Toll-
like Receptor-4, TLR4), phagocytic receptors or scavenger receptors (e.g., LDL- 
receptor- related protein, LRP1/CD91), and purinergic receptors (e.g., P 2 RX 7 /P 2 RY 2 ). 
These danger signals, in combination with cancer antigens, induce maturation of 
dendritic cells (DCs) and can lead to an adaptive immune response against tumor 
cells, thereby mediating anticancer immunity. This review covers recent advances in 
our understanding of the molecular mechanisms involved in danger signaling, 
 DAMPs   emission, the role of ER stress, and classifi cation of immunogenic cell death 
inducers in relation to the way  ER stress   is triggered. In the fi nal part, we discuss the 
role of radiotherapy-induced immunogenic apoptosis and the relationship of its 
immunogenicity to the fraction dose and concomitant chemotherapy.
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      Table 6.1    An overview of immunogenic cell death  inducers   and  emission of DAMPs   related to 
the stage of cell death   

 ICD inducers 
 Cellular target 
for ICD inducers 

 Surface exposed 
DAMPs and the 
stage of apoptosis 

 Secreted or 
released DAMPs 
and the stage of 
apoptosis  Refs 

 Type I 
 Mitoxantrone, 
doxorubicin, 
idarubicin, 
oxaliplatin, UVC, 
γ-irradiation 

 Nucleus (DNA 
or DNA proteins 
related to cell 
mitosis 

 Preapoptotic: 
CRT/ERp57 

 Early apoptotic 
secreted: ATP 

 [ 33 ,  42 , 
 46 ] 

 Mid to late 
apoptotic: 
HSP-70 

 Late apoptotic 
passive release: 
HMGB1 

 Cyclophosphamide  Nucleus (DNA)  Preapoptotic: 
CRT 

 Late apoptotic 
passive release: 
HMGB1 

 [ 105 ] 

 Bortezomib  Cytosol (26S 
proteasome, 
CIP2A and 
ERAD 
machinery) 

 Early to mid 
apoptotic: HSP90 

 Late apoptotic 
passive release: 
HMGB1 

 [ 106 – 110 ] 

 Cardiac glycosides  Cell surface 
(Na + /K +  ATPase) 

 Preapoptotic: 
CRT 

 Early to mid 
apoptotic ATP 

 [ 111 ] 

 Late apoptotic 
passive release 
HMGB1 

 Shikonin  Cytosol 
(tumor-specifi c 
pyruvate 
kinase-M2 
protein) 

 Early to mid 
apoptotic: CRT, 
HSP90, GRP78 

 ND  [ 112 ,  113 ] 

 7A7 (EFR-specifi c 
antibody) 

 Cell surface 
receptor (EGFR) 

 Preapoptotic: 
CRT and ERp57 

 ND  [ 114 ] 

 Early to mid 
apoptotic: HSP70 
and HSP90 

 Wogonin  Mitochondria  Early apoptotic: 
CRT 

 Late passive 
release ATP and 
HMGB1 

 [ 115 ] 

 High hydrostatic 
pressure 

 Cellular proteins  Preapoptotic (?): 
CRT, HSP70, 
HSP90 

 Late passive 
release ATP and 
HMGB1 

 [ 116 ] 

 Vorinostat (histone 
deacetylase inhibitor) 

 Nucleus 
(chromatin 
structure)) 

 Early to mid 
apoptotic: CRT 

 Late passive 
release ATP and 
HMGB1 

 [ 117 – 119 ] 

 Bleomycin  Nucleus (DNA)  Early to mid 
apoptotic: CRT 
and ERp57 

 Early apoptotic 
secreted: ATP 

 [ 120 ] 

 Late apoptotic 
passive release: 
HMGB1 

(continued)

P. Vandenabeele et al.



137

6.2         ER Stress and ROS: Crucial Players in Danger Signaling 

    Immunogenic anticancer  drugs      and treatments can trigger IA in dying cancer cells 
via the combined action of ER stress and ROS production, which activate danger 
signaling pathways and mediate the traffi cking of DAMPs to the extracellular space 
[ 20 ,  24 ,  25 ]. ER stress was proposed to be a crucial component because the emis-
sion of DAMPs (e.g., calreticulin and ATP) and subsequent immunogenicity of cell 
death in vivo was found to be diminished when molecular effectors of the ER stress 
pathway were silenced [ 20 ,  25 ].  Anticancer drugs   that do not induce ER stress (e.g., 
cisplatin) are poor inducers of IA [ 26 ]. Notably, the immunogenicity of drugs such 
as cisplatin could be restored by combining it with thapsigargin or tunicamycin [ 26 ] 

Table 6.1 (continued)

 ICD inducers 
 Cellular target 
for ICD inducers 

 Surface exposed 
DAMPs and the 
stage of apoptosis 

 Secreted or 
released DAMPs 
and the stage of 
apoptosis  Refs 

 Electrical pulses a   Cellular proteins  Early to mid 
apoptotic: CRT 

 Early to mid 
apoptotic ATP 

 [ 121 ] 

 Late apoptotic 
passive release: 
HMGB1 

 Septacidin  Cellular proteins  Early to mid 
apoptotic: CRT 

 Early to mid 
apoptotic ATP 

 [ 122 ] 

 Late apoptotic 
passive release: 
HMGB1 

 Honokiol  Cellular proteins 
(possibly) 

 CRT (stage is 
ND) 

 ND  [ 123 ] 

 Type II 
 Hypericin-based PDT  Endoplasmic 

reticulum 
 Preapoptotic: 
CRT, HSP70 

 Preapoptotic 
secreted ATP 

 [ 19 ,  20 , 
 43 ,  124 ] 

 Late apoptotic 
passive release 
HSP70, HSP90, 
and CRT 

 Oncolytic viruses 
(e.g., CVB3) 

 Endoplasmic 
reticulum 

 Early apoptotic: 
CRT 

 Early apoptotic 
secreted ATP 
late apoptotic 
passive release 
HMGB1 

 [ 125 ,  126 ] 

   CRT  calreticulin,  DAMP  damage-associated molecular pattern,  ND  not determined,  EGFR  epider-
mal growth factor receptor,  ERAD  endoplasmic reticulum-associated degradation,  GRP  glucose- 
regulated protein,  HMGB1  high mobility group protein B1,  HSP  heat shock protein,  ICD  
immunogenic cell death,  PDT  photodynamic therapy,  UVC  ultraviolet C,  CVB3  coxsackievirus B 
  a Combining electric pulses with the chemotherapeutic agent bleomycin was required for HMGB1 
release 
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or by expression of the ER resident protein reticulon-1 [ 27 ]. ROS was also proposed 
to be required for immunogenicity of cell death because antioxidants ( N -Acetyl 
cysteine, glutathione ethyl ester, and  L -histidine) decrease its immunogenicity [ 20 , 
 25 ]. As many immunogenic cell death inducers are diverse both biologically and 
chemically (reviewed in detail in [ 24 ,  28 ]), there seems to be no simple structure–
function relationship that could explain the ability of these agents to induce 
IA. Therefore, we proposed that immunogenic cell death inducers can be classifi ed 
into two categories (Type I and Type II) based on their distinct mode of action in the 
induction of ER stress and apoptosis [ 24 ]. Most of immunogenic cell death  inducers   
(Table  6.1 ) are categorized as type I immunogenic cell death inducers that primarily 
trigger cell death via targeting cytosolic proteins, plasma membranes, or nucleic 
proteins rather than primary targeting ER mechanisms [ 24 ,  29 ,  30 ]. The type II 
immunogenic cell death inducers preferentially target the ER and include hypericin- 
based PDT and oncolytic coxsackievirus B3 (CVB3, Table  6.1 ). Although ER stress 
and ROS are essential in the immunogenicity of cell death, it is still not clear how 
these two signaling modules cooperate to effi ciently induce immunogenic cell 
death. Therefore, further studies to elucidate the precise interplay between the ER 
stress and ROS is required to modulate antitumor immune responses.     

6.3     Main Effectors of Immunogenic Cell Death: CRT, ATP, 
and HMGB1 

    Calreticulin (CRT)   is  an   ER chaperone and its function is usually linked with Ca 2+  
homeostasis [ 31 ]. The role of CRT in the clearance of apoptotic cells was fi rst 
described by Gardai et al. [ 32 ], who showed that CRT acts as a recognition ligand 
(“eat me” signal) on the surface of apoptotic cells by binding and activating LRP1/
CD91 on the engulfi ng cell (Fig.  6.1 ). However, a new life was given to CRT by 
studies showing that CRT exposure is a key determinant of immunogenicity of 
dying cells and anticancer immune responses [ 33 ]. In that study, the authors found 
that anthracyclines induce rapid preapoptotic translocation of CRT to the cell sur-
face and that blockade or knockdown of CRT suppresses the immunogenicity of 
apoptotic cancerous cells in mice. Several signaling pathways triggered by immu-
nogenic cell death inducers have been described (Fig.  6.2 ). One pathway is induced 
by anthracyclines and relies on the phosphorylation of eukaryotic initiation factor 
2a (eIF2a) by the ER stress-sensing kinase, PKR-related ER kinase (PERK), the 
activation of caspase-8, BAX and BAK, the transport of ER-derived vesicles 
through the Golgi apparatus, and the SNAP receptor (SNARE)-dependent exocyto-
sis of these vesicles [ 25 ]. It has also been shown that paracrine signals that involve 
the chemokine CXCL8 contribute to CRT exposure on the cell surface [ 34 ]. The 
second pathway for CRT exposure is more rapid and relies on PERK-mediated traf-
fi cking of ecto-CRT by regulation of the proximal secretory pathway [ 20 ]. In this 
signaling pathway, eIF2a phosphorylation and caspase-8 signaling were not required 
for CRT exposure. Vaccination of mice with cells defi cient in any of the proteins 
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required for CRT exposure or with cells in which CRT was knocked down reduced 
the immunogenicity of the cancer cells [ 20 ,  33 ]. All these results underline the key 
role of CRT exposure on the cell surface to the effi cacy of anticancer therapy. 

    ATP   is involved in various cellular metabolic processes and intracellular 
responses. However, it has become clear that APT is also actively secreted or pas-
sively released from dying cancerous cells, and that it is modulating the immunoge-
nicity of dying cancerous cells (Fig.  6.1 ) [ 22 ,  23 ,  35 ,  36 ] via activation of purinergic 
P 2 X 7  and P 2 X 2  receptors [ 37 ]. The mechanisms of ATP secretion are strongly depen-
dent on the type of immunogenic cell death inducer. Anthracyclines induce ATP 
secretion by a mechanism involving the caspase-dependent activation of pannexin 1 
channels, lysosomal exocytosis, and plasma membrane blebbing [ 36 ,  38 ,  39 ]. 
Moreover, cancer cells undergoing IA in response to anthracycline secrete ATP in 
an autophagy-dependent manner [ 40 – 42 ]. Autophagy-defi cient tumors exposed to 
chemotherapy cannot attract tumor-infi ltrating leukocytes and therefore do not 
induce therapeutic anticancer immune responses [ 42 ]. However, in contrast to 
anthracyclines, hypericin-based PDT-induced  ATP   secretion is independent of 
autophagy [ 43 ] and involves the classical and PERK-regulated proximal secretory 
pathway, as well as PI3K-dependent exocytosis [ 20 ]. All these studies suggest that 
the mechanisms of ATP secretion might vary from one immunogenic cancer cell 
death inducer to another (Fig.  6.2 ). 
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  Fig. 6.2    An overview of the danger signaling pathways involved in surface  CRT   exposure and 
 ATP   secretion and their relation to different apoptotic stages. Signaling pathways responsible for 
surface exposure of CRT and secretion of ATP depend on immunogenic cell death stimuli [ 24 ]       
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  HMGB1   is a broadly expressed and highly abundant nonhistone chromatin- 
binding protein expressed constitutively by all eukaryotic cells, and it has various 
cytosolic and extracellular functions [ 44 ,  45 ]. It was found that the immunogenicity 
of IA also depends on the passive release of HMGB1 from cells undergoing immu-
nogenic death and on its binding to TLR-4 [ 46 ]. Nevertheless, the role of HMGB1 in 
anticancer immunity is complex, and the diversity of HMGB1 extracellular func-
tions can also be partially explained by the posttranslation modifi cations, including 
different redox states and cell death types [ 23 ,  47 ,  48 ].   

6.4     Immunostimulatory Effects of Chemotherapeutics Not 
Related to DAMPs 

 In  addition   to the induction of  danger signaling and modulation of DAMPs   emission 
in cancer cells (discussed earlier), many chemotherapeutics can induce immunos-
timulation by targeting other elements of anticancer immunity [ 36 ]. Chemotherapeutic 
drugs can increase the expression or presentation of  tumor-associated antigens 
(TAA)   on the surface of cancer cells and increase their so-called antigenicity by 
inducing antigen presentation of both dominant and subdominant epitopes. It has 
been shown that the variety of TAA eliciting  cytotoxic T lymphocytes (CTL)   can be 
increased by  cisplatin   and  gemcitabine   [ 49 ]. The authors showed that chemotherapy 
reveals weaker tumor antigens to the immune system, resulting in the induction of 
specifi c CTLs. The antigenicity of cancer cells can be enhanced by increasing the 
expression of MHC class I molecules (e.g., cyclophosphamide, gemcitabine, oxali-
platin, paclitaxel, and γ-irradiation) [ 36 ,  50 ,  51 ]. In addition, some anticancer drugs 
can increase the expression of TAA, including carcinoembryonic antigen (induced 
by 5-fl uorouracil), multiple cancer testis antigens (increased by 5-aza- 20deoxycytidine 
and γ-irradiation), and melanoma-associated antigens (increased by vemurafenib) 
[ 36 ,  50 ,  52 ,  53 ]. It is of interest that subtoxic doses of paclitaxel and doxorubicin 
increased the expression of components of the MHC class I antigen processing 
machinery (calmodulin, LMP2, LMP7, TAP1, and tapasin) in cancer cells [ 54 ]. 
Chemotherapeutic agents also cause immunopotentiation by directly stimulating 
immune cells. It has been shown that low doses of paclitaxel, doxorubicin, mitomy-
cin C, and methotrexate that do not cause cell death up-regulate the ability of DCs to 
present antigens to antigen-specifi c T cells [ 55 ]. Recently, we demonstrated that 
intraperitoneal injection of doxorubicin in mice triggers the signs of acute infl amma-
tory response (accumulation of neutrophils and increased levels of IL6, TNF, and 
MCP-1) [ 56 – 58 ]. Of interest is that the infl ammatory response was signifi cantly 
reduced in mice defi cient in myeloid differentiation primary response gene 88 
(MyD88), TLR-2 or TLR-9 [ 58 ], or tumor necrosis factor receptor-1 (TNFR1) [ 57 ]. 
These studies provide important new insights into how the innate immune system is 
modulated by immunogenic drugs such as doxorubicin (Table  6.1 ). It was also shown 
that the percentage of regulatory T cells among the CD4 +  lymphocytes was decreased 
by  cyclophosphamide  , which allowed a whole tumor cell vaccine or costimulatory 
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receptor OX40 (OX86) immunotherapy to eradicate established tumors in colon car-
cinoma or melanoma models [ 59 ,  60 ]. The number of  myeloid-derived suppressor 
cells (MDSCs)   was reduced by gemcitabine in the spleen of mice bearing large 
tumors but did not affect CD4 and CD8 T cells, NK cells, macrophages, and B cells 
[ 61 – 63 ]. The  bisphosphonate zoledronate  , a drug that has been approved by the FDA 
for the treatment of bone metastases, was shown to induce caspase-1 activation in 
DC-like cells, which then provide mature IL-18 and IL-1β for the activation of IL-2-
primed NK cells [ 64 ]. All these data suggest that some chemotherapeutics can 
directly stimulate immune cell functions and that their therapeutic effi cacy could be 
at least partly explained by their ability to modulate the host immune system.  

6.5     Radiotherapy-Induced Immunogenic Cell Death: 
Fraction Dose and Concomitant Chemotherapy 

   Together with surgery and chemotherapy,       gamma-irradiation (RT) is important in 
the treatment of cancer. For decades, its main antitumor activity was believed to 
result from a direct and local cytotoxic effect on malignant cells within the irradi-
ated area [ 65 ]. Nowadays, there is growing evidence for the occurrence of immune- 
mediated systemic effects resulting from local RT. Clinical proof of principle for 
such abscopal effects is provided by regression of distant metastases after local 
RT. Abscopal effects have been observed with various dose and fractionation regi-
mens in melanoma (3 × 8 Gy to 3 × 18 Gy) [ 66 – 68 ] and lung adenocarcinoma 
(5 × 6 Gy) [ 69 ]. The necessity of combining RT with immunotherapy (in these cases 
CTLA4 blockade) to achieve these abscopal effects indicates that proimmunogenic 
effects are often dampened by the immune-suppressive microenvironment that 
characterizes cancer [ 70 – 73 ]. 

 As for other immunogenic agents [ 74 ], radiation-induced immunogenic cell 
death is characterized, in cell cultures, by preapoptotic exposure on the extracellular 
surface of the “eat-me” signal CRT [ 25 ,  75 ,  76 ] and emission of ATP [ 75 ,  77 ,  78 ], 
and by late-apoptotic release of the “fi nd-me” signal HMGB-1 [ 46 ,  75 ,  77 ,  79 ]. 
Animal and clinical experimental evidence supporting the ability of RT to induce 
immunogenic cell death remains scarce [ 77 ], and the clinical relevance of these 
pathways to the therapeutic effi cacy of RT has yet to be validated. 

 Induction of immunogenic cell death is most likely highly dependent on total 
dose and fractionation. Golden et al. showed, in cell cultures, that the clinically used 
single doses between 2 and 20 Gy (1 × 2–20 Gy) effectively induce the signals for 
each individual component of immunogenic cell death in a dose-dependent manner 
[ 75 ]. Gameiro et al. showed the same, albeit with a clinically irrelevant single dose 
of 100 Gy [ 77 ]. Demaria et al. overviewed the literature and found immunogenic 
cell death to be often detected in tumor cell cultures exposed to mid-to-high doses of 
RT (1 × >5–10 Gy) [ 80 ]. They initiated animal experiments using three RT regimens 
(1 × 20 Gy, 3 × 8 Gy and 5 × 6 Gy) combined with  CTLA-4 antibody treatment   in 
syngeneic mice with breast and colorectal carcinoma. While anti-CTLA-4 treatment 
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on its own and its combination with a single-dose RT were not able to induce an 
abscopal effect, the fractioned regimens did [ 81 ]. This could explain why a single 
8-Gy fraction treatment of bone metastases in prostate cancer patients failed to 
induce an abscopal effect when combined with anti-CTLA-4 treatment [ 82 ], whereas 
the above described clinical trials succeeded [ 66 – 69 ]. 

 In addition to the induction of immunogenic cell death, other components up- or 
downregulated in response to RT are involved in antitumor immunity [ 71 ]. Tumor 
cell surface expression of MHC Class I molecules increases and CD47 (a “don’t 
eat-me” signal for DCs) decreases in a dose-dependent manner in cell cultures [ 83 – 85 ]. 
Additionally, it was shown in a murine model that RT (2 × 12 Gy) increases the 
expression on tumor cell surface of RAE-1, a ligand for natural killer cell group 2D 
[ 86 ]. Distinct radiation fraction doses also have a direct effect on the irradiated 
tumor microenvironment. Clinical observations showed that immune-suppressing 
Treg cells are more radioresistant than CD8 +  T cells [ 87 ,  88 ]. In a xenotransplant 
mouse model, a lower RT dose (1 × 2 Gy) reprograms macrophages toward an 
iNOS+/M1 phenotype, allowing them to recruit tumor-specifi c T cells [ 89 ]. 

 The above-mentioned data support the growing consensus that hypofractionated 
regimens (a limited number but >1 fraction high doses per fraction) are more effec-
tive at inducing the proimmunogenic effects of RT than single high doses or normo-
fractionation (2 Gy per fraction or “×” times × 2 Gy) [ 90 ]. The hypofractionated 
regimens are mostly used to treat small (often oligo-) metastatic lesions, whereas 
for treatment of the primary tumor, normofractionation combined with chemother-
apy is often the standard treatment. Concomitant use of both treatments has been 
shown to be superior to sequential chemo-RT in numerous clinical trials. It should 
be considered that concomitant chemo-RT causes a tumor cell death that is both 
qualitatively and quantitatively different from that achieved by each therapy alone 
[ 83 ]. Frey et al. showed that combining 5-FU, oxaliplatin, and irinotecan with RT 
could induce immunogenic cell death in colorectal cancer cells [ 91 ]. Golden et al. 
designed a cell culture assay to examine the effect on immunogenic cell death when 
combining RT (1 × 2 Gy) with paclitaxel and found that all three components of 
immunogenic cell death (i.e., CRT, ATP, and HMGB1; discussed earlier) to be 
increased signifi cantly when chemotherapy and RT were used together as compared 
to separate treatments [ 75 ,  83 ]. Animal and clinical experiments are awaited to vali-
date these interesting fi ndings.    

6.6     Conclusions 

 Only one decade ago, apoptotic cell death was presented as anti-infl ammatory and 
tolerogenic, or even as a silent mode of cell death. However, insights over the last 
decade increasingly support the view that under specifi c conditions certain types 
and regimens of anticancer therapy can induce an immunogenic form of apoptosis 
that can be benefi cial for the induction of anticancer immunity and long-lasting 
remission in cancer patients. Many questions remain regarding what determines the 
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difference between immunogenic aspects of apoptosis and the danger signaling 
 subroutines in the various types of cancers. Deeper insight into the molecular mech-
anisms of immunogenicity of apoptotic cells will lead to novel experimental immu-
notherapies for cancer, and is therefore a challenging research area. This work 
highlights the need for careful preclinical testing of the immunological effects of 
chemotherapies, alone and in combination with partner cytotoxic agents and immu-
notherapies, before proceeding to clinical investigations.     
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    Chapter 7   
 Cancer Cell Death-Inducing Radiotherapy: 
Impact on Local Tumour Control, Tumour 
Cell Proliferation and Induction of Systemic 
Anti-tumour Immunity                     

     Benjamin     Frey    ,     Anja     Derer    ,     Heike     Scheithauer    ,     Roland     Wunderlich    , 
    Rainer     Fietkau    , and     Udo     S.     Gaipl    

    Abstract     Radiotherapy (RT) predominantly is aimed to induce DNA damage in 
tumour cells that results in reduction of their clonogenicity and fi nally in tumour 
cell death. Adaptation of RT with higher single doses has become necessary and led 
to a more detailed view on what kind of tumour cell death is induced and which 
immunological consequences result from it. RT is capable of rendering tumour cells 
immunogenic by modifying the tumour cell phenotype and the microenvironment. 
Danger signals are released as well as the senescence-associated secretory pheno-
type. This results in maturation of dendritic cells and priming of cytotoxic T cells as 
well as in activation of natural killer cells. However, RT on the other hand can also 
result in immune suppressive events including apoptosis induction and foster 
tumour cell proliferation. That’s why RT is nowadays increasingly combined with 
selected immunotherapies.  
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7.1       Introduction 

 Two months after the announcement of the discovery of X-rays by Conrad Röntgen 
on November 30 1895, E. H. Grubbé, a medical student living in Chicago at that 
time, applied the X-rays therapeutically for the treatment of breast cancer and 
infl ammatory lesions. He was provident and protected the surrounding healthy tissues 
by a sheet of lead taken from a tea chest. This was the hour of birth of  radiotherapy 
(RT)   [ 1 ]. The second classical cytotoxic treatment option for cancer disease is 
 chemotherapy  . The latter was ultimately discovered by physicians to treat cancer in 
the First World War. They observed that leukocytes disappeared in humans who 
survived mustard gas (dichloroethyl sulphide) exposure. They concluded that every 
poison could be also a potential effi cacious remedy [ 2 ]. Until today, the three clas-
sical columns of cancer therapy are still chemotherapy (CT), RT and, the oldest 
form of tumour treatment, surgery. 

 During the last decades,  immunotherapy (IT)   accrued and multimodal therapies 
make nowadays more and more their way into clinical practice [ 3 ]. These cancer 
treatment modalities were formerly classifi ed as those acting locally (surgery and 
RT) and those systemically (CT, IT). However, local modifi cation of tumour cells 
might also result in secondary systemic responses. The focus of this article is there-
fore set on the ability of RT to induce distinct forms of tumour cell death and on the 
subsequent systemic consequences.  

7.2     DNA Damage Induction and Repair Capacity as Basis 
for Local Effi cacy of Radiotherapy 

   The most sensitive  cellular      structure for radiation is the deoxyribonucleic acid 
(DNA). X-rays as exogenous DNA damaging source can induce DNA single-strand 
breaks (SSB), double-strand breaks (DSB), oxidation of DNA bases and non-DSB 
clustered DNA lesions [ 4 ]. The damage is induced either by direct action of radiation 
on the DNA or mostly secondary by  reactive oxygen species (ROS)   or  reactive nitro-
gen species (RNS)   [ 5 ]. Irrespective of the DNA damage sources, the  DNA damage 
response (DDR)   is activated consecutively. Several DNA repair pathways have 
evolved like homologous recombination (HR), non-homologous end-joining (NHEJ), 
back-up NHEJ (B-NHEJ) nucleotide (NER) and base excision repair (BER) as well 
as mismatch repair (MMR) dependent on size and modality of the DNA damage [ 6 ]. 

 The success or failure of standard clinical radiation treatment has mainly been 
determined by the four R’s of radiobiology: repair of DNA damage, reoxygenation 
of hypoxic tumour areas, redistribution of cells in the cell cycle and repopulation 
[ 7 ,  8 ]. Tumour cells usually less effectively repair sublethal DNA damage compared 
to healthy tissue cells. This is one reason why repeated irradiation, namely fraction-
ated irradiation, is benefi cial since the healthy tissue can regenerate during the 
 radiation break. Furthermore, time is created to allow reoxygenation of hypoxic 
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tumour areas. This highly enhances the radiosensitivity of the tumour cells [ 9 ]. The 
latter also exit the radioresistant S-phase of the cell cycle during radiation breaks 
and become more sensitive for re-irradiation [ 10 ]. However, the breaks should not 
be too long to avoid repopulation of tumour cells. These are the reasons for deliver-
ing radiation in lower doses but repeated fractions. 

 One has to keep always in mind that the local irradiation of the tumour has to 
fulfi l two main requirements: On the one hand the  tumour control probability (TCP)   
must be as high as possible, but on the other hand the  normal tissue complication 
probability (NTCP)   has to be as small as possible [ 11 ]. Therefore, the applied dose 
is fi nely balanced between minimal, justifi able NTCP matched with a maximal 
TCP. The linear quadratic model is still the basis for clinicians to estimate the total 
dose and fractions of irradiation for the respective tumour entities. The dose of irra-
diation that is necessary to destroy tumour cells and the tolerance dose for healthy 
tissue is known by clinicians based on long-lasting experience with classical frac-
tionated RT with a single dose of 1.8–2.0 Gy.  α / β  values were defi ned long ago for 
tissues. This was based on observations in mice, namely when and to what extent 
irradiation causes damage in certain organs [ 12 ,  13 ]. High values characterise early 
reacting tissue with rare repair and fast repopulation, as e.g. the skin ( α / β : 9–19 Gy) 
and many tumours. Late reacting tissues such as kidney have  α / β  values <5 Gy and 
high repair capacity. During fractionated irradiation, the late reacting tissue can 
regenerate during the radiation breaks and is thereby spared. 

 Adaption of radiation schemes is necessary for distinct tumour entities since, 
e.g. prostate cancer has exceptionally low values of  α / β . Here, the use of a higher 
dose per fraction is indicated on this radiobiological basis as it is also currently 
intensively discussed for breast cancer [ 14 ]. 

 It has become feasible to deliver higher single doses due to technical advancements 
in planning procedures (e.g. intensity-modulated RT), accuracy of dose application 
(e.g. image-guided RT) and application of protons and heavy ions for RT. How 
novel techniques in RT change the standards for cancer treatment has recently 
been comprehensively summarised by Durante et al. and Orth et al. [ 15 ,  16 ].    

7.3     Radiotherapy Induces Different Cell Death Modalities 

7.3.1     Mitotic Catastrophe 

   If the DNA damage cannot be properly repaired by the radiation-exposed cells, 
they execute cell death.  Mitotic catastrophe     , a type of cell death that occurs during 
mitosis, was considered for a long time by radiobiologists to be the only way cells 
die after irradiation. In mammalian cells it is the failure to undergo complete mitosis 
after DNA damage. This results in multi-ploidy and counting of multinucleated 
cells is the basis for detection of mitotic catastrophe [ 17 ]. The combination of cell 
cycle checkpoint defi ciencies and specifi c types of DNA damage most likely lead to 
mitotic catastrophe and cancer cells are especially prone to that [ 18 ]. Nevertheless, 
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there is no consensus on the distinctive morphological appearance of mitotic 
catastrophe as far as the extent of chromatin condensation. The latter is, however, 
also the morphological hallmark of apoptosis [ 19 ].    

7.3.2     Senescence 

 Cells also  evolved      a bypass to deal with persistent DNA damage, namely senes-
cence. It was fi rst described by Hayfl ick and colleagues, who demonstrated that as 
a consequence of telomere shortening with each cycle of DNA replication human 
fi broblasts do not proliferate until infi nity in culture [ 20 ]. Senescent cells are char-
acterised by low expression of proteins driving proliferation, morphological changes 
as increase in volume and, if adherent, fl attered morphology. They further highly 
express senescence-associated acidic lysosomal β-galactosidase. The latter is a 
manifestation of residual lysosomal activity at a suboptimal pH and it becomes 
detectable due to the increased lysosomal content in senescent cells [ 21 ].  Telomere 
erosion  , DNA damage and oncogenic signalling induce senescence, the so-called 
replicative, stress and oncogene-induced senescence, respectively. It has always 
been in the attention of oncologists since it is the basis for prolonged or ideally 
permanent growth arrest of tumour cells. 

 However, senescent cells can regain proliferative capacity in a p53-dependent 
manner after radiation exposure while cells undergoing apoptosis do not. This was 
especially demonstrated in vitro, as for p53 wild-type MCF-7 compared to 
MDA-MB231 breast cancer cells with mutant p53 [ 22 ]. One should additionally 
keep in mind that caspase profi ciency might be related to it, since MCF-7 cells are 
defi cient for caspase-3 and MDA-MB231 cells not. We recently showed that the 
in vitro immunogenic potential of caspase-3 profi cient breast cancer cells with basal 
low immunogenicity is increased by hypofractionated irradiation and that of cas-
pase- 3 defi cient ones not [ 23 ]. 

 Since  senescent cells   remain in a metabolic active state they cannot be defi ned as 
dead [ 24 ]. They actively shape the microenvironment and the expression and secre-
tion of immune modulating proteins changes during the induction and establish-
ment of senescence [ 25 ]. This has been termed as senescence-associated secretory 
phenotype (SASP) [ 26 ].  Senescent cells   activate a self-amplifying secretory net-
work. The SASP includes pro-infl ammatory cytokines like Interleukin (IL)-1α, 
IL-1β, IL-6 and IL-8, chemokines and growth factors and thereby connects local 
senescent cells with systemic infl ammatory events [ 27 ,  28 ].  

7.3.3     Autophagy 

     Not only radiation- induced      forms of cell demise and infl ammation are interconnected, 
but also additionally the DNA damage response, as demonstrated for autophagy. 
The latter is a conserved lysosomal pathway for degrading cytoplasmic proteins, 
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macromolecules and organelles. It is kind of a cellular recycling factory unit that 
also promotes energy effi ciency through adenosine triphosphate (ATP) generation. 
It further mediates damage control by removing non-functional proteins and organelles. 
A detailed summary on the molecular and cellular mechanisms of autophagy was 
provided by Glick and colleagues [ 29 ]. Autophagy can be monitored by autophago-
some formation, but usage of multiple assays is recommended for its detection [ 30 ]. 
We here focus on the impact of autophagy on radiosensitivity, DNA damage 
response and infl ammation. 

 Cancer cells exploit autophagy to adapt to nutrient limiting, metabolically stress-
ful and hypoxic tumour microenvironment, since the physiological function of 
autophagy is related to the maintenance of cellular homeostasis under cellular stress 
[ 31 ]. Additionally, a non-protective form of autophagy does exist. Here, the cell is 
carrying out autophagy-mediated degrading functions, but autophagy inhibition 
does not lead to sensitisation for radiation or drugs [ 32 ]. Furthermore, autophagy 
can be cytotoxic [ 33 ] or cytostatic. The latter one is characterised by prolonged 
growth inhibition and reduced clonogenic survival without resulting in cell death 
induction [ 34 ]. Because of cytotoxic and cytostatic autophagy, cancer cells most 
likely often display a reduced autophagy. Overexpression of Beclin 1, a Bcl-2- 
interacting coiled-coil protein, inhibits cellular proliferation and has autophagy- 
promoting activity. Beclin-1 expression is absent or frequently low in cancer, e.g. in 
prostate, breast and ovarian cancer [ 35 ]. 

 The relationship between DNA repair and autophagy in cancer cells is just 
fragmentarily understood. Autophagy has been shown to regulate some of the DNA 
repair proteins after DNA damage (summarised in [ 36 ]). Furthermore, evidence was 
provided that a mechanistic link between processing of DNA damage and activation 
of autophagy does exist [ 37 ]. In a mouse model of poly-microbial sepsis it was 
elegantly demonstrated that DNA damaging chemotherapeutics like anthracyclines 
improved the survival of the septic mice without affecting bacterial burden. This 
was not a sole effect of suppression of release of infl ammatory cytokines like IL-1β 
and danger signals like  high-mobility group box 1 (HMGB1)   that could also be 
achieved by antibiotics, but also of promoting tissue protection from infl ammatory 
damage. This was achieved by autophagy induction in dependence of the activation 
of the DNA damage response [ 38 ,  39 ]. Recently, hints were identifi ed that defective 
autophagy in vivo caused an absence or reduction in regulatory proteins critical to 
both homologous recombination (HR) and non-homologous end joining (NHEJ) 
DNA damage repair pathways. Further, a failure to induce these proteins in response 
to radiation was asserted [ 40 ]. Cottone and colleagues have identifi ed the activation 
of autophagy and the release of HMGB1 as key events how colon carcinoma cells 
recruit leukocytes. Concomitant induction of autophagy to apoptosis by  5- fl uorouracil 
(5-FU)   was necessary to induce the leukocytes attraction. They suggest that HMGB1 
is translocated to the cytosol and may there promote the activation of autophagy, 
which in turn fosters further HMGB1 translocation form the nucleus into the cytosol 
and its consecutive release in the extracellular milieu [ 41 ]. Irradiation of tumours 
with 2 Gy as other DNA-damaging stressor resulted in recruitment of cytotoxic 
T cells, here in dependence of macrophage differentiation to an iNOS + /M1 pheno-
type [ 42 ]. All these works give on the one hand evidence that after DNA damaging 

7 Cancer Cell Death-Inducing Radiotherapy…



156

stress not only single cell death forms are induced and that on the other hand 
interconnections between DNA damage responses, infl ammation and systemic 
immune modulation exist.      

7.3.4     Apoptosis 

   Even though cell  death      can have many facets the two best known forms are still 
apoptosis and necrosis. Apoptosis, a form of programmed cell death, is crucial not 
only during embryonic development, but is present throughout the whole lifetime of 
multicellular organisms to attain cellular homeostasis. Apoptotic cells are character-
ised by nuclear and cytoplasmic condensation, nuclear fragmentation and cell 
shrinkage induced by plasma membrane blebbing [ 43 ]. Most importantly and con-
trary to necrotic cells, apoptotic cells maintain their membrane integrity until late 
stages of apoptosis execution. Apoptotic cells release and expose a broad range of ‘fi nd 
me’ and ‘eat me’ signals for phagocytes such as macrophages [ 44 ]. The uptake of apop-
totic cells occurs in a non- or even anti-infl ammatory manner [ 45 ]. This immune sup-
pressive effect might contribute to the in part unwanted effects of apoptosis induction 
by radiotherapy [ 46 ]. 

 In response to ionising radiation, apoptosis is predominantly observed in cells of 
the hematopoietic system [ 47 ]. In solid tumours, the multicellular architecture may 
strongly contribute to render individual tumour cells less susceptible to apoptosis 
[ 48 ]. The TP53 gene provides instructions for making a protein called tumour  pro-
tein p53 (p53)   and is together with the  PI3KCA gene   that encodes for  PI 3-kinases 
(PI3K)   the most mutated gene in all types of cancers [ 49 ]. The tumour suppressor 
p53 primarily functions as a transcription factor, but its binding to the nuclear matrix 
generally increases after genotoxic stress [ 50 ]. p53 is involved in damage recogni-
tion, cell-cycle arrest, DNA repair, senescence or apoptosis. Of note is that p53 has 
roles that do not involve its transactivation functions during DNA repair; it modu-
lates DNA repair processes, except for homologous recombination, by both 
transactivation- dependent and -independent pathways, as well as damage recogni-
tion and apoptosis [ 51 ]. It links apoptotic signalling pathways to radiation-induced 
DNA damage and is capable of directly regulating the Bax-dependent mitochon-
drial pathway to cell death [ 52 ]. In addition to intrinsic apoptosis pathways, extrin-
sic ones exist based on ligation of death receptors. In response to radiation, proteins 
of the death receptors are upregulated in a p53 dependent and independent manner 
[ 53 ]. Further, p53 controls signalling-mediated phagocytosis of apoptotic cells 
through its target  Death Domain1α (DD1α)  . The latter functions as an engulfment 
ligand and thereby ensures a proper clearance of cell corpses. This contributes to the 
maintenance of immune tolerance [ 54 ]. 

 Other members of the p53 tumour suppressor family of genes like p73 might 
compensate the lack of function of p53 and mediate radiation-induced apoptosis 
[ 55 ]. Therefore, the general statement that is mostly based on p53 functionality, that 
distinct tumours are sensitive for apoptosis after irradiation or not has to be consid-
ered critically. 
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 In addition, distinct stimuli can promote an immunogenic variant of apoptosis 
[ 24 ,  56 ]. Treatment with tumour necrosis factor (TNF)-related apoptosis inducing 
ligand (TRAIL), e.g. induces membrane calreticulin (CRT) exposure on cancer cells 
[ 57 ]. The pre-apoptotic exposure of the endoplasmic reticulum (ER)-derived CRT 
together with the late or post-apoptotic release of danger signals like HMGB1 (see 
below) renders dying tumour cells immunogenic and can be induced by distinct che-
motherapeutic agents like anthracyclines and oxaliplatin and by ionising radiation 
[ 58 ]. The  exposure pathway of CRT   is activated by pre-apoptotic ER stress and 
mediated via caspase-8-dependent proteolysis of the ER-sessile protein BAP31 and 
by activation of the pro-apoptotic proteins Bax and Bak [ 59 ]. Another scenario where 
apoptotic cells become immunogenic is that they proceed to secondary necrosis, 
meaning that they lose their membrane integrity. This happens when the clearance of 
apoptotic cells is impaired. This clearance defect is present in certain autoimmune 
diseases or when massive apoptosis occurs, e.g. after multimodal tumour treatments 
including RT [ 60 ,  61 ]. Secondary necrotic cells are often termed late apoptotic cells. 
This naming refers to the fact that the cells already underwent the apoptotic pro-
gramme for a certain time. However, from the immunological point of view, due to 
the disturbed plasma membrane they behave like necrotic cells (Fig.  7.1 ).  

7.3.5        Necrosis 

   The overall  defi nition      of necrosis is that cells have lost their plasma membrane 
integrity. In Radiation Oncology, the term necrosis was for a long time just linked 
with radionecrosis, a late side effect of irradiation with high single doses [ 62 ]. Soft 
tissue and bone changes occur and lead in a small percentage of the patients to tissue 
necrosis. 

 Benefi cial necrosis of tumour cells induced by RT came into the mind of clini-
cians when data came up that immunogenic cancer cell death has profound clinical 
and therapeutic implications. Necrotic cells release danger-associated molecular 
patterns (DAMPs) like HMGB1, heat shock proteins (HSP), nucleotides or uric acid 
that trigger the activation of both, the innate and the adaptive immune system [ 63 ]. 
Primary necrosis was considered as a non-physiological form of cell death induced 
by trauma, ROS, pathogens and massive toxicity in general. However, similar to 
apoptosis, necrosis can also occur in a regulated fashion, meaning that a genetically 
encoded molecular machinery runs. The so-called  necroptosis  , which is dependent 
on the receptor interacting protein (RIP) kinases RIP1 and RIP3 can be induced by 
factors such as tumour necrosis factor (TNF), Fas Ligand or TRAIL and utilises the 
same initial signalling cascade as cell-death receptor-induced apoptosis [ 64 ]. 
Necroptosis further requires the substrate of RIP3K, the mixed lineage kinase like 
(MLKL). Necroptosis can be manipulated by inhibitors such as necrostatin 1, which 
blocks RIP1 kinase activity [ 65 ,  66 ]. Mounting evidence exists that many of the 
currently used anticancer agents are capable of engaging necroptotic signalling 
pathways. This offers the opportunity to reactivate cell death programmes in human 
malignancies, especially in those being considered as apoptosis resistant [ 67 ]. 
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 In colorectal cancer cell lines, predominantly necrosis was inducible by RT and/
or hyperthermia concomitantly with an increased expression of RIP1 [ 68 ]. We 
recently demonstrated that necroptosis is inducible with the pan caspase inhibitor 
zVAD-fmk in poorly immunogenic B16 melanoma cells [ 69 ]. Combination of RT, 
CT and immune stimulation by hyperthermia and zVAD-fmk resulted in signifi cant 
tumour growth retardation compared to treatments without zVAD-fmk. This was 
dependent on the adaptive immune system, HMGB1 and nucleotides. Therapy- 
induced immunogenic cancer cell death might therefore be the key event in trigger-
ing anti-tumour immune responses.     

7.4     Immunogenic Cancer Cell Death 

   The defi nition  of      immunogenic cancer cell death is based on molecular and cellular 
mechanisms as well as certain in vivo characteristics [ 70 ]. Non-immunogenic cell 
death is characterised by PS exposure and swift clearance of the dying and stressed 
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  Fig. 7.1    Ionising radiation induces various tumour cell death modalities. The exposure of  tumour 
  cells to ionising radiation results in DNA damage, DNA damage response, ER stress response and 
in the induction of the displayed cell death forms. Radiation hereby not only impacts on the tumour 
cell phenotype but also on the tumour cell microenvironment. Of note is that all cell death forms 
can proceed to necrosis when during time their plasma membrane is disturbed.  ATP  adenosine 
triphosphate,  CRT  calreticulin,  ER  endoplasmic reticulum,  HMGB1  high-mobility group box 1, 
 HSP  heat shock protein,  LPC  lysophosphatidylcholine,  ROS  reactive oxygen species,  SASP  
senescence-associated secretory phenotype/proteins,  2°  secondary       
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cells by macrophages. Concomitantly, apoptotic-cell derived blebs [ 71 ] and 
radiation- induced TGF-beta [ 72 ] might result in inhibition of anti-tumour immune 
responses [ 73 ] (Fig.  7.2 ). In contrast, immunogenic cancer cell death is mostly con-
nected with the release of the DAMPs HMGB1 and ATP and with the exposure of 
CRT. Additionally, further immune activating danger signals like Hsp70 and immu-
nostimulatory cytokines like TNF-α and IL-1β are released [ 74 ].

   This results in maturation and activation of DCs and ensuing priming of tumour- 
specifi c CD8+ T cells. Furthermore, NK cells can be activated by immunogenic 
cells including their microenvironment [ 75 ] (Fig.  7.2 ). For the in vivo examination 
of the immunogenic potential of tumour cells, both an immunisation and a therapeutic 
assay should be used. Both are based on the comparison of tumour growth in wild 
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  Fig. 7.2    Radiation-induced immunogenic cancer cell death results in activation of the innate and 
 adaptive   immune system. Treatment of tumour cells with ionising radiation can induce non-immu-
nogenic cancer cell death, namely apoptotic tumour cells that do expose phosphatidylserine ( black 
dots ) on the outer membrane leafl et and secrete TGF-β. They are fi nally cleared by macrophages 
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death modalities is highly immunogenic and results in maturation of DC, consecutive priming of 
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type compared to immune defi cient mice: treatments that do induce immunogenic 
tumour cell death do result in retarded tumour growth only in wild-type animals 
[ 70 ]. That the tolerance has been actually broken and a memory immune response 
has been indeed induced should be tested with challenge experiments in animals 
that were primarily cured. Of note is that antineoplastic regimens that do engage 
immune effector mechanisms also achieve the same result without inducing immu-
nogenic cancer cell death [ 76 ]. Therefore, multiple additional in vitro testing includ-
ing functional assays with primary immune cells is mandatory to defi ne immunogenic 
cancer cell death [ 77 ]. 

 Besides DAMPs that are associated with immunogenic cell death, the SASP fos-
ters the recruitment of immune cells. Therefore, the SASP is supposed to also act as 
a danger signal for the immune system aiming to eradicate potentially transformed 
or damaged cells in a CD4+ T cell and macrophage-dependent manner [ 78 ]. 
Furthermore, radiation-induced senescence in tumours has been shown to lead to an 
increased adaptive immune response through the recruitment and proliferation of 
tumour specifi c cytotoxic CD8 +  T-lymphocytes [ 79 ]. 

 Besides senescence, activation of autophagy contributes to recruitment of 
immune cells [ 41 ], as necrotic and apoptotic tumour cells, too [ 80 ]. High numbers 
of apoptotic cells, e.g. are suffi cient to trigger DC maturation and antigen presenta-
tion, even in the absence of released danger signals [ 81 ]. This suggests that in vivo, 
combinations of apoptotic cell death, necrotic cell death, autophagic cell death and 
senescence trigger the induction of anti-tumour immune responses in a concerted 
action (Fig.  7.2 ).    

7.5     Systemic Effects of Radiation 

  The insuffi cient immunological  control   of tumours is one hallmark of cancer [ 82 ]. 
Tumours must escape immune surveillance during development and when being 
established. The cancer immunoediting consists of the elimination, equilibrium and 
escape phase [ 83 ]. In the elimination phase, the immune system is capable of stop-
ping cancer development and destroys tumour cells. In the equilibrium phase a 
latent state exists, while in the escape phase the immunological defence mecha-
nisms fail and the tumour progresses. The immune system is not only involved in 
cancer prevention and development but also in cancer therapy [ 84 ]. 

 RT might contribute to overcome tumour escape by modifying the phenotype of 
the tumour cells [ 85 ,  86 ]. In the ideal case, radiation generates an in situ vaccine. 
However, mostly immune responses to model antigens expressed by tumours have 
been examined. It remained uncertain whether RT can prime T cells specifi c for 
endogenous antigens expressed by poorly immunogenic tumours. Vanpouille-Box 
and colleagues recently demonstrated that this is also possible, however only when 
combining RT with blockade of TGF-beta and/or PD-1 [ 87 ]. The generated T cells 
were effective at causing regression of the irradiated tumours but also of non- 
irradiated metastases. 
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 The so-called out-of-fi eld or abscopal effects of RT are best when RT is combined 
with further immune activation [ 88 ]. To avoid the “mystic” wording abscopal and 
due to continuously growing numbers of preclinical and clinical studies that immune 
reactions mediate abscopal responses, they should be better termed RT-induced sys-
temic immune-mediated effects [ 74 ]. The key mechanisms involved in ionising 
radiation-induced systemic effects were recently comprehensively summarised by 
Mavragani and colleagues [ 89 ].   

7.6     Immunogenicity of Distinct Doses of RT 
and of Combination with Immunotherapies 

  Nowadays, due to  technical   improvements, RT is delivered in various fraction-
ations. Standard fractionation consists of single doses of 1.8–2.2 Gy (one fraction 
per day, 5 days a week continuing for 3–7 weeks) and hypofractionation of 3–20 Gy 
(one fraction a day given for 1–3 days a week) [ 90 ]. The available data whether 
standard fractionation is as immunogenic as fewer applications with higher single 
doses (hypofractionation) or a very high single dose (radiosurgery) are not conclu-
sive. Irradiation with a high single dose of 10 Gy of glioblastoma mouse tumours 
induced tumour growth retardation, increased the infl ux of CD8+ T cells and 
decreased that of Treg. However, signifi cant improvement of long-term survival 
was only achieved when combining radiosurgery with blockade of the immune 
checkpoint molecule programmed cell death protein 1 (PD-1) [ 91 ]. While a single 
high dose of 20 Gy was as effective as 3 × 8 Gy or 5 × 6 Gy in retarding growth of 
the irradiated tumour, only fractionated irradiation in combination with an anti-
body against the immune checkpoint protein cytotoxic T-lymphocyte antigen 4 
(CTLA-4) induced tumour growth retardation also outside of the irradiation fi eld, 
as here shown in a mouse breast carcinoma model [ 92 ]. In ex vivo assays with 
human tumour and immune cells, the activation of DCs was similar when getting 
into contact with norm- or hypofractionated irradiated colorectal cancer cells, but 
much less after a single irradiation with 15 Gy [ 93 ]. 

 Nevertheless, the current hypothesis is that higher doses might impact more 
strongly on intratumoural induction and production of type I interferon (IFN) with 
consecutive triggering of innate and adaptive immune mechanisms [ 94 ]. Ablative 
RT dramatically increases T-cell priming in draining lymphoid tissues, leading to 
both reduction of the primary tumour and of distant metastasis in dependence of 
CD8+ T cells. These immune responses are greatly amplifi ed by addition of immuno-
therapy [ 95 ]. Lower single doses used in standard fractionation might especially 
impact on tumour vascularisation and therewith connected infi ltration of immune 
cells [ 42 ,  96 ] (Fig.  7.4 ). Defi nite is that combination of RT with further immune 
activation induces the most striking anti-tumour immune reactions [ 85 ]. As already 
outlined shortly earlier, in response to radiation, tumour cells increase the surface 
expression of adhesion molecules, death receptors, stress-induced ligands, cryptic 
antigens and stimulatory molecules, such as MHC I and CD80, thereby becoming 
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more sensitive to T cell-mediated cytotoxicity [ 86 ]. In the tumour microenvironment, 
pro- infl ammatory molecules increase and maturation of DCs, antigen presentation 
and lymph node migration is fostered [ 97 ]. On the other hand, the immune cells 
might also be killed by radiation and pro-tumourigenic factors can be upregulated 
[ 98 ]. Consequently, radiation regimens have to be optimised and adjusted to max-
imise immunostimulatory functions and for the successful combination with other 
treatments, including IT [ 99 ]. 

 Primarily radiation-induced immune suppression by, e.g. upregulation of PD-L1 
on tumour cells has to be exploited for multimodal therapies with checkpoint 
 inhibitors. These are currently the most promising therapies for induction of long-
lasting anti-tumour effects as seen by a plateau in the patients’ survival curves [ 100 , 
 101 ].  Checkpoint-blockade inhibitors   improve adaptive immune responses induced 
by the RT-mediated increase in tumour antigens and tumours with high somatic 
mutation prevalence do respond best [ 102 ]. Nevertheless, not all of these selected 
patients respond. Therefore, the most benefi cial combination with selected RT 
schemes and the chronological sequence of application of RT and IT has still to be 
identifi ed [ 60 ]. We just recently summarised preclinical and clinical data on how 
the immune modulating properties of RT can be exploited for the combined treat-
ment of cancer with immune checkpoint inhibitors [ 74 ].   

7.7     Immune Suppressive and Proliferation Promoting 
Effects of Radiotherapy 

   As almost always,  two      sides of the coin exist. X-rays can also reinforce immuno-
suppressive pathways (Fig.  7.3 ).

   Treg are intrinsically radioresistant which might lead to their intratumoural 
enrichment during RT. In the tumour microenvironment, Treg acquire a highly sup-
pressive phenotype which is further increased by RT [ 103 ]. This is one rationale for 
combination of RT with further IT, as already mentioned earlier for checkpoint 
inhibitors. Short-term ablation of Treg in advanced spontaneous tumours induces 
both high numbers of dead tumour cells and in combination with RT signifi cantly 
reduced metastatic tumour progression concomitant with prolonged survival [ 104 ]. 

 As Treg,  Langerhans cells (LC)   are quite resistant immune cells [ 105 ]. Recently, 
it was found that LC resisted damage by irradiation because of their intrinsic expres-
sion of the cyclin-dependent kinase inhibitor CDKN1A (p21). Further, the 
LC-mediated generation of Treg was enhanced by radiation and directly correlated 
with the growth of the skin tumour [ 106 ]. 

 RT might further induce the macrophage colony-stimulating factor CSF1 in 
tumours and myeloid-derived suppressor cells accumulate in the tumour as well as 
in spleen, lung, lymph nodes and peripheral blood in a prostate cancer model [ 107 ]. 
This is again a convincing fact why especially combination of RT with immune 
modulation with CSF1 inhibitors in this case triggers benefi cial anti-tumour 
responses (Fig.  7.4 ). Therapies have to be optimised in a way that the positive 
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immunological impact of RT on anti-cancer responses outweighs the negative ones 
[ 108 ,  109 ]. Recently, it was demonstrated that granulocyte-macrophage colony- 
stimulating factor as a potent stimulator of DC maturation in combination with local 
RT generates abscopal responses in patients with metastatic solid tumours such as 
non-small cell lung and breast cancer [ 110 ].

   Again, we should also have in mind the local as well as systemic consequences of 
RT. Apoptosis induction by RT is benefi cial with regard to local tumour cell killing, 
but not inevitably from the immunological point of view [ 111 ]. Ford et al. recently 
demonstrated for B cell lymphomas that apoptotic tumour cells promote tumour 
growth, angiogenesis and accumulation of  tumour-associated macrophages (TAM)   
resulting from in situ macrophage proliferation [ 112 ]. TAM are one of the major 
infl ammatory cells that infi ltrate tumours and epidemiological studies depict a correlation 
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  Fig. 7.3    Radiation-induced immune suppression and tumour cell proliferation. Tumour  cells 
  exposed to ionising radiation can acquire an immune suppressive phenotype characterised by the 
expression of checkpoint inhibitor ligands such as PD-L1, the secretion of TGF-β, the infi ltration 
of regulatory T cells and myeloid-derived suppressor cells into the tumour, and by inducing 
immune suppressive apoptosis. The latter is connected to reduced infi ltration of eosinophils into 
the tumour, by M2 macrophage polarisation and by caspase-3, fractalkine and EGF-dependent 
increased tumour cell proliferation. Further, during and after RT, radioresistant cancer stem cells 
could be selected as well as Langerhans cells that generate in turn immune suppressive Treg.  CSF- 
1  macrophage colony-stimulating factor 1,  EGF  epidermal growth factor,  LC  Langerhans cell, 
 MDSC  myeloid-derived suppressor cell,  PD-L1  programmed cell death protein 1 ligand,  PGE2  
prostaglandin E2,  TGF-β  transforming growth factor beta,  Treg  regulatory T cell       
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between TAM density and poor cancer prognosis [ 113 ]. Tissue destruction, even a 
small one occurring when taking a biopsy, may result in polarisation of macrophages 
to an M2 phenotype that could foster accelerated tumour progression [ 114 ]. 

 Tumour cell apoptosis does thus not only impact on the immune system but also 
on proliferation of surrounding cells. Already in 1956 it was described that tumours 
killed by X-rays stimulate the proliferation of viable tumour cells [ 115 ]. It has been 
suggested that this is dependent on trophic substances derived from the tumour cells 
but also of the tumour bed, the microenvironment [ 116 ]. Recently, Chaurio et al. 
demonstrated that in an allogenic situation UV-B-irradiated apoptotic cells stimu-
late the growth of co-implanted viable tumour cells. These experiments were con-
ducted in immune competent mice [ 117 ]. Since UV-B induces a mixture of apoptotic 
and necrotic cells it would be worth to examine in the future how distinct forms of 
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 Treg  regulatory T cell       

 

B. Frey et al.



165

tumour cells death impact on the proliferation of viable tumour cells and what mixture 
of cell death forms results predominantly in fostering of tumour cell proliferation 
and/or induction of anti-tumour immunity, respectively. 

 But what are the radiation-induced trophic substances that stimulate tumour cell 
proliferation? Apoptotic cells release a variety of “fi nd-me” signalling factors, 
including nucleotides, the lipid lysophosphatidylcholine (LPC) and proteins such as 
fractalkine (summarised in [ 118 ]). The latter mediates the chemotaxis of macro-
phages to apoptotic lymphocytes [ 119 ]. Therefore, it might indirectly induce viable 
tumour cell proliferation by attracting macrophages into the tumour that are there 
polarised to M2 macrophages and directly by transactivation of the  epidermal 
growth factor (EGF) pathway   in the tumour cells [ 120 ]. This might be a further 
reason why combined treatments of tumours with RT and EGF receptor tyrosine 
kinase inhibitors are effi cient [ 121 ]. Huang et al. demonstrated that caspase-3 is 
central in regulating the growth-promoting properties of dying cells by inducing the 
release of arachidonic acid and the production of  prostaglandin E2 (PGE2)   being a 
key regulator of tumour growth. Of special note is that caspase-3 was activated dur-
ing RT [ 122 ]. RT-induced apoptosis may indeed lead to caspase 3-dependent tumour 
cell repopulation [ 46 ], but on the other hand caspase-3 is important to trigger immu-
nogenic cancer cell death after hypofractionated irradiation [ 23 ]. Since TAM inter-
acting with apoptotic tumour cells are central to activating multiple oncogenic 
pathways, to promote tumour cell growth and survival, angiogenesis, remodelling 
and metastasis [ 118 ] the aim should be to predominately induce necroptotic cancer 
cell death by RT [ 67 ,  68 ] and to concurrently target TAM, e.g. by pharmacologic 
blockade of chemokine (C-X-C Motif) receptor 4 (CXCR4) [ 123 ]. Massive necro-
sis should be induced to counteract the reduction of the immunogenicity of the 
necrotic cells by lactoferrin [ 124 ]. 

 Interestingly, lactoferrin also functions as a “keep-out” signal to granulocytes. 
Since activated eosinophils were recently demonstrated to be essential for tumour 
rejection in the presence of tumour-specifi c CD8+ T cells and for an M1-like pheno-
type of macrophages [ 125 ], tumour promoting effects of apoptotic cells might also 
be connected to this. To summarise, apoptosis is central in conditioning the tumour 
microenvironment [ 126 ] (Figs.  7.1  and  7.3 ). This almost mandatorily demands that 
RT is combined with selected immune therapies to counteract the in part non- 
benefi cial pro-tumourigenic effects of RT (Fig.  7.4 ). The same applies for possible 
selection of radioresistant cancer stem cells during and after RT [ 8 ,  127 ]. Mesenchymal 
stem cells are highly sensitive to small molecule receptor kinase inhibitors and 
combination treatments incorporating RT [ 128 ].    

7.8     Conclusions 

 Even though approximately 60 % of patients with solid tumours are treated with RT, 
much fewer studies evaluating local therapies are published in high-impact oncol-
ogy and medicine literature compared to systemic and targeted therapies [ 129 ]. 
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Fortunately, a paradigm shift has been implemented during the last years: besides 
the local effects of RT on the DNA, also non-DNA targeted effects, the so-called 
systemic ones, do exist [ 130 ]. In former times it was predominantly publicised that 
only immune suppressive effects of RT exist. This has been questioned by many 
studies and it has become clear that a timely restricted radiation-induced decrease 
of immune cells does not automatically indicate that the immune system is func-
tionally impaired [ 131 ]. The growing knowledge on the various forms of tumour 
cell death that can be induced by RT and/or CT has paved the way for combination 
of RT with IT [ 70 ,  132 ]. As it is common for the immune system that nearly every 
mechanism has wanted and unwanted effects independent of the existing state, also 
tumour cell death induction by RT can be benefi cial for local and systemic tumour 
control (Fig.  7.2 ) and on the other hand even promote tumour cell proliferation and 
repopulation (Fig.  7.3 ). This highlights that a very sophisticated view on cell death 
induction by RT including the triggered cell death pathways and resulting cell death 
forms is mandatory [ 80 ,  133 ]. This becomes particularly important when further 
improving combination therapies consisting of RT, targeted therapies and immuno-
therapy (Fig.  7.4 ). Radiation-induced cell death is the mediator that broadens the 
modes of action of RT from a local level to a systemic one.     
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    Chapter 8   
 Novel Approaches to Apoptosis-Inducing 
Therapies                     

     Mike-Andrew     Westhoff    ,     Nicolas     Marschall    , and     Klaus-Michael     Debatin    

    Abstract     Induction of apoptotic programmed cell death is one of the underlying 
principles of most current cancer therapies. In this review, we discuss the limitations 
and drawbacks of this approach and identify three distinct, but overlapping strate-
gies to avoid these diffi culties and further enhance the effi cacy of apoptosis- inducing 
therapies. We postulate that the application of multi-targeted small molecule inhibi-
tor cocktails will reduce the risk of the cancer cell populations developing resistance 
towards therapy. Following from these considerations regarding population genetics 
and ecology, we advocate the reconsideration of therapeutic end points to maximise 
the benefi ts, in terms of quantity and quality of life, for the patients. Finally, com-
bining both previous points, we also suggest an altered focus on the cellular and 
molecular targets of therapy, i.e. targeting the (cancer cells’) interaction with the 
tumour microenvironment.  

  Keywords     Adaptive therapy   •   Intratumour heterogeneity   •   Combination therapy   • 
  Inducer & sensitiser   •   Microenvironment   •   Bcl-2 family   •   IAPs   •   PI3K signalling   • 
  ERK signalling  

8.1       Introduction 

 Resistance to cellular suicide programmes, such as  apoptosis  , is not only a defi ning 
feature of cancer [ 1 ,  2 ], but it is also a development which must emerge at the very 
early stages of disease seeding. If one considers that the physiological role of apop-
tosis is the clearance of damaged or excessive cells [ 3 ], individual cancer cells have 
to devise hiding/escape mechanisms prior to the establishment of tumour bulk. Yet, 
of the three traditional pillars of cancer therapy—surgery, radio- and chemother-
apy—two are effective based on their ability to induce cell death. In essence, cancer 
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therapy tries to induce a cellular response in a population that only exists due to 
their ability to avoid precisely that response. Newer, promising treatment approaches, 
such as immunotherapy or the use of oncolytic viruses, still work on the same fun-
damental principles (whether they work  better  remains to be seen). While the thera-
peutic arsenal at our disposal has improved tremendously over the last few 
decades—mortality for selected cancers has decreased by 30–60 % in the last 40 
years [ 4 ]—the underlying strategy has remained unaltered since Emil Grubbe 
treated the fi rst cancer patient with radiation in 1896 and mustard gas was intro-
duced as chemotherapy in 1946 [ 5 ]. Ever since then our primary aim has remained 
unwavering and unaltered: Attempt to cure the patient by killing all cancer cells. 
And while now standing on the shoulders of giants we are closer to this goal than 
ever before, it is precisely why we should take a step back and reassess our strategy 
and our aims. 

 Treating a cancer patient is like a chess game, where we have just begun to learn 
the rules while our opponent has been playing since time immemorial. We have 
been able to penetrate the opponent’s defence and are defi ning several interesting 
strategies, but with the patients’ lives at stake (both in terms of  quality  and  quantity ) 
we must not get overconfi dent. Sometimes playing not to lose, can be better than 
trying to win, while the best option still seems to be to cheat and take away our 
opponent’s best pieces.  

8.2     Basic Rules: Why Do Cancer Cells Acquire Resistance 
to Apoptosis? 

    Cancer cells      have evolved multiple mechanisms to escape apoptosis and other 
forms of cell death. We know that both epigenetic changes, e.g. microenvironmen-
tal cues from non-transformed cells or extracellular matrix proteins [ 6 ], and genetic 
changes, the mutational transformation of proto- oncogenes to activated oncogenes 
and the inactivation of tumour suppressor genes, can mediate the underlying signal-
ling that leads to cell death resistance. While these alterations can be specifi c to a 
given tumour, a tumour type or even a minor subpopulation within a neoplasm, 
they broadly fall into two distinct categories:

    1.    The inactivation of death signalling cascades. Probably the most obvious example 
for this is the inactivation of caspase 8, a central mediator of the extrinsic death 
signalling cascade [ 7 ]. Caspase 8 is inactivated in several cancers, such as lung 
[ 8 ], gastric [ 9 ] and hepatocellular cancer [ 10 ], as well as childhood malignancies 
like neuroblastoma [ 11 ] and can be achieved via different routes, such as inhibi-
tion of gene expression via promoter methylation [ 8 ,  11 ], or mutations that yield 
a non-functional protein [ 9 ,  10 ].   

   2.    The enhanced activation of survival signalling cascades which override the death 
signal. A good example of this is the PI3K/Akt/mTOR pathway, which consists 
of some of the most frequently mutated proteins in cancer [ 12 ].    
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  Importantly, therapy failure which we ascribe (correctly) to increased apoptosis/cell 
death resistance is obviously not due to a pre-emptive attempt of cancer cells to 
circumvent treatment-induced cytotoxicity, but rather an essential part of the a priori 
escape and defence mechanism. Thus, cancer cells may be resistant or sensitive to 
many therapeutic approaches, at least until treatment leads to selective pressure to 
increase resistance, as a secondary side effect. The establishment of a malignant 
growth puts considerable stress upon the transformed cells, both intrinsically due to 
increased proliferation, lack of growth signals and nutrients and extrinsically due to 
an initially hostile microenvironment and an active immune system. The natural 
response to this type of stress is cell death [ 3 ,  13 ]. As therapies also induce stress, 
mainly via DNA damage [ 14 ,  15 ], the underlying resistance mechanisms are also 
relevant here. A classic example for this is the transformation of cells via overex-
pression of the  myc  gene, which leads to increased cell cycle progression and pro-
liferation, but also increased apoptosis [ 16 ,  17 ]. Cells which evade cell death do so 
by, for example, enhanced autophagy, the unfolded protein response [ 18 ] or activa-
tion of PI3K-mediated survival signalling [ 19 ], all mechanisms that are also impli-
cated in therapy resistance [ 20 – 22 ]. Similar results were obtained when chick 
embryo fi broblasts were transformed with v-Src oncoprotein; here, cells also entered 
into enhanced rounds of cell cycle progression and increased apoptosis was pre-
vented by  FAK phosphorylation   [ 23 ]. If one ablated this phosphorylation, cells were 
still proliferating at an increased rate, but were concurrently driven into a higher rate 
of apoptosis [ 23 ].  FAK  , which is currently clinically investigated as a potential ther-
apeutic target [ 24 ], interacts with other mediators of therapy resistance, such as 
PI3K and MEK [ 24 ,  25 ]—demonstrating the intricate interconnectedness of what 
we generally tend to consider independent survival pathways. In summary, a priori 
therapy resistance is the by-product of stress resistance that cancer cells need to 
acquire early on during transformation and may be instrumental in cloaking the 
entirety of the tumour from immune surveillance [ 26 ]. As apoptosis indication is a 
common, but by no means unique response to stress, i.e. there are other forms of cell 
death that can be induced under these circumstances [ 27 ], we would postulate 
that a more promising approach to novel cancer therapies is to block also survival 
signals, rather than to enhance the classical apoptosis pathway. 

 Interestingly, targeting the most obvious targets in cancer, i.e. the most frequently 
inactivated proteins that enhance death signalling, or the most often activated sig-
nalling cascades that mediate survival, should theoretically be a promising approach, 
as they represent an obvious target in the largest fraction of malignancies, but practi-
cally this has not been a great success. If one looks at the mutational landscape of 
cancers, p53, so-called the guardian of the genome, presents itself as an ideal candi-
date, being mutated in ~50 % of all tumours [ 12 ]. Yet, while several promising small 
molecules have been developed that either block the inhibitor of p53, MDM2 or 
chaperone mutant p53 back into its active wild-type confi guration [ 28 ] clinical trials 
have only shown limited promise so far [ 29 ]. The same holds true for therapies that 
target the PI3K/Akt/mTOR pathway, the most frequently activated survival cascade 
in tumours [ 12 ]. Its major negative regulator, PTEN, has even been dubbed ‘the new 
guardian of the genome’ [ 30 ]. However the evaluation of pre-clinically promising 
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molecules that interfere with this signalling cascade has been rather sobering in a 
clinical setting. For example in glioblastoma, a particularly aggressive brain tumour, 
the PI3K/Akt/mTOR signalling cascade is hyperactivated in ~88 % of all tumours 
[ 31 ,  32 ]. However, despite intensive research and several clinical trials [ 33 ,  34 ], 
modulation of this pathway has led to either controversial [ 35 ] or disappointing 
results [ 33 ]. To date two mTOR (complex 1) inhibitors, Everolimus and 
Temsirolimus, have been approved for  glioblastoma therapy   [ 34 ], while emerging 
in vivo data suggest that mTOR is not a particularly promising target in glioblastoma 
monotherapy [ 36 ]. We have argued elsewhere that the apparent failure successfully 
to target the PI3K pathway in cancer therapy is not due to overestimating its impor-
tance, but due to underestimating its complexity [ 37 ]. The same also seems to hold 
true with regards to the p53 signalling network [ 38 ]. In Sect.  8.3 , we will argue that 
these fi ndings which explain the previous failure concurrently open up the opportu-
nity of a novel treatment approach, that of sequential dosing, which we predict will 
in future drastically increase in importance. 

 But even on the rare occasions when an obvious therapy target makes a good 
target, as, for example, is the case for BCR-ABL fusion protein, there are still con-
siderable drawbacks.  Chronic myelogenous leukaemia (CML)   accounts for 1–2 
cases per 100,000 capita for approximately 15 % of all diagnosed leukaemias and 
~90 % present with the so-called Philadelphia Chromosome which is indicative for 
BCR-ABL expression [ 39 ]. First studies with the novel tyrosine kinase inhibitor 
(TKI) imatinib mesylate, marketed by Novartis as Gleevec (USA) or Glivec 
(Europe) euphorically indicated that treatment led to equal life expectancies in 
CML patient to those found in the general population [ 40 ]. However, it soon became 
apparent that while patients’ quantity and quality of life were greatly improved by 
imatinib, treatment-resistant cancer cells frequently emerged upon monotherapy, 
highlighting the potency and limitations of TKI therapy with the requirement of the 
consecutive use of novel TKIs and leading to the introduction of combination 
therapies including several TKIs [ 41 ,  42 ].    

8.3      Strategic Thoughts: Different Treatment Options 

 In the clinic one often encounters a greater or equally great fear of chemotherapy- 
induced side effects compared to the actual disease. While the fi rst generations of 
 chemotherapy   were effi cient due to rather unspecifi c mechanisms that caused DNA 
damage via several different routes, e.g. topoisomerase inhibition, direct DNA inte-
gration or stabilisation of microtubules, new pharmacological drugs are designed 
with more specifi c targets or groups of targets in mind and therefore fewer side 
effects [ 43 ]. 

 Interestingly, the large-scale expression profi ling data made possible in recent 
years by rapid advancements in technology have mostly not revealed a new muta-
tional landscape, i.e. did not identify any novel potential targets, but specifi ed/
adjusted frequencies of mutations (summarised in [ 12 ], examples: glioblastoma in [ 44 ], 
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high-risk neuroblastoma in [ 45 ]). Even when studies yield surprising results, it is 
most commonly due to the involvement of an already known oncogene in an 
additional cancer entity and not due to the identifi cation of a novel candidate gene. 
For example, of the nine novel, i.e. unexpected, driver mutations identifi ed in breast 
cancer, only one was found in a protein not implicated in other cancers [ 46 ]. This 
particular gene,  tbx3 , however, had already been previously associated with breast 
tissue-specifi c hypo- or aplasia [ 47 ]. In summary, we would argue that the genetic 
and epigenetic mechanisms within the mutated cancer cells are rather well under-
stood and—in terms of pathways, if not on the level of protein or mutation—delin-
eated, so that it is unlikely that novel apoptosis therapies will focus on new targets. 
Two qualifi ers that need to be added to the previous statement, as this does not hold 
true for (a) all subpopulations of mutant cancer cells found within a tumour (how 
that affects therapies end points will be discussed in Sect.  8.4 ) and (b) the microen-
vironment, i.e. the non-mutated components of a tumour (how that affects future 
therapies is the subject of Sect.  8.5 ). Monotherapies, even with promising and potent 
new drugs—as discussed earlier in the context of imatinib—frequently lead to the 
emergence of resistance, often necessitating the application of different chemother-
apies, to which, depending on the underlying alteration that caused resistance to the 
fi rst treatment, the majority of tumour cells are also already resistant. Until the 
recent past the protocol response to this vicious circle was increased dosage of che-
motherapy until the  maximal tolerated doses (MTDs)   are reached, under the full 
knowledge that side effects of treatment might kill the patient before the cancer will. 
This approach was only challenged with the introduction of the metronomic chemo-
therapy protocol some 10 years ago, where the continuous or more frequent admin-
istration of lower therapeutic doses is postulated [ 48 ]. While large-scale randomised 
trials are still needed to verify the general superiority of metronomic treatment com-
pared to  MTD   therapy, the data strongly suggest that this is the case, particularly 
with respect to toxicity [ 48 ]. The concept of combination therapy was introduced to 
avoid emergence of resistance to metronomic therapy which—by defi nition—would 
necessitate an increase in dosage until once again the  MTD   is reached and therefore 
it was suggested to combine the inducer of cell death, i.e. chemo- and radiotherapy, 
with a sensitiser which makes the cancer cells more amenable to treatment, ideally 
without also sensitising normal, non-cancerous cells for apoptosis. 

 Since the early 1990s, when it was shown that the newly discovered human Bcl-2 
protein could prevent cell death in  C. elegans  [ 49 ], no other proteins, with the possible 
exception of p53, have been so closely associated with cancer and, in particular, 
apoptosis resistance. For example, while Hanahan and Weinberg initially discuss 
the Bcl-2 family in their seminal hallmarks paper from 2000, they choose IGF pro-
duction as a mechanistical example for apoptosis evasion [1]; however, by the time 
of their 2011 update they have selected pro-apoptotic BH3 mimetics as a key thera-
peutic strategy to target the  resisting cell death  hallmark [ 2 ]. It is not surprising that 
therapies targeting this protein family have been clinically evaluated since the mid- 
1990s (Fig.  8.1a ). The initial antisense approach showed very little clinical effi cacy 
and many of the fi rst-generation small molecule inhibitors showed toxic off-target 
effects [ 50 ], which led to a waning interest in exploring modulation of Bcl-2- mediating 
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signalling as a therapeutic option (Fig.  8.1a, b ). However, with recent improvements 
in rational design strategies and high-throughput screening facilities there is a recent 
renaissance in using Bcl-2 interacting molecules in treatment strategies, with 
Navitoclax and Obatoclax emerging as most promising clinical candidates [ 50 ].

  Fig. 8.1    Clinical Cancer Trials focusing on IAPs, Bcl-2 family members, PI3K- and MEK- mediated 
signalling. Utilising the searchable online database provided by the U.S. National Institutes of Health 
we analysed how many clinical cancer trials are currently focusing on one or more of the four signal-
ling pathways we have identifi ed as potentially interesting therapeutic targets. ( a ) Using search 
strings that either use a combination of ‘IAP, XIAP or Inhibitor of Apoptosis Protein’, ‘BCL-2’, 
‘PI3K, Akt’ and ‘MEK, Erk’ we assessed how many clinical trials were initiated in the last two 
decades. ( b ) Using the same search criteria as earlier we looked at the current status of those trials 
identifi ed. ( c ) Finally, we looked at how many trials focus on more than one of the four signalling 
pathways. As shown in the Venn diagram, even when including trials that just look at the signalling 
pathways as biomarkers and not potential therapeutic targets, those numbers are remarkably low. In 
conclusion, while a considerable set of data was obtained from trials focusing on BCL-2 family 
members, targeting either PI3K or MEK is a strategy that is currently still being developed and the 
clinical relevance of which needs to be further determined, as seen by the relatively high proportion 
of still recruiting and active studies. Surprisingly little work seems to focus on IAPs, which might be 
due to early diffi culties as indicated by the high percentage of withdrawn/terminated studies. In this 
context it is important to note that early (less successful) trials concerning IAP and BCL-2 family 
inhibition were based on an anti-sense approach. Next generation inhibitors that target IAPs and 
proteins of the BCL-2 family by mimicking Smac and the BH3 domain, respectively, show a greater 
therapeutic potential. Far too little work is done on investigating possible combinations of inhibiting 
more than one of those four signalling cascades.  Asterisk  indicates that two studies had to be excluded 
from the analysis as they were withdrawn/terminated prior to being allocated an actual start date. 
 Double asterisk  indicates that one study had to be excluded from the analysis as it was classifi ed as 
‘available’ and thus does not have an offi cial start date yet ( source : https://clinicaltrials.gov/)       
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   Generally speaking, there are two alternative approaches, specifi c to the underlying 
cause of resistance as discussed earlier, aiming to increase effi cacy of combination 
treatment. Both have their specifi c advantages and drawbacks: Either one aims to 
enhance the death signal or one can reduce the survival signalling. While concep-
tionally those two methodologies are fundamentally different—the former can be 
seen as an accelerant while the latter is akin to taking off the brakes—due to the 
intricate Byzantine nature of those signalling cascades involved, there often is a 
factual overlap between those two. For example, targeting XIAP, a negative regula-
tor of the apoptosis cascade, via small molecule antagonists enhances the apoptotic 
signalling cascade, as does changing the balance of pro- and anti-apoptotic Bcl-2 
proteins at the mitochondria [ 51 ]. Inhibiting the PI3K/Akt/mTOR survival cascade 
can have the same effect, as both XIAP and members of the Bcl-2 family can be 
regulated by Akt via phosphorylation [ 52 – 55 ]. Here, both enhancing apoptosis sig-
nalling and blocking survival signalling converge at the level of XIAP and Bcl-2 
proteins. In addition, while XIAP can be regulated by the PI3K pathway, it is also 
upstream of  MEK/ERK signalling   [ 56 ], which in turn has been shown to regulate 
the Bcl-2 family of proteins [ 57 ]. A close look at four examples (summarised in 
Fig.  8.2 ) will elucidate their different strengths and weaknesses. Importantly, while 
targeting all four signalling pathways individually has shown pre-clinical promise 
that—at least, so far—has not translated into clinical success, we postulate that the 
success of novel treatment approaches will depend on the use of combination 
therapies.

8.3.1       Targeting Apoptosis Signalling I: Inhibitor of Apoptosis 
Proteins 

  The  Inhibitor of Apoptosis Proteins (IAPs)   are thus named as they were originally 
identifi ed as preventing defensive apoptosis in insect cells infected with baculovirus 
[ 66 ]. Mirroring the discovery of the fi rst viral oncogene/mammalian proto- oncogene 
Src, the viral protein was found to have both insect and vertebrates counterparts 
[ 66 ]. However, the eight mammalian IAPs and BIRPs (BIR-domain-containing pro-
teins) which are defi ned by the presence of a BIR (baculoviral IAP repeat) have 
been shown to be involved in several additional aspects of cellular behaviour, such 
as the innate immune response and cell proliferation [ 67 ]. While the precise extent 
by which the various IAPs contribute to apoptosis resistance remains open to debate, 
the key contribution of XIAP remains unchallenged, as it binds and thus inhibits 
activity of caspases 3, 7 and 9 [ 56 ,  66 ]. The other two ubiquitously expressed IAPS, 
cIAP1 and cIAP2, share some functional overlap with XIAP, but they seem more 
predominately involved with RIP1-dependent necrosis or necroptosis [ 56 ]. 
Inhibition of IAPs mainly sensitises cells for, but does not induce, apoptosis, 
i.e. IAP inhibitors lend themselves to combination therapy, but not monotherapy [ 56 ]. 
Small molecule inhibitors of IAPs are generally modelled on the naturally occurring 
IAP antagonist Smac/DIABLO [ 68 ], but other strategies are also pursued [ 69 ]. The 
full potential of this approach was fi rst demonstrated in 2006, when mice expressing 
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an orthotopic human brain tumour were treated with Apo2L/TRAIL and a synthetic 
Smac peptide. While the Smac agonist alone had no discernible effect and TRAIL 
only marginally extended survival, the combination of both substances de facto 
cured the mice [ 70 ]. 

 Another potential target within the IAP family is Survivin, which is expressed 
in foetal tissue and probably most cancers, but not in differentiated cells [ 71 ]. 
Unlike other IAPs Survivin expression is cell cycle-dependent [ 72 ] and plays a 

  Fig. 8.2    The problem of modern (apoptosis-inducing) cancer therapies. Shown here is the (by no 
means comprehensive) interplay between the four signalling networks discussed in this review: the 
pro-survival cascades MEK/ERK and PI3K/Akt/mTOR and the apoptosis regulating IAPs and 
Bcl-2 family members. The  upper panel  shows the progression from the initial carcinogenic insult 
that induces increased proliferation, which only leads to tumour formation if additional cellular 
alterations protect cells from the enhanced stress (in this particular case, inactivation of PTEN that 
leads to enhanced PI3K-mediated signalling). Tumours upon clinical presentation often comprise 
more than 10 9  mutated cancer cells, but newer research indicates that therapy-resistant subclones 
may already be present at this stage. If the distribution of those clones is highly localised or their 
frequency is below the current detection limit of 1:5,000–10,000 cells, the clinician might not be 
able to consider them when devising a treatment strategy. Based on the available information a 
treatment is chosen, in the depicted case a combination of apoptosis-inducing chemotherapy and a 
pharmacological inhibitor of PI3K/mTOR. The  central image  depicts a recurrent tumour that has 
developed resistance to the chosen therapy. Note the highly mosaic nature of this tumour which 
potentially consists of multiple distinct subclones (this only considers the initial tumour site, dis-
tant metastatic loci further enhance complexity). The  lower panel  depicts the individual subclones 
and shows a possible treatment option for each population. The current challenge remains in fi nd-
ing an optimal strategy for combining these individual strategies. (Additional references used in 
this fi gure: [ 58 – 65 ])       
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crucial role in cell division and genomic integrity [ 72 ,  73 ]. While this IAP has been 
also suggested to function as an inhibitor of caspase 9—interestingly, by associating 
with XIAP or another protein, the hepatitis B X-interacting protein [ 72 ]—its contri-
bution to apoptosis resistance (at least, via caspase inhibition) seems to be dwarfed 
by its key roles in mitotic spindle checkpoint regulation, promotion of angiogenesis 
and preventing mitotic catastrophe, an alternative form of cell death [ 74 – 78 ]. 
In addition, Survivin together with XIAP has also been shown to up-regulate the 
production of extracellular matrix proteins and, thus, modulate the tumour microen-
vironment [ 68 ].   

8.3.2     Targeting Apoptosis Signalling II:  Bcl-2 Protein Family   

  The balance between the diverse members of the Bcl-2 protein family is the thresh-
old that determines the mitochondrial commitment to apoptosis [ 79 ]. This protein 
family is defi ned by the presence of at least one  Bcl-2 homology (BH) domain   and 
can be divided into three subgroups: the BH3-only, the pro-survival and the pro- 
apoptotic proteins and thus their role in cell death has been described as a tripartite 
Bcl-2 apoptotic switch [ 79 ]: cellular stress stimulates BH3-only proteins that alter 
the balance between pro- and anti-apoptotic (or anti- and pro-survival) Bcl-2 family 
proteins leading to BAX and BAK forming pores within the outer membrane of the 
mitochondria and releasing Cytochrome c (essential for caspase 9 activation), as 
well as other proteins, such as Smac/DIABLO into the cytosol [ 79 ]. Although there 
are several different therapeutic approaches that modulate the Bcl-2 protein family 
[ 51 ], the most promising avenue seems to be the use of BH3 mimetics [ 80 ]. 
Basically, small molecules are designed to mimic the effect of BH3-only proteins 
and thus tip the balance between the various Bcl-2 family members towards apop-
tosis, i.e. treating cancers with these molecules can be suffi cient to induce apoptosis 
even in the absence of additional stimuli, such as chemo- or radiotherapy [ 81 ]. 
Unfortunately high expression of the molecular targets of BH3 mimetics, often Bcl- 2, 
Bcl-X L , Mcl-1 or combinations thereof [ 80 ], is not suffi cient to predict sensitivity 
towards treatment [ 82 ]. For a good sensitivity/strong response towards this treat-
ment, some form of oncogenic addiction, whereby the intended targets of BH3 
mimetics are already primed by naturally occurring BH3-only proteins, seems nec-
essary [ 82 ]. In essence the cell population must have committed to countering pre-
existing stress with the dependence on (up-regulating) Bcl-2 pro-survival proteins.   

8.3.3     Targeting Survival Signalling I:  PI3K/Akt/mTOR 
Pathway   

  In the context of tumour cells, the PI3K/Akt/mTOR signalling cascade is often 
considered a survival pathway, with its negative regulator PTEN, aforementioned 
‘new guardian of the genome’ [ 30 ], being among the most frequently inactivated 
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genes in cancer [ 83 ]. For example, in glioblastoma PI3K/Akt/mTOR signalling is 
elevated in ~88 % of all tumours [ 31 ,  84 ] and while there is a considerable body of 
promising pre-clinical data suggesting that modulation of this signalling cascade in 
glioblastoma sensitises these tumour cells for apoptosis (for example [ 85 ,  86 ]), 
clinical data has been less forthcoming [ 34 ]. We recently formulated three lines of 
reasoning which might explain this apparent discrepancy [ 37 ]: (1) Activation of 
PI3K signalling functions as a driver mutation for the cell of origin to reacquire 
stem cell characteristics/re-enter the cell cycle. (2) PI3K/Akt facilitates the invasive 
phenotype which is characteristic for GBM, both in terms of motility and survival 
under stress. (3) The central role of PI3K/Akt/mTOR in GBM biology has led us 
grossly to underestimate its importance. 

 The pre-clinical successes, as far as cell culture conditions and experimental 
animal models can be a good indicator, argue against (1) being the unique cause and 
the latter two explanations can be—should they be shown to be true—circumvented, 
as seen later. While combining a pharmacological inhibitor of PI3K/Akt/mTOR 
signalling, of which there are several [ 87 ], with an apoptosis-inducing signal is 
unlikely to have high therapeutic potential—both potentially due to subclones 
already present that are non-addicted to PI3K signalling, as well as the possibility 
of mutational escape—as part of a complex cocktail of inhibitors a substance target-
ing this signal cascade seems to be rather promising. In addition, inhibition of PI3K 
signalling can lead to cytostasis, for example in Hodgkin lymphoma [ 88 ], glioblas-
toma [ 89 ] and neuroblastoma [ 90 ], making any pharmacological inhibitor a poten-
tially promising addition to a chronifi cation regime.   

8.3.4     Targeting Survival Signalling II:  MEK/ERK Pathway   

  One of the major reasons that targeting a ‘survival’ cascade often does not fulfi l its 
therapeutic potential is interconnectivity with other signalling cascades. In the case 
of PI3K/Akt/mTOR and MEK/ERK signalling, one can even wonder whether one 
would not be justifi ed in treating those two pathways as one (for example [ 91 ]). 
With four MEK/MAP Kinase pathways and seven MEK proteins [ 92 ], there is great 
redundancy in the MEK/ERK signalling network, which has also been implicated in 
a large variety of cellular functions, such as learning, development, differentiation, 
as well as proliferation, survival and apoptosis [ 93 ]. While inhibition of signalling 
within the PI3K network has predominately focused on the PI3K and mTOR kinase 
function [ 94 ], within the MEK/ERK cascade MEK seems to be the preferred tar-
get [ 92 ,  95 ]. Small molecule inhibitors of B-RAF, an upstream activator of MEK, 
are already in clinical use and several MEK inhibitors currently being clinically 
evaluated have surprisingly little side effects [ 92 ]. Figure  8.1  gives an overview on 
the clinical evaluation of pharmacological inhibitors whose target molecules are 
discussed here.   
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8.3.5     Additional Considerations I: Timing 

 One additional aspect of  multi-modular therapy   that was highlighted by several 
recent studies is that it is not suffi cient to identify a potent combination of inducer(s) 
and sensitiser(s), but also the sequential application needs to be considered. 
The maximal inhibition of a target—experimentally shown by the prolonged de- 
phosphorylation of a downstream molecule, while clinically deduced by maximal 
plasma levels—is not necessarily the best starting condition for the application of 
chemotherapy. Our own work in both neuroblastoma and glioblastoma indicates 
that a short inhibition of, in this particular case,  PI3K signalling   after prolonged 
exposure to chemotherapy can lead to increased apoptosis compared to blocking the 
signalling cascade prior to or concurrent with application of the death-inducing sub-
stance [ 96 ]. A similar effect was also observed when a pharmacological PI3K inhib-
itor was combined with radiotherapy [ 97 ]. These results are surprising only when, 
as alluded to already, we underestimate the complexity of the signalling cascade 
involved. Semantically we do ourselves no favour referring to certain pathways as 
‘survival signalling cascades’ (as we ourselves do earlier).  PI3K signalling   regulates 
many aspects of cellular behaviour—such as proliferation, survival, metabolism and 
motility [ 6 ,  37 ]—and which aspect is most strongly affected is dependent on the 
molecular target(s) within the  PI3K signalling   network that is/are affected by the 
inhibitor, the cellular context and the length of inhibition. For example, in neuro-
blastoma maximal inhibition of the survival cascade leads to a measurable arrest in 
the G 1  phase of the cell cycle after 12 h [ 96 ]. This can increase the resistance of 
cancer cells towards chemo- and radiotherapy, as it is assumed that proliferating 
cells are most sensitive to apoptosis induction [ 98 ]: Resistance to apoptosis is low-
ered by inhibition of PI3K-mediated survival signalling and concurrently resistance 
to apoptosis is increased by inhibition of PI3K-mediated proliferation signalling. 
A similar argument can be made with regards to PI3K’s role in regulating metabolism; 
inhibition of  PI3K signalling   can lead to the induction of autophagy [ 99 ], which 
given the precise context can either enhance [ 100 ] or inhibit [ 101 ] apoptosis induc-
tion. Importantly, the most effi ciently timed combination in vitro is not necessarily 
more effective in vivo, as we were recently able to show using the RIST protocol, a 
complex combination therapy consisting of two sensitisers and two inducers of 
apoptosis [ 102 ]: Comparing the RIST (rapamycin, irinotecan, sunitinib, temozolo-
mide) with the variant aRIST (alternative to rapamycin, the PI3K inhibitor GDC- 
0941), we found that the latter, which targets the PI3K cascade further upstream 
than the former, is more potent in vitro. However, this effect is not found in vivo, 
where the aRIST treatment barely differs from control. Interestingly, we obtained 
tantalising data that suggest the observed difference in effi cacy is due to the aRIST 
variant being too potent. The tumour of intracranial xenografted, human glioma 
cells was less vascularised upon aRIST treatment, preventing future delivery of the 
chemotherapy and suggesting that sequential timing does not only need to be 
considered during the acute phase of combination therapy. 
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 Furthermore, there are additional, recently identifi ed mechanisms that indicate 
the importance of timing. Lee and colleagues showed that carefully timed inhibition 
of  EGRR signalling   can—through a process they termed “dynamic rewiring of 
oncogenic signalling pathways” (and which is independent of cell cycle progres-
sion/proliferation and initial DNA damage)—induce a less tumourigenic state in 
triple-negative breast cancer cells, that in essence makes them more receptive to 
doxorubicin-induced apoptosis [ 103 ]. Importantly, enhanced apoptosis could be 
achieved by 24 h pre-stimulation with erlotinib, but was lost when pre-stimulation 
was performed for 48 h [ 103 ]. 

 Finally, another aspect of therapy that is affected by timing is the emergence of 
resistance. There are three common mechanisms by which resistance can emerge: de 
novo mutations, expansion of a pre-existing resistant subclone or epigenetic changes. 
The latter aspect has recently gained renewed interest [ 104 – 106 ] as it potentially is 
easy to revert. Stopping exposure to the inhibitor may lead to re- sensitisation of the 
cancer cell population [ 106 ], i.e. while high permanent concentrations of pharmaco-
logical inhibitors are often maintained to prevent mutational escape, treatment breaks 
upon the emergence of treatment resistance can reverse epigenetic escape. 
Interestingly, recent modelling work indicates that high phenotypic plasticity is only 
maintained by a reduction in average fi tness [ 107 ], suggesting a potentially different 
treatment strategy depending on the dominant form of resistance that emerges within 
the tumour population upon treatment.  

8.3.6     Additional Considerations II: Specifi city 

 Perusing lists of current clinical trials (for example at clinicaltrials.gov) there seems to 
be an over-abundance of evaluating TKIs either as monotherapy or in combination 
with chemotherapeutic agents, the implicit hope presumably being to fi nd the ‘next 
imatinib’, i.e. a substance which potently and specifi cally only targets tumour cells. 
We would argue that this is both unlikely and undesirable. While certain cancers—at 
least initially—respond to targeted therapies due to oncogenic addiction [ 108 ], this is 
by no means necessarily a universal feature of malignancies. The alternative model, 
referred to as ‘ Nile Distributary Problem  ’, postulates that some cancers, for example 
glioblastoma, utilise “multiple cross-covering growth enhancing pathways to grow 
and avoid cytotoxic interventions” [ 109 ]. Under these circumstances a cocktail cover-
ing several signalling cascades appears a promising option; in the case of glioblas-
toma, for example, successes have been reported using the CUSP9 and the RIST 
treatment protocols ([ 109 ] and [ 102 ], respectively). Such a drug cocktail would also 
potentially reduce the second problem associated with TKI use: the emergence of 
secondary resistance [ 108 ]. Blocking an essential signal in a, per defi nition, highly 
genetically unstable population creates high pressure to mutationally escape the val-
ley of the newly created fi tness landscape. Indeed, the use of a single TKI as a mode 
to eliminate cancer would only be feasible in a monoclonal disease (i.e. all cancer 
cells are equally addicted to the TKI’s target). As this is not the case, we will next 
discuss the consequences this has for future therapeutic advances.  
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8.3.7     Additional Considerations III: Alternative, Alternate 
and Additional Treatment Options 

 A mistake we often seem to make is falling back into binary thought patterns, 
supporting only a particular type of treatment (naturally most often the therapy one 
is most familiar with), thus not considering the full spectrum of potential combina-
tions, such as:

•    Alternative approaches once the primary treatment option loses its potency  
•   Alternate approaches that might lower the side effects for the patients without 

allowing the tumour cells to recover  
•   Additional treatments that enhance the potency of our chosen primary strategy.    

 In the last two decades,  tumour immune therapy   has increasingly presented itself 
as a potent and promising therapeutic approach [ 110 ,  111 ] and while not considered 
standard of care in most cancers, immune therapy should be considered next to 
surgery, radiotherapy and chemotherapy, as a key therapeutic intervention. While 
the use of  monoclonal antibodies   or indeed bone marrow transplantations for hae-
matologic malignancies [ 110 ] are among the more obvious examples of its poten-
tial, the clinical evaluation of immune therapy is well on its way in a wide range of 
cancers, for example in lung cancer [ 112 ], metastatic melanoma [ 113 ] or glioblas-
toma [ 114 ]. Although there is some excellent literature discussing immune therapy 
(for example [ 115 – 117 ]), we would like to draw the reader’s attention to the poten-
tial use of immune therapy combined with radiation [ 118 ] or targeted therapy [ 119 ], 
in essence suggesting that this approach should be an integral part of the above 
described combination therapy. Unmasking the tumour hiding from the immune 
system, for example by using dendritic cell vaccines or blocking inhibitory signals 
aimed at activated T cells, can elicit potent and long-lasting therapeutic effects by 
inducing an  anti- tumour immune memory, often with negligible side effects for the 
patient [ 119 ]. Therefore, one could easily envision future therapeutic approaches 
that fi rst reduce tumour burden by combination/targeted therapy allowing the 
patient’s health to recover suffi ciently for the immune system to continue eradicat-
ing the tumour and—more importantly—to initiate tumour surveillance in order to 
control minimal residual disease and prevent potential relapses.   

8.4      Winning Versus Stalemate Draw: Therapeutic 
End Points 

 With the heightened sensitivity of our diagnostic arsenal the heterogeneous composition 
of tumours has become increasingly apparent. Currently, the detection limit for 
 subclones is somewhere between 1:5,000 [ 120 ] and 1:10,000 [ 121 ], with  multi- 
regional sequencing   on a single cell level remaining the only option to get a com-
prehensive picture of tumour heterogeneity [ 122 ]. Importantly, the individual 
populations within a tumour do not need to be in direct competition and even 
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potentially co-operate [ 123 ], so that a minor subclone can be the driving force of 
tumour growth [ 124 ]. Yet, treatment decisions are predominately based on histological 
or molecular data which focuses on the most common, i.e. (perceived as) dominant 
subclonal population in a tumour. 

 It has been suggested that the very nature of cancer, the high genetic instability 
of the mutant cancer cell, combined with the microenvironmental forces that further 
enhance this instability, is so conducive to somatic mutations that the introduction 
of a strong selective force, such as therapy, almost inevitably leads to the mutational 
escape of a tumour cell subpopulation and thus treatment failure [ 125 ]. In addition, 
treatment can also lead to the expansion of pre-existing subclones, if their geno-
types are associated with a phenotype that leads to better survival under therapy 
[ 122 ]. The rapid clearance of the dominant tumour population by effective therapy 
can create an ecological niche which is then fi lled by these slow growing, but resis-
tant subclones. We previously used the meteor strike that wiped out the dinosaurs 
and thus created a niche into which mammals could expand as a well-known exam-
ple to illustrate the process under discussion [ 6 ]. This has been well documented in 
both haematologic malignancies and solid tumours; for example in leukaemia it was 
shown that relapse can be mediated by a pre-existing drug-resistant subclone [ 126 ], 
while the dominance of subclones in colorectal cancer was greatly affected by che-
motherapy [ 127 ]. 

 One potential strategy to prevent the emergence of therapy resistance forces us to 
consider the therapeutic end point which is to be achieved by the treatment. While 
undoubtedly the improvement of the patient’s health should (and is) always at the 
forefront of a good clinician’s mind, it is a logical fallacy to assume attempting to 
eradicate a malignancy is synonymous with the maximal extension of quantity and 
quality of a patient’s life. 

 The relapse risks and the unwanted consequences of the death-inducing effects 
of current therapies are well known; therefore, it must be legitimate to question 
whether novel approaches to apoptosis-inducing therapies should just focus on new 
molecular targets or application methods/schedules or whether a critical re- 
evaluation of the therapeutic end point is also an appropriate topic. 

 An alternative protocol, dubbed ‘ adaptive therapy’   has been postulated and its 
mathematical and experimental foundation were worked out in 2009 [ 128 ]. Here the 
stabilisation of tumour size is the focus of medical intervention, the patient is closely 
monitored and treatment is only initiated when this stability is compromised, i.e. 
upon tumour expansion, and discontinued upon size stabilisation, implicitly acknowl-
edging the need to prevent sub-clonal outgrowth [ 5 ,  128 ]. While such an approach 
that explicitly aims at chronifying a disease and— in extremis —eschews any attempt 
at healing the patients (in order to maximise quantity and quality of life!) is clinically 
not yet feasible for most tumours, we expect most diffi culties not to arise from the 
translational aspect associated with this line of therapeutic research, but from ethical 
and monetary considerations. A treatment schedule would almost certainly be based 
on an apoptosis/cell death-inducing stimulus at a low metronomic dose to prevent 
tumour expansion, paired with a cocktail of sensitisers to reduce side effects, while 
concurrently preventing mutational escape by not focussing on a single signalling 
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pathway. At least some sensitisers should ideally have anti-proliferative properties of 
their own, further aiding the stabilisation of the tumour population. Importantly, dose 
and/or schedule must be selected so as not to induce a too high selective force onto 
the tumour environment. Probably depending on type and state of the malignancy an 
additional focus should be on preventing local invasion and metastasis, as discussed 
in the following section. 

 But when to apply a chronifying schedule and when attempt to cure? While ulti-
mately a decision can only ever be reached with the active involvement of the patient 
who should be the ultimate arbitrator of the future direction to be taken, we must 
ensure all relevant information is present and presented. Therefore, one must con-
template what a good guideline would be. Hypothetically, assuming epidemiologi-
cal data suggesting a cancer has a 50:50 chance of being cured, what additional 
considerations are needed? Surely, if we want to compare cure with chronifi cation a 
5-year survival rate as defi nition of cured seems insuffi cient. How does 20 years 
cancer-free survival compare to 20 years chronic therapy? How to evaluate the loss 
of quality of life by having to undergo regular treatment and check-ups? Is epide-
miological data suffi cient to base a decision on it? How to take the personal back-
ground of the patient into account? Age will be an important factor, 5 years of 
cancer-free survival for a 70-year old would bring him/her towards normal life 
expectancy, so does it make sense to attempt chronifi cation here, when maybe 
20 years could be reached, but the patient is likely to die of unrelated causes much 
earlier? Importantly, while we understand cancer as a disease of old age, it is still 
among the leading causes of death in children and adolescents [ 129 ]. We have previ-
ously suggested that indicators towards answering these questions can be gleaned 
from other chronic diseases, such as (Type 1) insulin-dependent diabetes [ 5 ]. Here, 
chronifi cation of the disease, i.e. the regular treatment with insulin, has led to an 
increase in average life expectancy of 15 years, when comparing subjects born 
between 1950 and 1964 to those born between 1965 and 1980 [ 130 ]. Indeed, a 
diabetic can—on average—lead a normal life with only few (although by no means 
minor) constrictions. Efforts in curing this disease rather than improving its man-
agement are minimal and there are no serious suggestions that a potential risky cure 
is preferable to the high quality and quantity of life that can be achieved by regular 
insulin treatment. There is no a priori reason why such an approach would not also 
work with some/many cancers. There is, however, no doubt that such an approach 
would entail considerable costs. For any form of adaptive therapy to be effective, 
close and regular monitoring of the tumour is absolutely essential. While novel 
approaches, such as liquid biopsies [ 131 ,  132 ], might prove viable alternatives in 
the future, currently expensive imaging techniques, such as MRI and PET scan, are 
the best options to get a comprehensive picture of the tumour state. Here, efforts to 
lower costs and reduce the health burden those imaging techniques exert on the 
patient need to be made. 

 We recently published our own experience with a variant of the adaptive therapy, 
where we describe the treatment of adolescent patients with relapsed, therapy- 
resistant glioblastoma/astrocytoma grade 4 [ 102 ]. Brain tumours are relatively rare 
in children, affecting between 1.7 and 4.1 per 100,000 children, but unfortunately 
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around 4 % of these are high-grade astrocytoma [ 133 ]. While the survival probability 
with a 5-year survival of 24 % is slightly better than in adults [ 133 ], it is in absolute 
potential years of life lost one of the most devastating diseases. It is also incredibly 
diffi cult to treat, like adult astrocytoma grade 4, paediatric glioblastoma is also 
extremely aggressive and highly invasive, making localised treatment particularly 
hard [ 134 ]. However, as they are genetically distinct from their adult counterpart 
[ 135 ], many of the treatment options available for adult glioblastoma show little 
effect in paediatric brain tumours and due to the low number of incidences large 
clinical trials, even circumventing the diffi culties associated with under-age patients, 
are diffi cult to establish [ 134 ]. In our house we have established in the context of a 
compassionate use setting the RIST protocol, which is a multi-modal, metronomic 
therapy approach combining two small molecule pharmacological inhibitors with 
low doses of chemotherapy [ 102 ]. Considering that this protocol is only used in 
adolescent glioblastoma patients where conventional therapy has already failed, 
i.e. has presumably led to a tumour that is highly resistant to treatment, it is remarkable 
how effective this approach can be in prolonging quantity and quality of life, the 
two patients whose clinical history we discussed were treated for 34 and more than 
60 months, respectively, with the RIST therapy [ 102 ]. It is also gratifying to note 
the positive effect this prolonged survival with relatively little side effects has on the 
clinicians and nursing staff who accompanied the patients on their journey, not to 
mention the patients themselves and their families.  

8.5      Redefi ning the Rules: Expanding the Cancer Defi nitions 

 A further consequence of applying evolutionary and ecological considerations to 
cancer therapies and highlighting the intratumour heterogeneity is to understand 
that a cancerous malignancy is not just a three-dimensional cluster of mutated 
tumour cells, but, in essence, a new tissue and, thus, a complex ecosystem [ 136 ]. 
Tumours consist of, as we discussed earlier, competing and cooperating populations 
of mutant cancer cells in a unique, specialised habitat made up from genetically 
unaltered (but often epigenetically distinct) supporting cells (as illustrated in [ 129 ]) 
and extracellular proteins, which—taken together—are referred to as the 
microenvironment. 

 The key role of the microenvironment in  tumour progression   is already high-
lighted in one of the oldest hypotheses of modern oncology, the ‘Soil and Seed’ 
hypothesis [ 137 ] and it has been long known that a tightly controlled and regulated 
microenvironment can prevent tumour formation even in the presence of trans-
formed cells: Dolberg and Bissell showed that freshly hatched chicks develop pal-
pable sarcomas within 1 week of infection with the Rous Sarcoma Virus, while 
avian embryos exposed to the virus do not form tumours. However, when infected 
embryonic cells are placed in  cell culture   they rapidly develop a transformed pheno-
type [ 138 ]. Here, the environment provided by the embryo is obviously (a) restric-
tive and (b) different from that encountered in a neonatal chick. Other examples 
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from the literature also demonstrate a permissive role of the microenvironment, 
e.g. the contribution of proteolytic proteins by  tumour-associated macrophages   is 
essential for breast cancer cells to metastasise to the brain [ 139 ]. Indeed the contri-
bution of the microenvironment seems to be a crucial determinant as to which site 
cancer cells can and will metastasise [ 139 ], which is of particular importance with 
respect to the—presumably still best described as speculative—premetastatic niche 
[ 140 ]. It has been proposed that non-tumour cells prepare a “nest” for malignant 
metastatic cells and that these alterations in the microenvironment precede and are 
essential for the actual establishment of a metastatic tumour [ 141 ]. This has been 
demonstrated for  VEGFR1-expressing haematopoietic precursor cells   that home in 
on specifi c sites within the bone marrow alter the existing structure and make it more 
amenable to migrating tumour cells [ 142 ]. Importantly, targeting the microenviron-
ment altered by the presence of the mutant cancer cells and restoring its normal phe-
notype can be suffi cient to prevent tumour progression [ 143 ]. This is particularly 
tempting as the microenvironment provides a genetically much more stable therapeu-
tic target, making mutation escape and thus treatment resistance a more unlikely 
potential outcome. The disadvantage of targeting non-tumourigenic cells is that due to 
their lack of a distinguished genetic identity they are potentially a more diffi cult target, 
i.e. their lack of uniqueness might lead to increased side effects. One way to have the 
best of both worlds might be to target the points of interaction between the genetically 
unstable, but distinct tumour cells and their surroundings, be that extracellular compo-
nents, such as fi bronectin or collagen, genetically normal, but  epigenetically altered 
cells, such as tumour-associated stroma, or other tumour cells. However, in the latter 
case, there is again the increased risk of mutational escape. 

 Already in 1972, the same year the term  apoptosis  was introduced to the wider 
scientifi c community [ 144 ], Durand and Sutherland showed in a series of experi-
ments that the sensitivity of cells towards treatment is dependent on their interaction 
with their microenvironment, in this case predominately cell–cell contacts with 
other tumour cells [ 145 ,  146 ]. Over the last several decades this mechanism has 
been identifi ed in a wide variety of cancers, such as multiple myeloma, various 
forms of lymphoma and leukaemia, as well as breast cancer, hepatocellular carci-
noma, small cell lung cancer and glioblastoma ([ 147 ], updated in [ 6 ]), and we have 
come to refer to it as AMAR, or adhesion-mediated apoptosis resistance.  AMAR   
can be further subdivided into three distinct, but overlapping categories: CAM-DR, 
cell-adhesion mediated drug resistance (for example [ 148 – 152 ]), CAM-RR, cell- 
adhesion mediated radiation resistance (for example [ 153 ,  154 ]) and anoikis resis-
tance [ 155 ]. 

 Importantly, many of the signalling cascades which have been identifi ed as 
promising targets of small molecule inhibitors have also been implicated in mediat-
ing AMAR, for example the Bcl-2 family [ 156 – 158 ], IAPs [ 159 ], PI3K-mediated 
signalling [ 160 – 162 ], or—yet again emphasising the interconnectivity of these 
pathways—combinations thereof, e.g. the adhesion of acute myeloid leukaemia to 
extracellular matrix has been shown to activate both Bcl-2 and XIAP, in a PI3K- 
dependent manner ([ 163 ] and [ 164 ], respectively). The MAP Kinase signalling has 
also been implicated in mediating CAM-DR [ 165 ] and anoikis resistance [ 166 ]. 
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This further emphasises the importance of these pathways, as cancer cells either 
have to activate them via different modes of adhesion [ 147 ] or mutationally/epige-
netically activate them to avoid the risk of anoikis [ 166 ]. Is it, therefore, not suffi -
cient to use small molecule inhibitors to block Bcl-2-, XIAP-, MAP Kinase- and 
PI3K-mediating signalling? After all, loss of cell polarity and cell-cell adhesion is 
also a prerequisite of invasion and metastasis during the  epithelial-mesenchymal 
transition (EMT)   [ 167 ,  168 ]. Potentially, targeting the interaction between tumour 
cells and microenvironment might make the tumour both more sensitive to apopto-
sis and more invasive. This very much depends on the choice of target, as dynamic 
adhesion is also essential for motility, and targeting these points can also block inva-
sion, as we have recently shown for glioblastoma [ 169 ]. Furthermore, recent data 
suggest that circulating tumour cells exhibit a higher metastatic potential when they 
are present in (rare) circulating clusters compared to the more frequent individual 
cells [ 170 ]. 

 While we suggest that the interaction of tumour cell and environment is a prom-
ising target to block, there is also an alternative strategy of activating the microenvi-
ronment. Here, not the destruction of the supporting structure for the mutated 
tumour cells is the focus of the intervention but the blocked immune response. For 
example, the MPDL3280A antibody, which blocks PD-L1-PD-1 interaction has 
been shown to enhance anti-cancer immunity in a clinical trial setting [ 171 ]. 
Interestingly, while the antibody’s target is expressed on mutant tumour cells as well 
as on immune cells that reside in the microenvironment, among them macrophages, 
it is the interaction of the antibody on the latter which seems predominately to 
 mediate the therapeutic effect [ 171 ]. Indeed the position of antigen-specifi c CD8 +  
T cells within the tumour microenvironment seems to be the crucial determinant as 
to whether therapy is successful [ 172 ].  

8.6     Conclusions 

 While we wish we could confi dently predict that novel effi cient approaches in apop-
tosis-inducing therapies will be sheer elegance in their simplicity, it is more likely 
that changes that will benefi t the patients will come from reassessing molecular/
cellular targets and therapeutic end points of existing therapies. Determining the 
aim of the therapy is certainly not as trivial as it sounds: While from a purely scien-
tifi c standpoint the study of the diverse mechanisms evolved in cancer cell popula-
tions is fascinating and devising strategies to overcome these resistant mechanism is 
akin to an intellectually satisfying game of chess, from a clinical (and ultimately 
and most importantly from a humanitarian) point of view the maximal well-being of 
our patients must be our  summum bonum . Importantly, this must not be equated to 
curing the malignancy. Therefore, the fi rst step towards an open and honest debate 
in this regard is to acknowledge that the attempt of chronifying malignancies must—
under certain circumstances—not be understood as the clinician’s failure to cure the 
patient, but as following the highest Hippocratic ideals of  fi rst, do no harm . 
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 The individual use of apoptosis-inducing therapies and the targeted outcome of 
the chosen treatment will/should most certainly be devised in an open and frank 
dialogue between patient and clinician, but generally speaking we identifi ed three 
novel approaches which will become increasingly important for future treatment 
strategies:

    1.    There is an old maxim which postulates that a treatment without side effects can 
only be achieved by a treatment without effects. While this might seem a rather 
fl ippant or even callous way of putting it, with regards to cancer, which—com-
pared to a disease-causing microorganism or virus—is genetically almost identi-
cal to the patient, this is unfortunately very true. Hence we see the common side 
effects with chemo- and radiotherapy, where the DNA damage that induces apop-
tosis in cancer cells also causes the death of other rapidly dividing cell popula-
tions, such as hair follicle stem cells and cells of the intestinal lining. While 
molecular targeted therapies are set to reduce the side effects by targeting specifi c, 
but generally speaking not unique molecules within the tumour, this also drasti-
cally enhances the selective pressure on these genetically highly unstable popula-
tions, leading to the emergence of resistance. There are compelling data 
suggesting that combination regimens are the most promising future option (for 
example [ 102 ], also reviewed in [ 173 ]). Here, a balance has to be struck between 
broad-spectrum effi cacy, i.e. general TKIs, and increased specifi city, i.e. ideally 
inhibitors which target tumour-specifi c proteins, such as Bcr-Abl [ 40 ], or tumour-
specifi c mutations, for example the T790M mutation in EGFR [ 174 ]. Increased 
specifi city leads to reduced off-target effects but will also frequently induce 
relapse due to the selection of therapy-resistant subclones within the tumour 
(for Bcr-Abl see [ 41 ,  42 ], for EGFR-driven tumours see [ 175 ]). In essence, here, 
treatment creates more aggressive tumours while only allowing a short reprieve 
for the patients. TKIs can cause some serious side effects [ 176 ], but with reduced 
specifi city can not only block a signalling cascade to which tumour cells are 
addicted, but also inhibit potential escape routes which the malignant population 
could reach via mutation or dynamic rewiring of oncogenic signalling. On the 
downside, relatively unspecifi c TKIs could potentially also inhibit kinases that 
function as tumour suppressors and thus enhance tumour progression [ 177 ]. 
While only a few mutations are needed to initiate tumour progression, many 
malignancies harbour an excess of 10,000 mutations [ 178 ] and the total number 
of receptor tyrosine kinases expressed, i.e. potential targets, not only varies sig-
nifi cantly between malignancies, but they are also often associated with different 
risk factors, such as a role in tumourigenesis, tumour survival and inhibition or 
enhancement of metastasis [ 177 ]. Finding a potent inhibitor combination for dif-
ferent categories of given malignancies, for different tumours and for different 
subclones within a tumour will be a formidable task. Experimentally, this will be 
challenging. We already described how misleading in vitro data might appear 
without in vivo confi rmation [ 102 ], but also the reliability of animal models needs 
to be reassessed [ 179 ], in particular in terms of pharmacokinetics, drug delivery 
and interaction of drugs with the immune system.   
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   2.    “Chronifi cation” is a term not found in the standard dictionaries of the English 
language, yet it has increasingly become an important term in medical science 
(for example [ 180 – 183 ]). With respect to cancer, the possibility of using chroni-
fi cation as a treatment strategy arises from rigorously applying population 
genetic and ecological models to the cancer ecosystem. While it has been sug-
gested [ 136 ] that the foundation for the evolutionary theory of cancer was laid as 
far back as 1976 [ 184 ], it is only in the last decade that those theories have been 
used to devise new treatment strategies [ 128 ,  136 ,  185 – 189 ]. While this is doubt-
less—at least in part—due to improved experimental techniques that allow us 
meaningfully to address these questions, e.g. cancer genomics, next generation 
sequencing and utilising reverse phase protein array [ 190 – 192 ], we like to think 
that closer cooperation and appreciation between the different disciplines 
involved, e.g. the various branches of biology and medicine, as well as computer 
sciences, have contributed to the recent advances. The most pressing scientifi c 
question, as opposed to ethical and economic considerations, is when to use 
apoptosis-inducing therapies to cure the patients and when to reduce tumour 
burden and stabilise the disease. We suspect that critical for the decision-making 
process will be our ability to predict which mutational escape route will be taken 
by the treatment-induced arising dominant subclone, i.e. do we need to know the 
complete tumour heterogeneity to predict the most likely fi tness peak, or can we 
predict the next likely fi tness peak, i.e. will there be a preferred resistance mech-
anism arising, as seen—for example—upon treatment with the EGFR inhibitors 
erlotinib and gefi tinib, where ~60 % of the resistances arising are mediated by 
the T790M mutation [ 174 ], and will we be able therapeutically to react to the 
evolved and selected resistance mechanism.   

   3.    We feel that one of the most unappreciated aspects of cancer is the interaction of 
the mutated cancer cell with its microenvironment, i.e. the non-transformed cells 
and the extracellular matrix. The microenvironment is so altered by the presence 
of mutant cells and—in turn—such a potent infl uence on those cells, that we 
have argued that we need to re-evaluate our defi nition of cancer to include it as 
an integral part of the malignancy and therefore also as a potential target [ 129 ]. 
While the updated discussion on the hallmarks of cancer further emphasises the 
role of the microenvironment/the non-transformed cells within or surrounding 
the tumour compared to the original work from 2000 [ 1 ,  2 ], this expanded per-
spective has not yet reached the laboratory benches. A considerable amount of 
research and probably most large-scale screening assays are still performed on 
two-dimensional cultures of cells seeded on plastic. In addition, often estab-
lished cell lines are used, the protein and gene expression profi les of which 
barely resemble that of the tumour entities they were derived from (for example 
glioblastoma versus glioblastoma cell line [ 193 ,  194 ]). In vivo models, mice in 
particular, are also limited in mimicking the complexity of human cancers [ 195 ], 
as they consist of highly inbred strains, often with little or no immune response 
and no gut fl ora. The importance of the latter points has recently been further 
highlighted by several pieces of data elucidating the role of macrophages, par-
ticularly in a bacteria-dependent immune response [ 196 – 198 ]. Macrophages 
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also serve as a potent reminder that we are still at the beginning of understanding 
the role of the microenvironment and how best to use it in future therapies [ 5 ]: 
Traditionally, the M1 phenotype has been associated with antitumourigenic 
properties of macrophages [ 199 ,  200 ], while the M2 phenotype has been con-
nected to tumour-promoting TAMs (Tumour-associated Macrophages) [ 201 ]. 
However, this distinction seems far from universal, for example macrophages 
induce epithelial-mesenchymal transition in colorectal carcinoma cells indepen-
dently of their phenotype [ 202 ]. Targeting the microenvironment, either to over-
come AMAR [ 6 ,  147 ], or to modulate the immune checkpoint response in 
immunotherapy [ 115 ], is an active and very promising area of research; e.g. 
while writing this chapter two new studies came out highlighting the role of 
exosomes in mediating interactions between tumour cells and their microenvi-
ronment [ 203 ,  204 ].     

 Taken together, we are confi dent that apoptosis-inducing therapy will remain one 
of our primary tools in fi ghting cancer. However, we believe there is still potential 
greatly to enhance its potency by combining individual targeting strategies, both on 
a molecular and a cellular level, and by reassessing the intended therapeutic 
endpoint. 
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    Chapter 9   
 Killing Is Not Enough: How Apoptosis Hijacks 
Tumor-Associated Macrophages to Promote 
Cancer Progression                     

     Andreas     Weigert    ,     Javier     Mora    ,     Divya     Sekar    ,     Shahzad     Syed    , 
and     Bernhard     Brüne    

    Abstract     Macrophages are a group of heterogeneous cells of the innate immune 
system that are crucial to the initiation, progression, and resolution of infl ammation. 
Moreover, they control tissue homeostasis in healthy tissue and command a broad 
sensory arsenal to detect disturbances in tissue integrity. Macrophages possess a 
remarkable functional plasticity to respond to irregularities and to initiate programs 
that allow overcoming them in order to return back to normal. Thus, macrophages 
kill malignant or transformed cells, rearrange extracellular matrix, take up and recy-
cle cellular as well as molecular debris, initiate cellular growth cascades, and favor 
directed migration of cells. As an example, apoptotic death of bystander cells is 
sensed by macrophages, initiating functional responses that support all hallmarks of 
cancer. In this chapter, we describe how tumor cell apoptosis hijacks tumor-associ-
ated macrophages to promote tumor growth. We propose that tumor therapy should 
not only kill malignant cells but also target the interaction of the host with apoptotic 
cancer cells, as this might be effi cient to limit the protumor action of apoptotic cells 
and boost the antitumor potential of macrophages. Leaving the apoptotic cell/mac-
rophage interaction untouched might also limit the benefi t of conventional tumor 
cell apoptosis-focused therapy since surviving tumor cells might receive over-
whelming support by the wound healing response that apoptotic tumor cells will 
trigger in local macrophages, thereby enhancing tumor recurrence.  

  Keywords     Tumor-associated macrophages   •   Macrophage polarization   •   Apoptotic 
cells   •   Tumor immunosuppression   •   Hallmarks of cancer   •   Ontogeny of tumor mac-
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associated macrophages   •   Role of tumor-associated macrophages  
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9.1       Provenance and Plasticity of  Macrophages            

  Macrophages are a group of heterogeneous cells of the innate immune system that are 
crucial to the initiation, progression, and resolution of infl ammation [ 1 ,  2 ]. However, 
the skills of macrophages extend far beyond the regulation of infl ammation. They are 
guardians of tissue homeostasis even in the absence of infl ammation [ 3 ,  4 ]. Any dis-
turbance of macrophage-dependent tissue homeostasis may result in disease and dif-
ferent pathologies develop as a result of overshooting specifi c macrophage responses 
that, under physiological circumstances, would be part of the program to restore 
homeostasis [ 2 ,  4 ]. Several features enable macrophages to fulfi ll their function as 
homeostatic cells. They command a broad sensory arsenal to detect disturbances in 
tissue integrity and possess a remarkable functional plasticity to respond appropri-
ately to such disorders in order to overcome them. Thus, macrophages kill malignant 
or transformed cells, rearrange extracellular matrix, take up and recycle cellular as 
well as molecular debris, initiate cellular growth cascades, and favor directed migra-
tion of cells. As an example, apoptotic death of bystander cells is sensed by macro-
phages, initiating a functional program that promotes the recruitment of new blood 
vessels and epithelial cell proliferation to induce tissue regeneration and healing [ 5 , 
 6 ]. Thus, sensing damage directly triggers a healing response. In this chapter, we pro-
pose the hypothesis that tumor cell apoptosis hijacks this homeostatic function of 
(tumor-associated) macrophages to promote tumor growth. 

9.1.1     Tissue  Macrophage Origin   

 Macrophages are present in all tissues of the adult organism. Due to historical 
reasons, specifi c names have been assigned to distinct tissue macrophage populations 
indicating the heterogeneity of these cells. Among them are brain macrophages 
(microglia), liver macrophages (Kupffer cells), skin macrophages (Langerhans cells 
and dermal macrophages), spleen macrophages (marginal-zone macrophages, 
red- pulp macrophages, subcapsular sinus, medullary macrophages, metallophilic 
macrophages), lung macrophages (alveolar macrophages), and bone macrophages 
(osteoclasts). These macrophage populations fulfi ll their homeostatic function that 
is specifi c to the environmental niche. However, not only in the adult, but already in 
the embryo, macrophages play important roles in determining tissue architecture. 
They are required, among others, for branching morphogenesis, bone morphogen-
esis, generation of adipose tissue, and vascular patterning (both lymph and blood) 
[ 2 ,  7 ]. Consequently, macrophages appear early during embryonic development 
starting from embryonic day 8 (E8) in the mouse and maintain their presence 
throughout the entire life span of the organism. Two key mechanisms ensure the 
temporal persistence of macrophages in each organ during steady state as well as 
under infl ammatory conditions. First, macrophage progenitors can be recruited to 
differentiate into tissue macrophages that meet the functional requirements of the 
organ-specifi c microenvironment. Second, tissue-resident macrophages can undergo 
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in situ proliferation. Tissue macrophage ontogeny has been a matter of intense 
debate virtually since their original description by Elie Metchnikoff in 1887 [ 8 – 10 ]. 
Experiments conducted in the 1960s instilled the notion that tissue macrophages are 
generally terminally differentiated, nonproliferating, short-lived cells originating 
from monocytes that are produced in the bone marrow [ 9 ,  11 ]. However, this view 
was challenged very early afterward by fi ndings that macrophages are produced in 
the yolk sac before the appearance of monocytes, and that tissue-resident macro-
phages can be long-lived cells and proliferate under certain experimental conditions 
[ 12 ]. Recently, a number of elegant studies using, among others, fate mapping and 
parabiosis approaches have shed new light onto this fundamental question. We are 
now rapidly approaching a unifying concept of tissue macrophage provenance and 
maintenance that gives merit to both theories mentioned earlier. According to this 
concept, the body is populated with macrophages in different waves during devel-
opment. Starting in the embryo, the earliest macrophages develop as a result of 
primitive hematopoiesis from mesenchymal progenitors in the extra-embryonic 
yolk sac from where they populate the embryo as soon as a functional vasculature is 
established (starting from E8.5) [ 13 ,  14 ]. Simultaneously, early yolk sac-derived 
erythro-myeloid progenitors migrate to the fetal liver, where they give rise to fetal 
monocytes and macrophages [ 15 ]. Defi nite,  hematopoietic stem cell (HSC)-
dependent  , hematopoiesis starts in the aorta-gonads-mesonephros region of the 
embryo (from E10) and is later (around E11) commenced in the fetal liver [ 1 ,  13 ]. 
Thus, fetal monocytes of embryonic as well as extra-embryonic progenitors are 
produced in the fetal liver, which colonize the embryo to differentiate into tissue 
macrophages. Bone marrow hematopoiesis starting after birth fi nally gives rise to a 
third wave of macrophage progenitors, bone marrow-derived monocytes. These dif-
ferent progenitors contribute to the tissue macrophage pool in the adult in an organ- 
specifi c manner, as illustrated by the following examples. Yolk-sac macrophages 
constitute the vast majority of microglia in the CNS. These cells renew via local 
proliferation, with minimal to no contribution of fetal or adult monocytes during 
steady state [ 14 ,  16 ,  17 ]. Apart from the brain, yolk sac macrophages are more or 
less replaced by fetal or adult monocyte-derived macrophages during development. 
Langerhans cells are a mixture of yolk sac macrophages and fetal monocytes from 
potentially both embryonic and extra-embryonic sources that proliferate locally 
[ 3 ,  15 ], whereas dermal macrophages are constantly replenished by adult monocytes 
[ 18 ]. Thus, the skin is populated by macrophages of all sources so far identifi ed. At 
the other end of the spectrum, intestinal macrophages are strictly adult monocyte- 
derived cells that are constantly replaced and do not proliferate in situ [ 19 ]. For infor-
mation concerning the origin of other tissue macrophage populations, we would like 
to direct your attention to recent excellent reviews [ 3 ,  13 ]. 

 The situation gets more complex when the steady state is challenged during 
infl ammation. Upon an infl ammatory insult the tissue macrophage pool can undergo 
signifi cant alterations due to the profound numbers of infl ammatory monocytes that 
are recruited to the site of infl ammation from the circulation and subsequently 
 differentiate into macrophages. It is currently unclear to what extent elicited 
monocyte- derived macrophages integrate into the resident tissue macrophage pool 
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in different organs in a self-sustaining manner. However, the picture emerges that 
the degree to which resident tissue macrophages are depleted in response to the 
infl ammatory insult determines if bone marrow-derived progenitors stably contribute 
to the tissue macrophage pool once infl ammation is terminated. A notable exception 
is the brain, where monocytes under each circumstance only contribute transiently 
to the macrophage pool [ 3 ,  13 ].   

9.1.2     Ontogeny Versus  Microenvironment   in Tissue-Specifi c 
Macrophage Functionality 

    Another remaining question is whether macrophages of different origin in the same 
tissue differ in their functional capabilities, i.e., to what degree ontogeny or the local 
microenvironment determines macrophage phenotypes. Most tissue macrophage 
populations and all adult monocytes depend on colony stimulating factor-1 (CSF1) 
receptor and its ligands CSF1 or interleukin-34 (IL-34) and the downstream lineage- 
determining transcription factor PU.1 [ 20 ,  21 ]. Master transcriptional regulators 
such as PU.1 provide the basis of transcriptional availability, i.e., regions of open 
chromatin, in a cell-type-specifi c manner, on top of which other specifi c transcrip-
tion factors can be installed to shape tissue-specifi c cell function. A few of such 
specifi c transcription factors for tissue macrophage subtypes have been identifi ed 
recently, including myocyte-specifi c enhancer factor 2c (MEF2c) in microglia, liver 
x receptor (LXRα) in Kupffer cells and selected splenic macrophages, peroxisome 
proliferator-activated receptor γ (PPARγ) in splenic red pulp and alveolar macro-
phages, PU.1-related factor (SPI-C) in splenic red pulp macrophages and bone mar-
row macrophages, Runt-related transcription factor 3 (RUNX3) in intestinal 
macrophages, and GATA-binding protein 6 (GATA6) in peritoneal macrophages 
[ 22 ]. Moreover, for some of these transcription factors the tissue-specifi c cues that 
determine their expression/activation have been suggested. Heme induced SPI-C 
expression in progenitors of red pulp and bone marrow macrophage development 
(which are professional iron-recycling cells) and in monocytes to induce their dif-
ferentiation to iron-recycling cells [ 23 ]. Maintenance of peritoneal macrophages 
depends on retinoic acid, which stimulates GATA6 expression [ 24 ,  25 ]. Granulocyte 
macrophage colony-stimulating factor (GM-CSF) induces PPARγ expression during 
alveolar macrophage development [ 26 ] and transforming growth factor-β (TGF- β) 
regulates microglia transcriptional programs through expression of SMAD tran-
scription factors, which work cooperatively with MEF2C [ 27 ,  28 ]. Thus, the tissue 
microenvironment largely dictates the genetic signature of its resident macrophages. 
This notion is supported by a recent report demonstrating that transplantation of 
fully differentiated tissue macrophages into an alternate tissue was suffi cient to alter 
their transcriptional program to integrate functionally into the recipient tissue 
macrophage pool [ 22 ]. Thus, it seems also likely that monocyte-derived macro-
phages can successfully replace fetal macrophage populations, e.g., after an infl am-
matory insult, as described in the heart [ 3 ,  13 ]. However, as mentioned earlier, 
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distinct macrophage subpopulations with different functions are found virtually side 
by side in some tissues (e.g., skin, spleen, or peritoneum). Although the transcrip-
tional profi le of these distinct macrophage populations is similar enough to suggest 
exposure to common tissue-specifi c cues, the remaining differences might allow for 
an impact of ontogeny [ 28 ].     

9.1.3     Macrophage  Polarization   

   Independent of genetic imprinting due to ontogeny or differentiation in a specifi c 
microenvironment, macrophages must retain a high plasticity in their functional 
repertoire, enabling them to respond to infl ammatory stimuli of varying nature 
[ 4 ,  29 ] (Fig.  9.1 ). Indeed, macrophages show such a degree of versatility that dis-
crete macrophage phenotypes can not be easily correlated to a defi ned functional 
response or a defi ned stimulus. Considerable efforts have been undertaken to iden-
tify core signatures of human monocyte-derived macrophages exposed to distinct 
stimuli [ 30 ,  31 ]. These studies confi rmed the antithetic nature of long-known 
extreme macrophage phenotypes, i.e., interferon (IFN)γ-stimulated versus IL-4-
stimulated macrophages (often designated as M1 or M2 macrophages, respectively 
[ 32 ]), with their characteristic transcriptional repertoire. IFNγ-stimulated macro-
phages show a transcriptional signature defi ned by activation of  signal transducer 
and activator of transcription 1 (STAT1)  , as well as interferon regulatory factor 5 
(IRF5) [ 31 ,  33 ]. Such macrophages produce proinfl ammatory cytokines such IL-12 
and IL-23 and show a high bactericidal as well as tumoricidal capacity. IL-4-stimulated 
or alternatively activated macrophages produce an alternative set of cytokines and 

  Fig. 9.1    Ontogeny and the microenvironment shape macrophage function. During development, 
distinct tissue macrophage progenitors (embryonic progenitors marked with  red border ) are 
recruited to distinct tissues. There, they express tissue-specifi c transcription factors (TS-TF) 
under the infl uence of cues present in their local environment, which together with lineage-deter-
mining transcription factors such as PU.1 determine their function. If tissues are challenged by 
external signals, their remaining remarkable plasticity enables macrophages to adopt multiple 
phenotypes shaped by polarization-specifi c transcription factors (PS-TF) to overcome and resolve 
the challenge       
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chemokines opposing the repertoire of classically activated macrophages. Moreover, 
they express specifi c phagocytic receptors such as CD206, produce extracellular 
matrix (ECM), and growth factors to promote tissue remodeling and to combat 
extracellular parasites [ 29 ]. Their transcriptional repertoire is characterized among 
others by STAT6 and IRF4 [ 30 ,  31 ]. Next to these two extreme phenotypes exists a 
plethora of hybrid and completely unrelated functional macrophage phenotypes that 
are poorly understood.  

9.1.4        Ontogeny and Polarization of Tumor-Associated 
 Macrophages      

    Summarizing the last paragraphs, the recent decade has seen considerable efforts 
that have advanced our understanding in macrophage origin and functional identity. 
However, most of the data obtained so far are only relevant in the steady state or 
very defi ned/polarized pathological conditions. Much less is known concerning 
complex pathological situations such as tumor development. When speculating 
about macrophage origin in tumors, which can be considered as ‘new’ organs devel-
oping in the adult, they will likely be populated by adult monocyte-derived macro-
phages. However, embryonic macrophages or adult monocyte-derived ‘original’ 
tissue macrophages might well constitute a signifi cant part of the total macrophage 
pool in tumors when considering their strong proliferative capacity that depends 
upon factors such as CSF-1 or IL-4, which are abundant in tumors [ 34 ]. Indeed the 
few studies that investigated the origin of macrophages in endogenous tumors in 
brain [ 35 ] and mammary gland [ 36 ] provided evidence for a side-by-side existence 
of recruited infl ammatory monocyte-derived macrophages and the ‘locals.’ 
Moreover, local proliferation of resident as well as elicited macrophages seems to 
contribute to the maintenance of the  tumor-associated macrophage (TAM)   pool [ 36 , 
 37 ]. Interestingly, certain functional differences in resident versus elicited TAMs 
were proposed. For instance, in spontaneous mammary tumors two TAM popula-
tions were identifi ed by their surface marker expression profi le corresponding to 
mammary tissue-resident macrophages and monocyte-derived TAMs with the for-
mer showing higher expression of alternative (IL-4-driven) macrophage markers 
such as CD206 and the latter showing a more pronounced proinfl ammatory profi le 
[ 36 ,  38 ]. This phenotypic separation is surprising when considering the observation 
that both macrophage subsets are replenished by adult monocytes [ 36 ]. Since the 
origin of mammary tissue macrophages in the adult organism is unclear, the pheno-
typic separation of two distinct macrophage populations in breast tumors might also 
be explained by their functional polarization in distinct microenvironmental niches 
characterized by varying cytokine, growth factor, and oxygen content, as suggested 
before [ 39 ]. Moreover, distinct microenvironmental niches might contain tumor 
cells in various stages of life and death, which drastically infl uences macrophage 
responses [ 40 ,  41 ]. Thus, the old question of nature versus nurture, in our case 
ontogeny versus microenvironment, is also unresolved when asking how TAM 
function is established. Likely their origin as well as the specifi c microenvironmental 
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niche in which they reside generates cells with a multitude of different functional 
properties. Understanding this diversity will be instrumental to identify TAM sub-
sets to target and to spare in cancer therapy.      

9.2     TAM Function and Signifi cance 

  A healthy  organism   is protected by a fi ne-tuned immune system reacting to invading 
pathogens and internally derived danger-associated molecular patterns to maintain 
tissue homeostasis. As a result of acute infection, circulating innate immune cells 
are recruited and the cross-talk between innate and adaptive immunity overcomes 
the acute infl ammatory response and progresses toward its complete resolution. 
In contrast, cancer is characterized by a perturbed tissue homeostasis, with constant 
low-grade ‘smoldering infl ammation’ that does never resolve. This type of infl am-
mation can drive tumor progression, promoting basically all hallmarks of cancer. 
Tumors are multicellular ecosystems and innate immune cells are highly repre-
sented, with macrophages being the most abundant ones. Substantial experimental 
evidence in mice and clinical data in man substantiate that in the majority of cases 
TAMs enhance tumor progression to malignancy. A strict correlation between 
increased numbers and/or density of TAMs and poor prognosis has been demon-
strated in various malignancies, including mammary carcinoma, prostate cancer, 
bladder cancer, glioma, and lymphoma [ 42 – 48 ]. TAMs may contribute to cancer 
initiation and promotion but also support angiogenesis as well as lymphangiogene-
sis, promote tumor cell invasion, migration, intravasation, and facilitate immuno-
suppression [ 34 ]. Here we briefl y summarize the diverse tumor-promoting 
characteristics and functions of TAMs, which are refl ected by dynamic changes in 
the TAM phenotypes and distinct TAM subpopulations. Moreover, we summarize 
current knowledge of how apoptotic cells add to the phenotype change and func-
tional polarization of macrophages. The emerging wide spectrum of distinct TAM 
functional phenotypes is the result of signals in the tumor microenvironment, which 
may be unique among distinct tumors and depends on the fi tness of the immune 
system. As outlined earlier, TAMs do not comprise a homogeneous cell population, 
rather representing cells of different ontogeny that dynamically change in their 
developing microenvironmental niche. Consequently, subpopulations of TAMs 
should be defi ned by their biological activity rather than nomenclatures that follow 
the expression of distinct marker profi les or their response to defi ned cytokines [ 7 ].  

9.2.1     TAMs  in Cancer Initiation and Promotion   

  Smoldering infl ammation is now accepted as a hallmark of cancer [ 49 ]. Activated 
macrophages are central to perpetuate this low-grade infl ammation and they have 
been postulated to produce a mutagenic environment by generating reactive nitro-
gen and oxygen species [ 50 ]. Infl ammatory cytokines produced by macrophages 
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(IFNγ, tumor necrosis factor-α (TNF-α), IL-1β, IL-6) sustain chronic infl ammation 
that seems to be required for tumor initiation and promotion [ 51 ]. Genetic ablation 
of the anti-infl ammatory transcription factor STAT3 in macrophages resulted in 
chronic infl ammation and caused invasive adenocarcinoma, substantiating the link 
between infl ammation and cancer [ 52 ]. In addition, Langerhans cells can cause 
skin carcinogenesis by metabolic conversion of precarcinogens such as polycyclic 
aromatic hydrocarbons (PAHs) to their activated mutagenic state. Our own observa-
tions suggest a role of hypoxia inducible factors (HIF-1α) in this process, as condi-
tional myeloid-specifi c HIF-1α knockout mice fail to express cytochrome P450 1A1 
(CYP1A1), which is required to metabolically activate the carcinogen 3-methylcho-
lanthrene (3-MCA). However, besides low-grade infl ammation it appears that acute 
and full blown activation of macrophages can kill aberrant cells or at least contribute 
to this process [ 53 ]. Besides causing smoldering infl ammation or contributing to 
chemical carcinogen activation, TAMs have trophic and immune regulatory roles in 
established tumors, thereby contributing to every hallmark of cancer progression.   

9.2.2     Role of TAMs in  Angiogenesis     , Invasion, and Metastasis 

   The biological function of these macrophages is based on polarization programs 
that are different from classical activation (e.g., lipopolysaccharide (LPS)/IFNγ, 
pathogen-associated molecular patterns) and may occur during the transition from 
benign tumor growth to an invasive cancer. Thus, macrophages become tumor edu-
cated. The process is initiated by a number of factors such as a Th2-type immune 
environment, immune complexes, the formation of an apoptotic synapse with dying 
tumor cells, a vast number of protein and lipid soluble factors released from apop-
totic cells, and hypoxia. Many publications that are more recent refer to this still 
growing list of molecules [ 29 ,  42 ,  54 ]. It becomes an even more exhausting endeavor 
to list all those factors released from TAMs to fulfi ll their protumor function. Major 
biological activities summarized in Fig.  9.2  seem to be directed at facilitating (1) 
tumor growth, (2) invasion and metastasis, (3) angiogenesis and lymphangiogene-
sis, and (4) immunosuppression. In addition, features of alternatively polarized 
macrophages comprise a shift to anti-infl ammatory cytokine formation and chemo-
kine production that attract regulatory T cells (Tregs), Th2 cells, eosinophils and 
basophils, upregulation of scavenger receptors (e.g., CD206, CD163, Lyve1, SR), a 
iNOS lo  (inducible NO synthase)/arginase1 hi  expression profi le, an altered lipid pro-
fi le that is characteristic of wound healing, iron release, and an altered expression 
profi le of amino acid metabolizing enzymes (e.g., arginase hi , indoleamine 2,3-diox-
ygenase hi  (IDO)) (references in: [ 55 – 57 ]).

   More specifi cally, growth factors (GF) such as epidermal GF (EGF), basic fi bro-
blast GF (bFGF), platelet-derived GF (PDGF), or vascular endothelial GF (VEGF) 
may promote tumor growth, while a number of proteases such as plasmin, urokinase- 
type plasminogen activator, cathepsin B, or various matrix metalloproteases remodel 
the extracellular matrix to favor invasion and metastasis. Compounds such as TGF- β, 
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VEGF-A, VEGF-C, PDGF, matrix metalloproteases (MMPs), or chemokines 
(e.g., CXCL8/IL-8) can control the process of angiogenesis/lymphangiogenesis, 
while the expression of TGF-β, IL-10, arginase1, and IDO enhance immunosup-
pression. In addition, TAMs upregulate the ligands for inhibitory coreceptors such 
as programmed cell death-1 (PD-1) or cytotoxic T-lymphocyte-associated protein 
4 (CTLA-4) to block the activity of T cells, B cells, and NK cells, which adds to 
characteristics of a low CD8+ activity but enhanced Treg numbers and function in 
the tumor microenvironment. Despite our knowledge on cell surface receptor 
expression, secretion of cytokines, chemokines, or lipids in recruiting and activating 
Tregs and suppressing T effector cells, the dominant immunosuppressive function 
of TAMs in vivo still is largely unexplored.     

9.3      TAM      Depletion as an Antitumor Therapeutic Strategy 

   Given the evidence of TAM function summarized earlier, it seems rational to 
consider TAM depletion as a therapeutic strategy. Such an approach may serve to 
lower tumor burden by decreasing macrophage-dependent proliferation or survival 
effects on tumor cells, by decreasing TAM-derived proangiogenic factors that aid in 
vascularization of the tumor with blood as well as lymph vessels, and by relieving 
immune suppression, while allowing the inherent antitumor immune responses to 
resume. Experimental macrophage depletion has been used to elucidate their role in 

  Fig. 9.2    Incoming and outgoing signals of tumor-associated macrophages. Unique properties of 
tumor associated macrophages with ‘input signals’ ( left side ) being apoptotic cells, a Th2-cytokine 
balance, hypoxia, and immune complexes. These signals program TAMs (output signals,  right 
side ) to support an immune-suppressive environment, to cause tumor cell invasion and metastasis, 
to enhance tumor cell proliferation, and to foster angiogenesis/lymphangiogenesis       
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several clinical pathologies including neurodegeneration [ 58 ], colitis [ 59 ], diabetes 
[ 60 ], but also tumorigenesis [ 61 ]. In concordance with the multiplicity of TAM 
functions, macrophage depletion, for example, not only decreased lymphoma cell 
growth, but also led to reduced lymphangiogenesis [ 62 ]. Additionally, macrophage 
depletion improved immune- or gene therapy against tumors. For example, di-pal-
mitic acid conjugated lipopeptide with toll-like receptor 2 (TLR2) agonist activity 
was proposed as a prophylactic tumor vaccine, but was ineffective against fully 
established tumors. However, depleting macrophages led to a subsequent removal 
of immunosuppression and thereby increasing therapeutic responses against the 
lipopeptide vaccine [ 63 ]. Besides, depleting macrophages can augment gene therapy. 
This was shown by an improved antitumor therapeutic effect of IFNγ gene transfer 
[ 64 ] or an improved adenovirus-mediated expression of transgene in the liver [ 65 ] 
upon macrophage depletion.   

9.3.1     Methods of TAM  Depletion   

  Several methods have been investigated to deplete macrophages systemically or 
from the tumor microenvironment. Initially, the ability of macrophages to ingest or 
phagocytize liposomes was exploited as a strategy to deplete them by loading the 
liposomes with cell death inducing drugs such as clodronate, which was effective in 
eradicating tumors in animal models. However, the therapeutic use and clinical 
applications of drug-loaded liposomes are limited due to high in vivo toxicity, shorter 
stability, and high production costs [ 66 ]. Hence, as an alternative to liposomes, drugs 
encapsulated in red blood cells to deplete macrophages [ 67 ] or  Shigella fl exneri -
induced macrophage apoptosis are being currently investigated [ 68 ]. However, their 
applicability to deplete TAMs needs to be determined. The above- mentioned meth-
ods have a drawback of being nonspecifi c as they deplete not only TAMs but also 
other subtypes of macrophages or monocytes as well as some lymphocytes. Indeed 
TAMs in tumor stroma or tumor-draining lymph nodes are found scattered amid a 
heterogeneous mixture of blood capillaries and immune cells. The latter include 
cytotoxic, tumoricidal macrophages, or macrophages with the capacity to activate 
Th1/Tc cells [ 69 ] that could potentially mount antitumor responses in the absence of 
TAM. Therefore, it is essential to specifi cally target TAMs by strategies that leave 
such infl ammatory macrophages unharmed. Thus, cytotoxic drug carriers coated 
with proteins or monoclonal antibodies that can specifi cally recognize TAMs, while 
leaving other immune cells and blood vessels intact are indispensable.   

9.3.2     Capitalizing  on   TAM Markers for Specifi c Drug Delivery 

    Folate receptor-β (FR-β)   is specifi cally overexpressed in TAMs residing in the 
tumor tissue. Indeed, delivering zoledronic acid entrapped in folate-linked liposome 
could result in in vitro cytotoxicity, specifi cally toward FR-β expressing RAW264.7 
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macrophages [ 70 ]. Alternatively, TAMs express high levels of the macrophage 
mannose receptor CD206 as mentioned earlier. Indeed, mannose- containing poly-
mers such as glucomannan polysaccharide (from the herb  Bletilla Striata ) carrying 
alendronate (bisphosphonate) were preferentially taken up by RAW 264.7 macro-
phages as compared to endothelial or cancer cells. Moreover, F4/80 +  cells were 
remarkably reduced in tumor-bearing animals after administration of alendronate–
glucomannan conjugate, which subsequently reduced the tumor burden [ 71 ]. Also, 
TAMs express high levels of macrophage galactose-type lectin (Mgl). Hence a 
galactosylated dextran was successfully used to deliver oligonucleotides [ 72 ] open-
ing the possibility to target Mgl with a monoclonal antibody in order to selectively 
deplete TAMs. On the same line, legumain is an acidic cysteine endopeptidase that 
is overexpressed in tumor tissues and in F4/80 +  CD206 +  TAMs under tumor stress 
conditions such as hypoxia. Hence, a DNA vaccine encoding legumain was admin-
istered before tumor inoculation. This immunization strategy specifi cally depleted 
TAMs by means of a CTL (cytotoxic T cells) response that was mounted against 
legumain-expressing TAMs [ 73 ]. In conclusion, unique functions orchestrated by 
TAMs in tumor immunity often comprise the presence of specifi c surface molecular 
signatures. Hence depleting TAMs by exploiting these signatures might be highly 
benefi cial in reducing tumor growth, angiogenesis, and improving antitumor immu-
nity. However, in light of recent observations that TAMs in tumors come in different 
fl avors [ 36 ,  38 ], subset-specifi c molecular surface signatures need to be explored in 
order to target the desired TAM subset, while sparing putatively tumoricidal cells.    

9.3.3     Targeting  TAM   Progenitors 

  In addition to depleting TAMs by delivering cytolytic drugs/peptides to TAM- 
specifi c surface receptors, preventing their infi ltration into the tumor stroma has been 
proposed as a promising TAM-depletion strategy. Tumor-secreted chemokines 
attract monocytes to the tumor site and eventually promote their differentiation into 
TAMs, among them being CSF-1, CCL2 (MCP1), VEGF, and angiopoietin-2 [ 42 , 
 43 ,  74 – 76 ]. Accordingly, mice displaying a null mutation of CSF1, therefore lacking 
mature macrophages, for instance in the mammary gland, and displaying severely 
reduced monocyte infi ltration in oncogene-driven breast tumors, showed decreased 
angiogenesis and tumor progression to malignancy [ 77 ]. Also, the in vivo infi ltration 
of F4/80 +  (mouse) or CSF-1R +  CD163 +  (human) TAMs into tumor tissues was inhib-
ited using a monoclonal antibody (RG7155, Phase I clinical trial) designed to inhibit 
CSF-1R. This was associated with a concomitant increase in lymphocyte infi ltration 
and an increased CD8/CD4 ratio, which then translated to an increased clinical ben-
efi t in several of the solid malignancies studied [ 78 ]. In another study, an antibody 
against CSF-1R prevented F4/80 +  CD163 +  TAM accumulation at the tumor site and 
inhibition of tumor outgrowth [ 79 ]. As CSF-1R is not only required for monocyte to 
macrophage differentiation, but is also a critical mediator of macrophage prolifera-
tion and survival, targeting this molecule seems reasonable. However, again, the 
question of specifi city over other tissue macrophage populations in the body, 
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especially those requiring constant monocyte infl ux, such as in the intestines, should 
not be neglected to predict and monitor unwanted side effects. 

 Next to CSF-1 or CSF-1R, CCL2 emerges as an alternative target to block mono-
cyte recruitment to tumors. CCL2 is the ligand of the chemokine receptor CCR2, 
which is highly expressed on monocytes. CCL2 secreting tumors showed higher 
vascularization and accumulation of alternatively activated macrophages at the tumor 
site. Indeed, pharmacological inhibitors against CCL2 [ 61 ] reduced tumor growth 
and the associated vascular network formation. Similar to CCL2, IL-16 can be an 
attractive target to prevent monocyte recruitment to tumors. IL-16 is a pleiotropic 
cytokine shown to be crucial for tumor development by recruiting monocytes to 
tumor spheroids [ 80 ]. Interestingly, infl ammatory, potentially tumoricidal versus 
anti-infl ammatory macrophages show differences in chemokine receptor expression. 
Thus, recruiting the former over the latter might be benefi cial to overcome TAM 
function. This principle has already been exploited in experimental animal models. 
Administering the CXCL16-expressing metastatic colon cancer cells promoted infi l-
tration of antitumor macrophages to the tumor site that prevented metastasis forma-
tion [ 81 ]. Next to chemokine networks, the cytotoxic drug trabectedin has been 
shown to induce selective caspase-8-dependent apoptosis in monocytes, but not other 
immune cells, thereby reducing TAM density and improving survival in cancer [ 82 ]. 
In conclusion, these studies highlight the importance of preventing monocyte recruit-
ment to the tumor site as a means to deplete TAMs and indicate putative targets, 
some of which are already approaching the clinical setting.   

9.3.4     Targeting  TAM   Differentiation and Renewal 

  A third strategy to address depletion of TAMs is by preventing their differentiation 
from monocytes. MicroRNA (miR)-142-3p negatively controls the expression of 
IL6ST (receptor for IL6 family of cytokines), which is involved in promoting mac-
rophage differentiation. Indeed, tumor-associated CD11b +  macrophages show 
decreased expression of this miR. Interestingly, enforced expression of miR-142-3p 
in the bone marrow impaired differentiation of these macrophages, favoring control 
of tumor growth through the restoration of lymphocyte cytolytic activity as a conse-
quence of inhibiting macrophage differentiation [ 83 ]. Molecular signatures of 
monocyte to macrophage differentiation might reveal new structures to interfere 
with this process in the context of the tumor microenvironment. 

 Finally, a way to decrease the TAM content in tumors might be targeting their 
proliferation. A subset of CD68 +  PCNA +  macrophages called ‘promacs’ (proliferat-
ing macrophages) were identifi ed in tumors and were associated with poor breast 
cancer prognosis and clinical outcome [ 84 ]. Since proliferating macrophages con-
stitute a rather small subset of the TAM pool, such strategies will likely be not 
forefront. Moreover, targeting molecules such as CSF-1 or CSF-1R might lower 
TAM proliferation with the benefi t of hindering the arrival on new macrophage 
progenitors. It is also unclear whether conventional chemotherapeutic drugs targeting 
proliferating cells might not already interfere with TAM proliferation in vivo. 
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 The different approaches to reduce TAM numbers in tumors, as summarized in 
Fig.  9.3 , will likely improve the therapeutic response of tumors to conventional therapy 
[ 85 ], especially when targeting protumor TAMs, while leaving potentially antitumor 
activities intact. Another way to achieve the goal of switching the TAM balance from 
pro- to antitumor is reprogramming of TAMs in situ, which will be discussed next. 

9.3.5         TAM   Reprogramming as an Antitumor Therapeutic 
Strategy 

  In mice and man, TAMs, as indicated earlier, are not only deceived by a ‘wound- 
healing’-type tumor micromilieu but also orchestrate immune escape from other 
sentinels of adaptive immunity by escalating an immunosuppressive microenvironment. 
Interestingly, the majority of registered clinical trials regarding cancer are designed 
to chemotherapeutically target rapidly dividing tumor cells and/or reactivate antitumor 
adaptive immunity, whereas TAMs, in the background, discreetly perform the 
rebuilding tasks for tumor growth and metastasis, often provoking chemo-resistance. 
However, TAMs have the inherent potential to activate antitumor immunity and to 

  Fig. 9.3    Depleting TAMs by various strategies. TAMs can be depleted by targeting monocyte 
recruitment to the tumor stroma by employing monoclonal antibodies against CSF-1R, CCR2, or 
CD4. Once monocytes arrive at the tumor site, their differentiation to TAM can be limited, e.g., via 
antagonizing microRNA (miR) function. Once established, TAMs have the potential to renew by 
local proliferation, which might be abolished again by targeting CSF1R. Finally, TAMs can be 
directly depleted by cytotoxic drugs that are delivered via markers specifi cally expressed or 
enriched in TAMs such as CD206, CD163, or folate receptor β (FR-β)       
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directly kill tumor cells. Recent studies suggest that this plasticity of TAMs can be 
exploited as a novel therapeutic strategy. This section addresses the mechanisms of 
TAM reprogramming in conjunction with chemotherapy as an effective antitumor 
therapy and highlights the importance of various  stimuli , genetic and epigenetic 
regulations in the process (Fig.  9.4 ). 

9.3.6        Modulating the Activation/Inhibition  Stimuli   

  Interfering with the activation of tumor-promoting macrophages or boosting the 
activation of antitumor macrophages have been effective means to reprogram TAM 
phenotypes for antitumor therapy. Often, information regarding the reprogramming 

  Fig. 9.4    Principles to target the protumor TAM phenotype. The TAM phenotype can be antagonized 
by interfering with the IL-10, CSF-1, IL-1, IL-4, or TGF-β receptors as well as antagonizing NF-kB 
signaling. In addition, radio/chemotherapy effectively programs TAMs by inducing ER stress and/
or iNOS, thereby activating antitumor immunity. Gene regulation either by microRNA (miR)- 
mediated silencing of target genes or epigenetic changes alters the TAM phenotype. miRs (e.g., 
miR-155, miR-19a-3p, etc.) activate several proinfl ammatory signaling cascades to induce proin-
fl ammatory mediators. Thus, their expression is of benefi t to antagonize protumor TAM functions. In 
contrast, suppression of protumor miRs (e.g., miR-21, miR-29a, etc.) might be equally effective       
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of TAMs as an antitumor therapy comes from in vivo murine studies. For instance, 
in a murine model of skin cancer, blockade of IL-4 signaling was suffi cient to 
reprogram TAMs away from an alternatively activated phenotype and to inhibit 
tumor angiogenesis and growth [ 86 ]. Likewise, in the model of pancreatic ductal 
adenocarcinoma, inhibiting CSF-1R signaling not only reduced the number of 
TAMs, but also functionally reprogrammed remaining TAMs to induce antitumor 
T-cell activation by enhancing antigen presentation [ 87 ]. In a mouse xenograft 
model of human renal cell carcinoma (RCC), blocking the proinfl ammatory and 
protumor axis of IL-1-IL-1R by IL-1R antagonist decreased tumor growth and down-
regulated protumor genes ( TNFA ,  IL6 ,  VEGFA ,  PTGS2  ( prostaglandin-endoperox-
ide synthase 2 ), and  MMP ) in CD11b + Ly6C hi/lo F4/80 hi  TAMs [ 88 ]. Furthermore, 
TAMs from IL-1RA-treated tumor-bearing mice increased  IL12B  and iNOS expres-
sion, accompanied by decreased  IL10  and arginase 1  expression, which suggests 
reprogramming toward an antitumor phenotype [ 89 ]. Likewise, CCL16 attracted 
macrophages and DCs in mammary and colon carcinomas, upon treatment with the 
Toll-like receptor 9 ligand CpG and α-IL-10 receptor antibody, resulted in reprogram-
ming of TAMs, hemorrhagic tumor necrosis, activation of DCs as well as cytotoxic T 
cells, and clearance of tumor remnants [ 90 ]. Reprogramming of the suppressive TAM 
phenotype toward a proimmunogenic one could be achieved in a mouse model, as 
shown by Chatterjee et al. using nontoxic copper chelate that suppresses TGF-β pro-
duction and elevates IL-12 production by inducing reactive oxygen species (ROS) 
generation, which triggers p38 MAPK and intercellular glutathione to elicit antitumor 
Th1 responses [ 91 ,  92 ]. 

 Skewing signaling or the activity of nuclear factor-kappaB (NF-kB), the master 
regulator of cancer related signaling, has been a popular strategy for TAM repro-
gramming. Monocytes derived from RCC patients and healthy donor monocytes 
cocultured with RCC tumor cell lines displayed NF-kB activation and modulation 
of protumor genes [ 88 ]. Protumor TAMs attained a cytotoxic phenotype toward 
tumors when NF-kB signaling was inhibited, which is characterized by IL-12 hi MHC- 
II hi IL-10 low arginase-1 low  expression. Pharmacological inhibition of NF-kB in TAMs 
also promoted regression of advanced tumors in vivo by induction of macrophage 
tumoricidal activity and activating antitumor activity through IL-12-dependent NK 
cell recruitment [ 93 ]. Taken together, pharmacological targeting of the activation 
stimuli or downstream signaling cascade in TAMs for reprogramming may be a 
useful addendum in combination with tumor-directed chemotherapy, especially in 
scenarios of high-risk chemo-resistance. However, directed delivery methods need 
to be developed to specifi cally target TAMs [ 94 ] in order to reduce toxicity and side 
effects in combinatorial therapy.   

9.3.7     Radio/ Chemotherapy         

    Recent advances in understanding the role of TAMs in tumor growth and metastasis 
provide a compelling argument for direct targeting of TAMs by radio/chemotherapy 
either for reprogramming to an antitumor/classically activated phenotype or to 
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eliminate them from the tumor microenvironment (reviewed in [ 95 ]). Chemotherapies 
such as doxorubicin or oxaliplatin not only induce cell death by focused effects on 
DNA synthesis but also induce collateral effects via endoplasmic reticulum (ER) 
stress that causes the release of danger signals such as damage-associated molecular 
patterns (DAMPS), including ATP, high-mobility group B1 (HMGB1), thereby acti-
vating mononuclear phagocytes, enhancing their antigen-presentation capacity, and 
promoting T-cell responses against immunogenic tumors [ 96 ] (reviewed in [ 97 ]). 
This immunogenic cell death (ICD) reprograms TAMs to a proinfl ammatory pheno-
type. Reprogramming of TAMs in the tumor microenvironment could also be 
brought about by the taxane docetaxel. In a 4T1-Neu mammary tumor implant 
model, docetaxel depleted immunosuppressive TAMs, while concomitantly activat-
ing and expanding antitumor monocytes/MDSCs to enhance tumor-specifi c, cyto-
toxic T-cell responses [ 98 ]. However, in this study it was not clear, owing to the 
plasticity of TAM phenotypes in the tumor microenvironment, whether expansion 
of antitumor TAMs was due to predominantly reprogramming or due to the deletion 
of protumor TAMs. TAM reprogramming is also an effective means to increase the 
payload of chemotherapy at the tumor site by altering the tumor vascular architec-
ture. Rolny et al. demonstrated that histidine-rich glycoproteins reprogram protu-
mor TAMs to a tumor-inhibiting type by downregulating placental growth factor 
(PIGF), thereby normalizing tumor vessels, promoting antitumor immunity, inhibit-
ing tumor growth and metastasis, while improving chemotherapy [ 99 ]. Interestingly, 
low-dose gamma irradiation of tumors also reprogrammed TAMs to an activated 
state characterized by iNOS induction that orchestrates T-cell immunotherapy 
[ 100 ]. Likewise, some forms of immunotherapy may also depend on effectively 
reprogramming TAMs toward an antitumor phenotype as demonstrated by Luo and 
Knudson by intravesical instillation of  Mycobacterium bovis  bacillus Calmette- 
Guérin (BCG), which induced macrophage cytotoxicity toward bladder cancer cells 
in both human and mouse. This macrophage-mediated killing of bladder cancer 
cells depended on both direct effector-target cell contact and release of soluble cyto-
toxic factors, such as TNF-α, IFNγ, and nitric oxide (NO) from macrophages [ 101 ]. 
Therefore, during radio/chemotherapy, targeting TAMs by ICD inducers is a win–
win strategy as it not only serves as a contingency plan for chemo-resistance but 
would also make tumor-directed chemotherapy more effective by enabling optimal 
delivery of chemo-agents to tumor cells.     

9.3.8     MicroRNA-Mediated Gene Regulation and  Epigenetic 
Programming            

     Next-generation tumor therapy includes modulation of gene regulation that defi nes 
a protumoral TAM phenotype. In the last few years, posttranscriptional gene regula-
tion by small noncoding RNA such as miR in TAM reprogramming has been dem-
onstrated in experimental models [ 102 ] and promises potential for diagnosis and 
tumor therapy [ 103 ]. Direct targeting of miRs or targeting signaling pathways 
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upstream of miRs in TAMs could support tumor therapy, especially in case of 
chemo-resistance. Using a myeloid cell-specifi c loss of function approach, it was 
proposed that miR-155 is required for the activation of CD11c +  TAMs, and that this 
TAM subset, in turn, actively mediates antitumor immunity during early stages of 
breast carcinogenesis. However, it is unclear whether a specifi c antitumor subset in 
the CD11c +  TAM population was targeted, since these cells were also connected to 
promoting tumor growth [ 36 ] or whether a phenotypic change involved the loss of 
CD11c expression. Stable knockdown of miR-155 in myeloid cells attenuated AKT 
protein kinase signaling, reprogramming TAMs to a protumor phenotype and accel-
erated tumor growth in a spontaneous breast cancer model [ 104 ]. miR-155 also 
promoted classical macrophage activation by not only downregulating inhibitors of 
the proinfl ammatory response, such as suppressor of cytokine signaling-1 [ 105 ] and 
B-cell lymphoma-6 protein [ 106 ] but also targeting the IL-13 receptor [ 107 ], which 
promotes alternative macrophage activation. Furthermore, a recent study showed 
that miR-155 delivery in alternatively activated macrophages was suffi cient to 
reprogram these cells toward a more proinfl ammatory phenotype [ 108 ], increasing 
TNF-α production by stabilizing the TNF-α transcript, and downregulating genes 
associated with alternative activation such as arginase-1, chitinase 3-like 3, and 
CCAAT/enhancer binding protein β in macrophages [ 109 ]. 

 miRs can directly target and suppress hallmark cancer genes [ 110 ] such as those 
involved in angiogenesis (e.g.,  Col4a2  (collagen, type IV, alpha 2),  pry1  (pathogenesis-
related protein 1), and  Timp3  (metalloproteinase inhibitor 3)) and establishing TAM 
function, thereby directly affecting tumor growth and metastasis. Mathsyaraja et al. 
recently published that the transcription factor ETS2, whose expression and phosphor-
ylation is regulated by the CSF1-ERK pathway, regulates the expression of miR-21, 
miR-29a, miR-142-3p, and miR-223 in TAMs in a spontaneous mouse model of mam-
mary carcinoma. Depletion of the miR-processing enzyme Dicer in TAMs blocked 
angiogenesis and metastatic tumor growth. Furthermore, expression of miR-21 and 
miR-29a in CD115 + CD14 lo CD16 hi  blood cells correlated with metastatic burden of 
breast cancer patients [ 102 ]. Similarly, miR-19a-3p downregulated the  Fra-1  proto-
oncogene in TAMs, suppressed the protumoral phenotype and inhibited breast cancer 
progression [ 111 ]. Interestingly, the role of miRs not always correlates with the estab-
lished phenotype of classically or alternatively activated TAMs. CD206 expression, 
which is often associated with a protumor TAM phenotype [ 89 ] and is required for 
tissue remodeling [ 112 ], has been implicated in antitumor gene regulation by virtue of 
the intronic expression of miRs. MiR-511-3p, an intronic miR encoded by the  Mrc1  
gene (encodes for CD206) in mouse and human has been shown to provide a negative 
feedback on protumor genetic programs by directly targeting Rho-dependent kinase-2 
[ 113 ]. Overexpression of miR-511-3p inhibited tumor growth, altered tumor blood 
vessel morphology, and tuned down the protumor gene signature of CD206 +  TAMs, 
thereby demonstrating an extra layer of gene expression control, which relies on an 
endogenous molecular switch and the plasticity of macrophage phenotypes in the 
tumor microenvironment. 

 Thus, interfering with miR activity and/or gene regulation for reprogramming 
TAMs is an attractive pharmacological target for tumor therapy. Recent preclinical 
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studies successfully demonstrate the systemic use of nanoparticles loaded with 
miR-155 mimic to target CD11c +  TAMs/DCs [ 114 ]. Mannosylated polymer 
nanoparticles (MnNP) that are capable of escaping the endosomal compartment are 
used to deliver siRNA to TAMs in vitro and in vivo [ 115 ]. Targeting of miR-223 
[ 116 ], miR-511-3p [ 113 ], or silencing miRs in mice and nonhuman primates [ 117 , 
 118 ] may pave a way to use in human patients in the near future. 

 Genetic reprogramming in TAMs is not always associated with hard-wired 
genetic changes due to the fact that in vivo macrophages exhibit mixed and transient 
phenotypes as they are exposed to several potentially opposing polarizing factors, 
and transitions from protumor to antitumor phenotype (or vice versa) are quite rapid 
[ 119 ,  120 ]. A role of epigenetic modulators in macrophage reprogramming has 
been described in the literature. Alternative activation of macrophages, in vivo, is 
mediated by the histone demethylase JMJD3, which removes negative H3K27me3 
marks at the  Irf4  locus, thereby facilitating expression of the key transcription factor 
IRF4 [ 121 ]. Furthermore, induction of  Ifnb  and the downstream IFN response, 
which is an important component of antitumor macrophages, is strongly dependent 
on histone deacetylase 3 (HDAC3) [ 122 ] and HDAC inhibitors suppress the induction 
of various infl ammatory and IFN target genes [ 123 ]. Understanding the epigenetic 
changes during macrophage polarization and modulating the epigenetic regulators 
for combinatorial tumor therapy is a niche area and several clinical trials have been 
registered to address these aspects (ClinicalTrials.gov Identifi er: NCT00262834, 
NCT01486277, NCT01738815).       

9.4     The Impact of Apoptotic Cells on the  TAM         Phenotype 
and Function 

   Tumor growth   is defi ned by the interplay of a variety of intrinsic and extrinsic factors. 
Among these, a high proliferative capacity and relatively low rates of cell death are 
conditions expected to favor tumor growth. Nevertheless, sustained and prominent 
apoptosis is a characteristic, inherent feature of different types of growing tumors, 
being described already before the concept of apoptosis was fi rst described in 1972 
[ 124 ]. The notion that tumor cell apoptosis, at least at low levels, contrary to conven-
tional assumptions, promotes tumor growth and progression can be appreciated when 
looking at the physiological role of apoptosis, which surpasses the silent elimination 
of unwanted cells. Apoptosis under conditions of tissue stress such as in wounds sup-
ports healing and regeneration by providing specifi c signals directly to resident tissue 
cells [ 125 ] or by altering macrophage phenotypes [ 126 ]. Thus, during tissue stress the 
process initiated by apoptosis of cells culminates in a phenotype switch of macro-
phages to restore tissue homeostasis, e.g., by reducing tissue mononuclear and lym-
phoid cell numbers to a physiological level and function and by delivering proliferation 
and recruitment signals to epithelial and endothelial cells to promote regeneration [ 5 , 
 6 ,  127 ]. In this auto-regulatory system, cell death programs the reconstitution of a new 
physiological environment. When considering tumors as “wounds that do not heal” 
[ 128 ], apoptotic tumor cells might well support tumor growth via similar mechanisms 
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as in wounds. Apoptotic cell death as an inherent feature of growing tumors might 
provide a number of signals that force macrophages to acquire a tumor-supportive 
phenotype affecting all hallmarks of cancer such as tumor cell proliferation, angio-
genesis, and immune suppression. Thus, the perturbed tissue homeostasis in tumors 
hijacks physiological regeneration systems to support its own growth and to limit its 
elimination. Intuitively presumed only to inhibit cell growth and limit malignancies, 
apoptotic cells may in this manner actually promote net tumor growth by releasing 
different molecules, which act on neighboring tumor cells to support tumor growth 
[ 129 ] and by educating macrophages to a protumor phenotype. Tumorigenic effects of 
apoptotic cells have been noticed already back in 1956 by Revesz [ 130 ], showing that 
coinjection of irradiated tumor cells with living tumor cells enhances tumor occur-
rence in experimental animals. This was not the case when tumor cells were killed by 
heat (necrosis) and coinjected with living cells, indicating the requirement of actively 
produced signals [ 131 ]. More recent studies have shown that radiotherapy, a com-
monly used anticancer therapy, can enhance tumor cell repopulation in vivo, through 
the induction of apoptosis [ 132 ]. This process termed ‘sinister self- sacrifi ce’ needs 
consideration when targeting malignant cells [ 133 ]. Although the consequences of 
this self-sacrifi ce can be explained by a feeder effect of dying cells toward living 
tumor cells, an interaction of apoptotic cells with macrophages might provide a simi-
lar physiological outcome. Of note, a study employing adoptive transfer of condi-
tioned macrophages demonstrated that macrophage priming with apoptotic cells 
speeds up growth of implanted living tumors, whereas macrophage priming with 
necrotic cells protected against tumor growth [ 134 ]. 

 There are striking similarities not only between the function of macrophages 
ingesting apoptotic cells and TAMs but also regarding the underlying molecular 
signature. In both cells expression of proinfl ammatory cytokines such as IL-12 is 
low, whereas anti-infl ammatory cytokines like IL-10 are highly expressed. They 
express growth factors such as VEGF, TGF-β, and EGF to promote epithelial and 
endothelial proliferation and survival, matrix remodeling enzymes such as MMPs 
and display a low capacity to produce immunoregulatory gaseous molecules such as 
ROS and NO [ 41 – 44 ,  135 ]. On the following pages we will summarize the current 
evidence linking macrophage—apoptotic cell interaction to TAM generation and 
discuss the applicability of targeting this interaction for cancer therapy. For this, we 
will follow different steps of apoptotic cell/phagocyte interaction sequentially; 
phagocyte recruitment through fi nd-me signals, apoptotic cell recognition via eat-
 me signals, and the consequences derived from these modes of interaction that 
affect the immunological phagocyte response (Fig.  9.5 ). 

9.4.1       Apoptotic Cell-Derived Soluble Mediators in  TAM   
Recruitment and Polarization 

   Pivotal for apoptotic cell removal is the presence of phagocytes. Thus, resident and 
recently recruited macrophages, as well as blood monocytes require a directed 
migratory signal to reach the location where apoptotic cells need to be removed. 
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Apoptotic cells attract mononuclear phagocytes through the release of fi nd-me signals 
such as lysophosphatidylcholine (LPC), the chemokine fractalkine (CX 3 CL1), 
sphingosine-1-phosphate (S1P), the ribosomal protein S19, EMAPII, a fragment of 
human tyrosyl tRNA synthetase, and the nucleotides ATP and UTP [ 135 ,  136 ]. 
These factors exert short- and long-range actions, inducing the attraction of local 
resident and recruited macrophages, or the long-distance recruitment of blood 
monocytes, respectively. For instance, based on its mode of release, CX 3 CL1 acts as 
a long-distance recruitment factor [ 137 ] with the potential to attract monocytes. 
Indeed, CX 3 CL1 was already been implicated in TAM recruitment to promote 
tumor growth, survival, and metastasis [ 138 ]. Accordingly, expression of the 
fractalkine receptor CX 3 CR1 was associated with poor prognosis, TAM infi ltra-
tion, and metastasis [ 139 ]. During recruitment it is important to attract the right 
type of professional phagocyte. Mononuclear phagocytes but not granulocytes 
are able to remove apoptotic cells in the absence of a proinfl ammatory response. 

  Fig. 9.5    Interaction of apoptotic cells with tumor-associated macrophages. TAMs are attracted to 
sites of apoptosis through fi nd-me signals secreted from apoptotic cells. To ensure specifi c migration 
of mononuclear phagocytes, keep-out signals restrict granulocyte migration. Once at sites of apopto-
sis, specifi c receptors at the surface of differentiating monocytes or mature TAMs recognize eat-me 
signals expressed on apoptotic cells originating in the phagocytic synapse. This interaction together 
with soluble signals secreted from apoptotic cells programs macrophages toward a tumor- promoting 
phenotype, which is characterized by the secretion of growth factors and anti- infl ammatory media-
tors.  CRT  calreticulin,  LPC  lysophosphatidylcholine,  S1P  sphingosine-1-phosphate,  PS  phosphati-
dylserine,  PGE   2   prostaglandin E2,  TGF-β  transforming growth factor-β,  PAF  platelet activating 
factor,  iNOS  inducible nitric oxide synthase,  NO  nitric oxide,  ROS  radical oxygen species,  TNF  
tumor necrosis factor,  VEGF  vascular endothelial growth factor,  EGF  epidermal growth factor       
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Therefore, the attracting signals must be specifi c for mononuclear phagocytes. 
Chemotactic factors such as EMAPII and ATP are able to attract both macrophages 
and granulocytes, hence besides the above-mentioned fi nd me signals, keep out sig-
nals are necessary for the recruitment of the adequate type of phagocytes. Keep out 
signals may present another macrophage-independent factor, relevant to how apop-
totic tumor cells promote the survival of their viable kin, by limiting the infl ux of 
tumoricidal granulocytes. Lactoferrin, an iron transporting molecule, has been iden-
tifi ed as such a keep out signal, which inhibits the migration of granulocytes to sites 
of apoptosis [ 140 ]. However, while the relevance of keep out signals in tumor 
immunity remains unclear, lactoferrin has certain immunoregulatory functions 
besides limiting granulocyte infl ux. These include limiting IL-6 and TNF-α produc-
tion and inducing IL-10, IL-4, and TGF-β release by phagocytes [ 135 ]. Another 
putative fi nd-me signal, the sphingolipid S1P, also showed immune-regulatory 
potential. S1P is produced by apoptotic tumor cells via sphingosine kinase 1 or 2 
[ 141 – 143 ] to recruit and/or activate TAMs. S1P released from apoptotic tumor cells 
limited antitumor cytokine production, e.g., IL-12 [ 144 ], and downregulated major 
histocompatibility complex II (MHC-II) expression to suppress T cell activation by 
macrophages [ 145 ]. On the other hand, S1P promoted the expression of a multitude 
of protumor cytokines such as IL-10, IL-6, and VEGF, partly dependent on the 
action of heme oxygenase-1 or stabilization of the transcription factor HIF-1α 
[ 145 – 148 ]. Moreover, S1P induced the formation of the protumor prostaglandin 
PGE 2  by human antigen R (HuR)-mediated stabilization of cyclooxygenase-2 
(COX-2) mRNA and microsomal prostaglandin E synthase-1 (mPGES-1) expres-
sion [ 6 ,  149 ]. In turn, formation of PGE 2  provoked a cAMP-increase in macrophages 
to limit CD80 expression (our unpublished observation), directly inhibited activated 
cytotoxic T cells [ 150 ], and promoted angiogenesis by supporting endothelial cell 
proliferation [ 6 ]. Consequently, depletion of sphingosine kinase 2 in tumor cells 
reduced tumor growth due to altered macrophage activation in a xenograft model 
[ 151 ]. Finally, S1P increased the resistance of macrophages against chemotherapeutic 
drugs [ 141 ], allowing the possibility that targeting S1P or its receptors on monocytes/
macrophages might improve the effi cacy of chemotherapy.    

9.4.2     Apoptotic Cell Surface  Alterations  : Recognition 
and TAM Generation 

   Following recruitment and attraction of phagocytes to the site of apoptosis, intrinsic 
molecular signals enable specifi c apoptotic cell recognition. Especially plasma 
membrane alterations play a pivotal role in the distinction between viable and apop-
totic cells, which leads to the clearance of the resulting apoptotic bodies. The plasma 
membrane of apoptotic cells is altered with respect to lipid, sugar, and protein com-
position [ 136 ]. Different proteins including calreticulin, annexin I, the large subunit 
of the eukaryotic translation initiation factor 3 (eIF3a), and the long pentraxin PTX3 
are exposed on the surface of apoptotic cells and interact directly or indirectly with 
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phagocytes [ 136 ]. Regarding the lipid architecture, most signifi cant changes in the 
plasma membrane are the oxidation and redistribution of phosphatidylserine (PS) 
from the inner to the outer leafl et of the plasma membrane [ 152 – 154 ]. These mol-
ecules are considered as eat-me signals when their expression is increased at the 
surface of the cells. They are recognized, either directly by specifi c receptors that 
are highly expressed by phagocytes such as scavenger receptors (e.g., CD36), 
complement receptors, C-type lectin receptors, PS receptors (e.g., BAI1, TIM-4, 
and stabilin-2), and the prototypic pattern recognition receptor (PPR) CD14, or by 
phagocyte receptors such as Mer tyrosine kinase (MerTK) or the vitronectin recep-
tor (VnR, α v β 3  integrin) via specifi c bridging molecules such as growth arrest- 
specifi c 6 (GAS6) and milk fat globule-EGF factor 8 (MFG-E8, lactadherin), 
respectively [ 135 ,  136 ,  155 ]. Numerous interactions of phagocyte receptors with 
eat-me signals provoke the formation of cell–cell junctions, known as the phago-
cytic synapse. Signals originating in the phagocytic synapse are involved in shaping 
a largely anti-infl ammatory macrophage phenotype. Of note, not all receptor/ligand 
interactions in the phagocytic synapse suppress infl ammation as shown with CD14, 
CD36, and α v β 3  integrin defi cient mice [ 156 ,  157 ]. Rather PS recognition by its 
numerous receptors with or without bridging molecules is prominently associated 
with altered infl ammatory macrophage function. In initial experiments, recognition 
of PS on apoptotic cells by macrophages induced autocrine signaling via TGF-β, 
platelet-activating factor (PAF) and PGE 2  to reduce the production of IL-1β, IL-8, 
and TNF-α. This was abolished by a neutralizing TGF-β-antibody, blocking COX 
enzymes with indomethacin, or by a PAF receptor antagonist [ 158 ]. Reduced cyto-
kine expression was likely associated with inhibition of classical NF-kB activation 
(p65/p50 heterodimers), a major transcriptional regulator of proinfl ammatory sig-
nals [ 159 ]. Strikingly, signaling through nonclassical NF-kB pathways (e.g., p50/
p50 homodimers) is also a common feature of certain TAM populations [ 160 ,  161 ]. 
In the case of apoptotic cells, PS recognition was coupled to defective classical 
NF-kB signaling. Cvetanovic et al. provided evidence that NF-kB binding to DNA 
was inactive, implying that coactivators/corepressors were involved [ 162 ]. Indeed, 
NF-kB inhibition resulted from the interplay with PPARγ and the nuclear receptor 
corepressor (NCoR). NCoR is bound to NF-kB sites under basal conditions, while 
coactivator/corepressor exchange is a common phenomenon switching between 
gene repression and activation. Apoptotic cells induced PPARγ sumoylation to 
attenuate the removal of NCoR, thereby blocking transactivation of NF-kB, which 
lowered proinfl ammatory cytokine production [ 163 ]. Activation of PPARγ by apop-
totic cells was dependent on specifi c recognition of PS [ 164 ] and required sorting of 
5-lipoxygenase (5-LO) into lipid rafts of apoptotic cells to synthesize ligands that in 
turn stimulated PPARγ in macrophages [ 165 ]. Since MerTK, recognizing PS via 
GAS6 was also associated with NF-kB inhibition in response to apoptotic cells as 
demonstrated by using MerTK knockdown cells and blocking antibodies [ 166 ], a 
signaling axis consisting of PS, MerTK, and PPARγ can be proposed to culminate 
in inhibition of NF-kB activity. Besides modulating cytokine production, PS recog-
nition also impairs the ability of macrophages to produce reactive nitrogen and oxy-
gen species. Reduced NO formation can result from increased arginase expression. 
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Arginase 1 and 2, metabolize  L -arginine to urea and ornithine, thus competing with 
iNOS for the same substrate [ 44 ]. Apoptotic cells upregulated arginase 1 in macro-
phages, at the same time downregulating iNOS in a TGF-β- and PS-dependent man-
ner [ 167 ], while soluble factors secreted by apoptotic cells upregulated arginase 2, 
which was TGF-β independent and left iNOS expression unaltered [ 168 ]. Likely, 
the rapid induction of arginase 2 by soluble apoptotic cell-derived molecules 
accounts for early responses, while the PS/TGF-β axis facilitates later phases of NO 
inhibition. The formation of ROS was blocked as well, presumably via oxidized 
PS inducing again PPARy activation and inhibition of NADPH oxidase assembly 
[ 169 ,  170 ]. There is an apparent overlap between soluble mediators versus specifi c 
eat-me signals such as PS when looking at the consequences for macrophage func-
tion. This may be a way to ensure immunological silence even when apoptotic cell 
removal is not immediate. Alternatively, both pathways might be causatively linked. 
For instance, CX 3 CL1 can induce expression of the bridging molecules such as 
MFG- E8, which is necessary for the interaction of VnR and PS [ 135 ], in turn induc-
ing COX-2 expression in phagocytes [ 171 ]. 

 There is emerging evidence that PS recognition indeed is involved in shaping 
TAM function. Therapeutic targeting PS induced infl ammatory macrophage acti-
vation to suppress tumor growth and progression in prostate tumors [ 172 ]. 
Moreover, MerTK-defi ciency protected mice with mammary carcinoma from 
metastasis, which occurred as a result of cell apoptosis as a means to promote 
mammary gland involution after pregnancy. In this model, MerTK defi ciency pre-
vented uptake of apoptotic tumor cells and production of TGF-β by tumor-associated 
macrophages [ 173 ]. 

 Taken together, the evidence summarized earlier strongly suggests tumor cell 
apoptosis as a crucial driver of TAM polarization in the tumor microenvironment. 
However, more precise experimental evidence needs to be provided to identify spe-
cifi c molecules in the apoptotic cell/macrophage interaction that can be targeted for 
tumor therapy. Moreover, molecular signatures triggered by apoptotic cell phagocy-
tosis may help to identify protumor TAM subpopulations that should be targeted 
preferentially. Resident (embryonic) macrophages may show a higher potential to 
ingest apoptotic cells in a noninfl ammatory manner, at least in the peritoneum [ 174 ]. 
Thus, it might be interesting to observe whether selectively depleting these cells 
will improve antitumor immunity in tumor entities. Interestingly, studying apoptotic 
cell/macrophage interaction may yield other mechanisms to interfere with tumor 
growth besides inhibiting the establishment of a protumor macrophage phenotype. 
In addition to the eat-me signals, the loss of don’t eat-me signals such as CD31 and 
CD47 is necessary for the removal of apoptotic cells [ 136 ]. CD47 is ubiquitously 
expressed on normal viable cells, functioning as a don’t eat-me signal that is down-
regulated to allow homeostatic phagocytosis of aged or damaged cells. Likewise, 
CD47 is overexpressed on viable tumor cells, allowing tumor cells to escape 
immune surveillance through inhibition of phagocytosis. Therapeutic targeting of 
CD47 induced phagocytosis of viable tumor cells apparently without triggering the 
negative consequences of apoptotic cell/macrophage interaction for antitumor therapy 
[ 175 ,  176 ]. 
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 As a summary, improving tumor therapy should not only kill malignant cells but 
also target the interaction of the host with apoptotic cancer cells, as this might be 
suffi cient to limit the protumor action of apoptotic cells and boost the antitumor 
potential of macrophages. Leaving the apoptotic cell/macrophage interaction 
untouched might also limit the benefi t of conventional tumor cell apoptosis-focused 
therapy since surviving tumor cells might receive overwhelming support by the 
wound healing response that apoptotic tumor cells will trigger in local macrophages, 
thereby enhancing tumor recurrence.        
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