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1 ABSTRACT 

The inflammatory and anti-inflammatory macrophages have been implicated in many 

diseases including rheumatoid arthritis, inflammatory bowel disease and chronic rhinosinusitis. 

Recent studies suggest targeting macrophage function and activation may represent a potential 

target to treat these diseases. Herein, I investigated the effect of second mitochondria-derived 

activator of caspases (SMAC) mimetics (SMs), the inhibitors of apoptosis (IAPs) proteins, on the 

killing of normal human pro- and anti-inflammatory macrophage subsets. It has been shown that 

human monocytes are highly susceptible to the cytotoxic effects of SMs, however, differentiated 

macrophages (M0) develop resistance to the cytocidal abilities of SMs. Whether human 

macrophage subsets are also resistant to the cytotoxic effects of SM remains unknown. My results 

show that differentiation of M0 macrophages towards M1 state rendered them highly susceptible 

to SM-induced cell death, whereas M2a, M2b and M2c differentiated subsets were resistant, with 

M2c being the most resistant. SM-induced cell death in M1 macrophages was mediated by 

apoptosis as well as necroptosis and activated both extrinsic and intrinsic pathways of apoptosis. 

The susceptibility of M1 macrophages to SM-induced cell death was attributed to the IFN-g-

mediated polarization as JAK inhibitor reversed their susceptibility. In contrast, M2c and M0 

macrophages experienced cell death through necroptosis pathway following simultaneous 

blockage of the IAPs pathways by SM-LCL161 and the caspase pathways by the pan-caspase 

inhibitors (zVAD.fmk).  

I investigated the molecular mechanism governing SM-induced cell death in M1 

macrophages. My results show that in contrast to the cancer cell lines, SM-induced cell death in 

M1 macrophages is independent of endogenously produced TNF-a, the canonical and non-

canonical NF-kB pathways.  The susceptibility of M1 macrophages to SM-induced cell death was 
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found to be dependent on IFN-g-mediated differentiation through the JAK-STAT pathway and 

subsequent activation of IRF-1. In addition, the selective cell death in SM-treated M1 macrophages 

is mediated by simultaneous degradation of cellular IAP-2 (cIAP-2) and RIPK-1/3 through the 

activation of mTORC signaling pathway. Overall, the results suggest that survival of human 

macrophages is critically linked to the activation of the IAPs pathways. Moreover, agents blocking 

cIAP-1/2, mTORC and IRF-1 can be exploited therapeutically to address inflammation-related 

diseases. These observations hold a promising therapeutic strategy to limit the activation of 

proinflammatory M1 macrophages and eventually controlling the M1-associated diseases.  
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1 CHAPTER 1: General Introduction 

 Monocyte/Macrophage origins and functions  

Since their first discovery almost a century ago, the study of macrophages is still a very 

motivating topic in the field of immunology. Elie Metchnikoff first introduced the term 

“macrophage,” meaning large eaters, and described their phagocytic ability (1, 2). These big cells 

are involved in different immunological aspects, and they are considered as an integral component 

of innate immunity (3). Macrophages are a heterogeneous population of innate myeloid cells, 

representing the most functionally diverse cells of the hematopoietic system (4). These cells have 

multiple functions, which include their ability to phagocyte different cells such as infected, 

senescent, dead cells as well as pathogens and cellular debris. They also link the innate and 

adaptive immune system by antigen processing and presentation (5, 6). They are considered one 

of the significant cytokine producers such as TNF-a, IL-1 and IL-6. Additionally, they are 

involved in the induction or resolution of inflammation and tissue repair (5–7).  

1.1.1 Monocyte-derived macrophages  

Monocyte-derived macrophages are the most-well studied form of macrophages due to the 

easy access to human blood monocyte and the convenience of in vitro differentiation techniques.  

Monocytes originate from hematopoietic stem cells (HSCs) in the bone marrow, which generates 

a heterogeneous population of multipotent progenitors (MPP) (8). MPP further differentiates into 

either common lymphoid progenitors (CLP) that give rise to different lymphoid cells or common 

myeloid progenitors (CMP). CMP can differentiate into megakaryocyte and erythrocyte 

progenitors (MEP) responsible for the production of platelets and red blood cells or granulocyte 

and macrophage progenitors (GMP). GMP is responsible for granulocytic lineage development or 

further differentiate into monocyte-macrophage/dendritic cell precursors (MDP). MDP can either 
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give rise to common dendritic cell precursors (CDP) or committed monocyte precursors (cMoP). 

The cMoP develop into monoblasts, which can be recognized morphologically in the bone marrow. 

Monoblasts give rise to promonocytes and finally into mature monocytes (8). Monocytes represent 

5-10% of all circulating leukocytes in humans and commonly considered to be responsible for 

replenishing tissue-resident macrophage in a stay state or during inflammation (9, 10). After a 

short circulatory life in the blood (1-2 days), they migrate from the bloodstream into various 

tissues/organs and subsequently differentiate into tissue-resident macrophages (9, 11).  

1.1.2 Yolk sac and fetal liver-derived macrophages  

For the last 40 years, macrophages have been thought to be originating from circulating 

peripheral blood monocytes (12). However, several recent studies have shown that monocytes are 

not the sole source of tissue-resident macrophages. Macrophages can arise in the fetal liver or even 

in the yolk sac during embryonic development in utero (13–15). These primitive macrophages 

represent a distinct population that can persist, self-renew into adulthood and maintained 

independently from monocyte recruitment/replenishment. Bone marrow transplantation studies 

revealed insufficient ability to replenish tissue macrophage population. Some tissue-resident 

macrophages are mainly unaffected in patients who suffer from monocytopenia (16). Tissue 

macrophage can self-renew to sustain the macrophage population. Ajami et al., demonstrated a 

local expansion of microglia cells in their chimeric models. These self-renewal microglia 

maintained their function independently of hematopoietic stem cells (HSCs) throughout adult life 

(17). These studies and others suggested a dual origin of tissue macrophages, one from the classical 

bone marrow HSCs and another from an early time at the embryonic stage  (18–20).  

Several studies have defined and tracked the origin of these tissue-resident macrophages and 

their persistence into adulthood (15). Genetic fate-mapping techniques to permanently label cells 
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and their subsequent progeny facilitated the precise differentiation of embryonic macrophages 

from the classical macrophages originated from HSCs. For example, it has been shown that 

microglia are predominantly derived from yolk sac progenitors, while Langerhans cells can arise 

from the fetal liver as well as the yolk sac progenitors (14, 21). Moreover, Schulz et al., 

demonstrated that the transcription factor Myb was necessary for the development of HSCs 

macrophages, in contrast, yolk sac-derived macrophages developed in several tissues 

independently of Myb and persist in adulthood without HSCs input (22). Furthermore, during early 

embryonic development, yolk sac derived mouse macrophages express CX3CR1hi, F4/80hi and CD 

11blo while in wild type mice, macrophages that are derived from HSCs exhibited F4/80lo, and 

CD11bhi (22).Thus, the current understanding of the source and origin of macrophages need to be 

expanded to include primitive macrophages. 

 Organ/Tissue distribution of macrophages  

Once monocytes successfully enter the different tissues, they are exposed to various stimuli 

such as local growth factors, cytokines, or microbial products. These stimuli promote monocytes 

differentiation to fully mature and specialized tissue-resident macrophages (9, 23). Depending on 

the microenvironment they reside in and the functional phenotypes, macrophages are divided into 

several subpopulations. For instance, in the lungs, macrophages exist as alveolar macrophages, 

which are responsible for the clearance of microparticles and pathogens (24, 25). Microglia in the 

central nervous system (CNS) play essential roles in tissue remodelling, CNS maintenance and 

intracellular communication (26–29). There are other macrophages in the brain, such as 

perivascular, choroid plexus and meningeal macrophages, that are involved in brain hemostasis 

and function (30).  Kupffer cells in the liver are essential for pathogens clearance, detoxification, 

elimination of harmful substances, and metabolic functions such as iron recycling (11, 31, 32).  
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Osteoclasts in the bone play a critical role in bone resorption and formation of long bones 

during embryonic development (33, 34). In the intestine, several macrophage subpopulations with 

distinct phenotypes and functions collaborate to maintain mucosal homeostasis, regulation of 

immune response and clearance of enteric pathogens (35, 36). Two types of macrophage 

subpopulations coexist in the skin: Langerhans cells located in the epidermal layer and dermal 

macrophages predominantly located in the dermis. They are involved in immune surveillance, T 

lymphocytes interaction, cancer regression, skin homeostasis and wound repair (37–39). Alveolar 

macrophages, microglia, Kupffer cells and Langerhans cells all have been reported to be derived 

from primitive origins such as yolk sac and/or fetal liver and maintain their production by self-

renewal or peripheral blood precursors replenishment (11, 40). 

 Macrophage polarization  

At the tissue level, macrophages are exposed to and are profoundly affected by exogenous and 

endogenous factors including, tissue-specific immune-modulating cytokines, chemokines and 

microbial products, which allow them to express multifunctional and different properties (7, 41, 

42). There are several subpopulations of macrophages that have been reported in humans and mice 

based on their surface markers, specific factors production and biological activities (5, 43, 44). 

Broadly speaking, macrophages can be activated to adopt two opposite polarized states. The 

classically activated inflammatory macrophages, and the alternatively-activated anti-inflammatory 

macrophages (7, 42).  

In 2000, Mills et al., proposed the term M1 and M2 macrophages phenotypes in murine 

models. They further suggested that M1/M2 phenotypes are not merely considered as activated or 

inactivated macrophages, but rather cells with distinct metabolic activities (45). In their study, the 

main difference between M1 and M2 activation was based on the macrophage L-arginine 
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metabolism pathway. M1 produces high levels of inducible nitric oxide synthase (iNOS), whereas 

M2 produces arginase-1. M1 macrophage metabolizes amino acid L-arginine and oxygen to nitric 

oxide (NO) and L-citrulline via the enzyme iNOS (46). Citrulline helps in efficient NO synthesis 

via citrulline–NO cycle. In contrast, M2 macrophages hydrolyze L-arginine via the arginase-1 

enzyme to produce L-ornithine and urea. The arginase-1 itself limits L-arginine availability for 

NO synthesis, and L-ornithine can be further converted to polyamine and proline syntheses, which 

are essential for collagen synthesis, cellular proliferation and tissue repair (46). These findings and 

others set the primary fundamental role of macrophage plasticity, which allows to conflict of 

pathogens, plays an immunomodulatory role and maintains tissue integrity (42, 47, 48). 

1.3.1 Classically activated macrophages (M1) and their role in disease 

M1 macrophages can be induced by T helper 1 cell-derived cytokines such as IFN-γ which 

is mainly produced by T helper-1 (Th1) lymphocytes, or TNF-a. Intracellular pathogens and 

bacterial cell wall components such as lipopolysaccharide (LPS) can also induce M1 macrophages 

activation (42–44). M1 are characterized by a) enhanced secretion of pro-inflammatory cytokines 

such as TNF-a, IL-12, TNF-a, IL-6, IL-1a, and IL-1b. B) Produce a large number of toxic 

molecules such as iNOS-dependant reactive oxygen intermediates (ROIs) and reactive nitrogen 

intermediates (RNIs) (49). C) Exhibit high phagocytic capacity and antigen presentation (7, 42, 

50). Phenotypically, M1 macrophages express monocyte chemoattractant protein-1 (MCP-1; also 

known as CCL2), Th1 cell attracting chemokines MIG (CXCL9) and the IFN-g-inducible 

chemokine IP-10 (CXCL10), and other chemokines such as CXCL1-3, CXCL5 and CXCL8 (51). 

They also express high levels of major histocompatibility complex class-II (MHC-II), and co-

stimulatory molecules (CD80 and CD86) (50). Thus, M1 have potent anti-microbial, anti-tumoral 

activities, and mediate inflammation and Th1 responses (Figure 1.1A).  
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Figure 1.1: Macrophage polarization and main functions. 

(A) M1 macrophages are induced by IFN-γ, TNF-a or microbial lipopolysaccharide (LPS) and 
characterized by expressing several surface markers including MHC-II, CD80, CD86 and TLRs. 
Their main functions include antitumorigenic and microbicidal activities as well as secretion of 
pro-inflammatory cytokines and toxic mediators. (B) M2 macrophages are induced by several 
cytokines such as IL-4, IL-13, IL-10 and TFG-b. They express different surface markers and well 
defined by their anti-inflammatory and immunomodulating functions. (C) M2 macrophages are 
more heterogeneous and can be divided into M2a, M2b, M2c and M2d based on stimulus.M2 
subsets are involved in tissue repair and remodeling, immunosuppression and production of anti-
inflammatory cytokines (52).  
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M1 macrophages play an important role as a first line of defense against intracellular 

pathogens. During infection, monocytes are recruited, infiltrated, and differentiated into resident-

tissue macrophages. The microenvironment changes due to microbial infection drive M1 

macrophages polarization. M1 macrophages exhibit a high level of phagocytic activity to engulf 

and destroy the microbes. However, excessive or inability to resolve inflammatory responses may 

cause damage of the surrounding microenvironment and might contributes to several human 

diseases such as cancer, chronic infection, or inflammatory autoimmune diseases (5, 51). For 

example, M1 macrophages have been shown to be the predominant macrophage phenotype in 

human colon carcinoma (53). Additionally, M1 macrophages have been shown to be involved in 

human inflammatory bowel disease and rheumatoid arthritis progression (54–56). 

An imbalance in recruitment or differentiation to M1 macrophages have been shown to 

negatively affect successful intracellular pathogens clearance. For example several pathogens 

including bacteria, viruses and parasites inhibit M1 macrophage differentiation to ensure their 

survival (57, 58). In acute pathogen infection, M1 macrophage polarization is induced to express 

high levels of proinflammatory cytokines, thus providing microbicidal properties to clear infection. 

However, some pathogens such as Leishmania donovani and Mycobacterium tuberculosis have 

been shown to disrupt IFN-g signalling pathway. Leishmania donovani impaired IFN-g signaling 

by inhibiting tyrosine phosphorylation of JAK-STAT1 pathway (59), while Mycobacterium 

tuberculosis does not affect the JAK-STAT1 pathway, but rather inhibit the transcription of IFN-

g responsive genes by disrupting the association of STAT1 to the basal transcriptional apparatus 

and RNA polymerase II (60, 61). The opportunistic fungus Candida albicans has also been shown 

to inhibit the inflammatory response in human macrophages by inducing the M1 to M2 switch and 

blocking NO production by induction of host arginase activity (62, 63).  M1 polarization signature 
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has also been associated with other bacterial infections including typhoid fever, tuberculoid 

leprosy, and Helicobacter pylori gastritis (64–66). Gastric biopsies from infected patients with H. 

pylori demonstrated increased M1 macrophage markers such as iNOS and TNF-a compared to 

uninfected healthy human (65). Moreover, the transcriptome analysis of circulating cells from 

patients with acute typhoid fever, revealed enrichment of M1 genes (67).  

1.3.2 Alternatively activated macrophages (M2) 

M2 macrophages are widely known as an anti-inflammatory, wound healing, and tissue 

repair macrophages. They are induced by several stimulatory factors, including fungal cells, 

immune complexes, complement, apoptotic cells and cytokines (68). Among the cytokines, IL-4, 

IL-13, IL-10 and transforming growth factor-beta (TGF-b) are potent activators of M2 phenotypes 

(68, 69). They have high phagocytosis activity and produce chemotactic factors that help recruit 

other immune cells to the site of injury. Phenotypically, M2 macrophages are characterized by the 

production of anti-inflammatory cytokines such as IL-10, IL-1 receptor antagonist (IL-1ra), type 

II IL-1 decoy receptor and TGF-b. Additionally, they are characterized by low IL-12 and IL-23 

productions (7, 68). They also express several surface receptors including c-type mannose receptor 

1 (Mrc1, also known as CD206), hemoglobin-haptoglobin scavenger receptor (CD163), chitinase 

3–like protein 3 (Chi3l3, also known as Ym1), resistin-like-a (also known as Found in 

inflammatory Zone 1; FIZZ1), CXCR1, CXCR2 and arginase-1 (Arg-1). These markers are 

involved in immune regulation and tissue remodelling and repair (7, 68, 70). They also express 

MHC-II and co-receptors molecules in low amounts (71). Additionally, they secrete various 

chemokines involved in the regulation the response of Th2, T regulatory cells (Tregs), eosinophils 

and basophils (Figure 1.1B) (68, 72, 73). Therefore, M2 macrophages differ from M1 in their 

inadequate capacity to present antigens, produce oxygen and nitrogen radicals, their ability to kill 
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intracellular pathogens, as well as mediate tissue remodelling and repair.  

 Molecular determinants of M1/M2 macrophage polarization 

Macrophage polarization is tightly regulated at the signal transduction, transcriptional and 

post-transcriptional levels (7). Several transcription factors play a major role in M1, and M2 

polarization including signal transducers and activators of transcription (STAT), Interferon 

regulatory factor (IRF), NF-kB and peroxisome proliferator-activated receptor g (PPARg) and 

PPARd. These factors are involved in different signalling pathways and interact with each other 

in a very complex way to drive macrophage cells to adopt a particular phenotype. For instance, 

IFN-g activates STAT1 through JAK/STAT pathway, leading to the dimerization and translocation 

of STAT1 into the nucleus. Subsequently, it mediates the transcription of M1-associated genes and 

induce the pro-inflammatory cytokines (7).  In contrast, IL-4 and IL-13 promote STAT6 activation 

through IL-4 receptor alpha (IL-4Ra) (7). Additionally, IL-10 activates STAT3 through IL-10R1 

and IL-10R2 (74, 75). Activation of STAT3 and STAT6 drives the M2 activation by induction of 

the transcription of genes involved in ani-inflammatory and tissue repair responses (7, 74, 76). 

The suppressor of cytokine signalling (SOCS) family also regulates STAT-mediated 

activation of macrophages. IL-4 upregulates SOCS1, which in turn inhibits the action of STAT1. 

On the other hand, IFN-γ with TLR stimulation upregulates SOCS3 and inhibits STAT3 (77, 78).  

Moreover, SOCS3 activates NF-kB and phosphatidylinositol-3-kinase (PI3K) pathways and drives 

the production of pro-inflammatory IL-6 and nitric oxide, while restricting the expression of IL-

10 (79). The nuclear receptor PPARγ and PPARd are activated by STAT6 and mediates M2 

macrophage polarization (80, 81). Bouhlel et al., demonstrated that PPARg activation primes 

human monocytes to M2 differentiation in vivo and in vitro (82).  Therefore, the balance between 

the activation of STAT1 and STAT3/6 plays an essential role in regulating M1/M2 macrophage 
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polarization.  

In the M1 phenotype, interferon regulatory factor 5 (IRF5) is upregulated and induces the 

production of pro-inflammatory cytokines such as IL-12, IL-23 and TNF-a, promotes Th1, Th17 

responses and inhibits the production of IL-10, hence promoting M1 polarization (83). In contrast, 

IL-4 activates the transcription factor c-myc, which in turn enables IRF-4 to promote M2 activation 

and further inhibit IRF-5 induced M1 polarization (84, 85) (Figure 1.1A and B).  

 M2 macrophages subsets and their role in disease 

M2 macrophages are characterized by their high phenotypic heterogeneity (68). Several 

reports have suggested the presence of macrophages exhibiting a wide range of phenotypic 

properties that intermediate between the two extremes, i.e. M1 and M2 macrophages (72, 86). 

M1/M2 classification is generally used to describe the two extremes forms of macrophages 

activation and thus is considered as an oversimplified classification. In M2 macrophages, despite 

sharing similar general functional properties such as low IL-12, immunoregulation, and tissue 

repair, different forms/subsets of M2 macrophages have been proposed (72). Based on the different 

stimuli and their induced transcriptional changes, Mantovani et al., in 2004, described various M2 

macrophages sub-classes. He suggested that M2 macrophages can be divided into several subsets, 

including M2a, M2b, M2c subtypes (72). Additionally, he demonstrated that tumor-associated 

macrophages (TAMs) that infiltrate into tumor tissue as an M2 polarized macrophage population 

(87). Later, TAMs were reported as a novel M2 subset and named M2d (88). All M2 subsets share 

similar anti-inflammatory cytokine profiles characterized by high production of IL-10 and low 

production of IL-12 (72, 89) (Figure 1.1C). 

1.5.1 M2a macrophages subset 

M2a macrophages are induced by IL-4 or IL-13 stimulation. Th2 cells, basophils, 
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eosinophils and mast cells are the primary producers of these cytokines (89–91). IL-4 and IL-13 

share overlapping secondary structures, thus they bind to the same receptor complex that consists 

of IL-4Ra/IL-13a heterodimers (92). They downregulate pro-inflammatory mediators such as 

TNF-a, IL-6 and IL-12.  They also downregulate the biological activity of IL-1b by enhancing the 

production of IL-1 receptor antagonist (IL-1Ra) and the decoy IL-1b type II receptor (IL-1RII) or 

by downregulation of caspases-1 which is responsible for pro-IL-1b cleavage and activation (89). 

M2a macrophages express several surface receptors including CD206, CD163, Ym1, FIZZ1, 

CXCR1, CXCR2 and Arginase-1 (Arg-1).  Arg-1 is involved in polyamine and proline synthesis 

through the arginine metabolic pathway. These by-products are essential for cell proliferation, 

collagen formation and tissue repair (93). However, human M2a polarized macrophages do not 

either express Arg-1or Ym1 (94). Due to the limited amount of pro-inflammatory cytokines and 

mediators in M2a macrophages, they show less microbicidal ability to clear intracellular pathogens 

(89, 95). Additionally, M2a macrophages secret high levels of chemokines including CCL17 

(TARC), CCL18 (AMAC-1), MDC (CCL22), and eotaxin-2 (CCL24) involved in the regulation 

of Th2, T regulatory cells (Tregs), eosinophils and basophils responses (Figure 1.1C) (68, 72, 89). 

Similar to M1 polarized macrophage, M2a macrophage polarization is a tightly regulated 

process. Excessive, or unnecessary M2a polarization may promote intercellular pathogens survival 

and disease progression (5, 57, 65, 96). For example, nasal tissue analysis from chronic 

rhinosinusitis patients demonstrated increased M2a macrophage polarization and that was 

correlated with decreased S. aureus clearance and chronic disease development (97). Whipple’s 

disease is a chronic infection caused by Tropheryma whipplei. Macrophages isolated from 

Whipple’s disease patient’s samples demonstrated increased M2a macrophage phenotypes 

population and were associated with a lack of local inflammation and T. whipplei clearance (98). 
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In murine pulmonary infection model, Cryptococcus neoformans was shown to induce IL-13 

production associated with increased M2a macrophage population, pulmonary fungal load and 

reduced mice survival time compared to mice deficient in IL-13 expression (99). IL-4 needed for 

M2a polarization has also been shown to induce the susceptibility of murine cryptococcosis (100). 

Additionally, a M1 to M2a phenotype switch has been implicated in the development of 

susceptible Leishmania major infection. Macrophage-specific IL-4Ra deficient mice were able to 

control leishmaniasis and significantly delayed disease progression (101).  

1.5.2 M2b macrophages subset 

M2b, induced by exposure to combinations of immune complexes recognized by receptors 

of the Fc portion of immunoglobulin G (FCGR) with lipopolysaccharide (LPS) or IL-1b through 

Toll-like receptor-4 (TLR4) or IL-1 receptor (89, 102). M2b are involved in antigen presentation 

and immunoregulation of Th2 and B cell responses. They are characterized by low IL-12 and high 

IL-10 production (5, 103). They differ from M2a by their ability to produce significant amounts 

of TNF-a, IL-6 and IL-1b. They also secret CCL1(I-309) that binds to CCR8 receptors expressed 

on Th2 and Tregs and thus promote their recruitments (Figure 1.1C) (103).  

M2b macrophages, similar to M2a macrophages, display high phagocytic capacity, but they 

exhibit low microbicidal activities. They increase the susceptibility and persistence of infection by 

dampening the immune response and facilitate immune evasion. Some bacteria, parasites and 

viruses can directly induce polarization into M2b macrophages to promote their persistence (103). 

For example, upon Leishmania infantum parasitic infection, macrophage displayed M2b 

phenotype characterized by high production of pro-inflammatory cytokine profile such as TNF-a, 

IL-1b, IL-6 and combined with the production of anti-inflammatory cytokines such as IL-10, IL-

1RA and TGF-b (104). Another study demonstrated an increase in M2b polarization and 
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permissive replication in Leishmania major infected mice (105). M2d macrophages were also 

shown to increase the susceptibility of opportunistic bacterial infections such as Enterococcus 

faecalis and Klebsiella pneumonia in mice with chronic alcohol consumption (CAC) model. In 

these mice, macrophages produced IL-10 and express mRNAs for CD163, and chemokine ligand 

(CCL)1. Treatment with CCL1 antisense oligodeoxynucleotides (ODN), an M2b macrophages 

inhibitor, reverted these macrophages into M1 phenotype and significantly diminished the 

bacterial infection (106). 

1.5.3 M2c macrophages subset 

M2c macrophages are induced after exposure to IL-10, TGF-b or glucocorticoids. Similar to 

M2b, M2c macrophages are characterized by high IL-10 and TGF-b productions. Additionally, 

M2c are characterized by high expression of scavenging molecules such as CD163 and other 

receptors and chemokines such as CD14, CD206 (MMR), CCL16, CCL18 and CXCL13 (71, 72). 

Functionally, they are essential for limiting immune responses by downregulating MHC-II and 

costimulatory molecules or chemokines involved in immune cell recruitments such as CXCL11, 

CCL5 and CCL24 (Figure 1.1C). They also downregulate various pro-inflammatory cytokines 

such as TNF-a, IL-1, IL-6, IL-8, IL-12 and inflammatory mediators such as iNOS and 

cyclooxygenase-2 (5, 107). Additionally, they play a crucial role in tissue remodelling, matrix 

deposition and phagocytosis of apoptotic cells (5, 6, 89). Zizzo et al., reported that M2c 

macrophages demonstrate enhanced ability to clear apoptotic cells compared to other macrophage 

subsets such as M1 or M2a and further suggested that M2c polarization could have a therapeutic 

utility for human diseases with defective apoptotic cells clearance such as lupus nephritis (108). 

Moreover, some viruses and bacteria drive M2c polarization to repress immune responses and 

ensure the persistence of infection. For example, human cytomegalovirus (CMV) encodes viral 
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IL-10, a homolog of human IL-10 that drove M2c macrophage polarization and decreased Th cells 

activation (109). Similarly, Haemophilus ducreyi induces the production of IL-10 in infected 

macrophages through activation of mitogen-activated protein kinase (MAPK) and PI3K pathway 

to suppress M1 and drove M2c macrophage polarization (110). M2c macrophages have been 

shown to play an essential role in reduce renal inflammation and injury by reducing Th cells 

infiltration in chronic kidney diseases. M2c were more effective than M2a in reducing renal 

fibrosis and promote epithelial and vascular repair in murine nephrosis (111, 112).    

1.5.4 Tissue-associated macrophages (M2d macrophages subset)  

TAMs are the most predominant immunosuppressive cells in the tumor microenvironment 

(87). Due to their role in promoting angiogenesis, tissue repair and suppressing immune responses, 

they are usually defined as the M2 subclass (87, 113). TAMs are characterized as high IL-10 and 

low IL-12 producers, but they do not express Ym1, FIZZ1 or CD206 (114). They are named M2d 

compared to M2a-c classification (Figure 1.1C)  (113). Induction of M2d macrophage population 

has been linked to poor prognosis in various solid tumors including breast, cervical and ovarian 

cancers (113, 115, 116). M2d macrophages participate in tumor growth and progression by 

releasing cytokines which promote tumor growth or by mediating angiogenesis and production of 

angiogenic factors such as vascular endothelial growth factor (VEGF) and platelet-derived growth 

factor (PDGF) (87). VEGF produced by M2d macrophages have been proposed to play a role in 

peritumoral lymphangiogenesis and the formation of lymphatic metastasis (117). In lung tumors, 

M2d macrophages release PDGF, which promotes angiogenesis and tumor stroma formation (87, 

89). M2d also produce tumor-inducing chemokines such as CCL2, which contribute to tumor 

progression in different human organs such as bladder, cervix, lung and breast (118). IL-4 and IL-

13 or IFN-g, can play a crucial role in regulating the tumor growth and progression. The IL-4 and 
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IL-13 ensure constant M2 macrophage nourishment in the tumor microenvironment and suppress 

the immune response (119). While IFN-g reverse the immunosuppressive properties of M2d 

macrophages, induces M1 polarization and recruits T cells to stimulate anti-tumor responses (113).  

 Macrophage polarization manipulation as a therapeutic strategy 

Recently, targeting macrophages has been suggested to be a potential therapeutic strategy 

such as recruitment of M2 macrophages, inducing a class switch from M1 to M2 subsets and 

downregulation of pro-inflammatory pathways within the macrophage subsets to control cancer, 

chronic infections, atherosclerosis, autoimmune and allergic diseases (7, 120, 121). Several 

specific macrophage-related therapies and therapeutic agents such as PPAR g agonists, statins and 

zolendronic acid have been found to affect murine and human macrophage activation and 

polarization (122–124). The effect of these agents on macrophages recruitment, polarization and 

differentiation have been studied in vivo mouse models as well as  in humans (7). Therefore, it is 

of utmost importance to identify agents that specifically induce macrophage polarization or target 

M1 and/or M2 macrophages for killing by induction of different cell death mechanisms within 

these macrophages. These approaches might provide potential therapeutic strategies to control 

diseases associated with pro- and anti-inflammatory phenotype.  

 Overview of apoptosis 

Apoptosis is one of the most extensively studied pathways of cell death (125). It serves a 

critical role for successful organ development, maintenance of tissue homeostasis and prevents the 

growth of malignancy (126, 127). During embryogenesis, the excessive or damaged cells are 

programmed to undergo apoptosis. This process is essential in the interdigit formation, such as the 

fingers and toes, sex differentiation, and immune system development (128). This type of cell 



 17 

death also occurs to maintain a healthy physiological tissue balance between the number of newly 

generated cells and senescent, dysfunctional or infected cells (129–131).  

Apoptosis is a non-inflammatory and silent process, characterized by distinct morphological 

and biochemical changes. Some examples including shrinkage of both nucleus and cytoplasm, 

plasma membrane blebbing (apoptotic bodies), the activation of a series of cysteine-aspartic 

proteases known as caspases, disruption mitochondrial potential, exteriorization of 

phosphatidylserine on the cell surface (eat me signal), DNA fragmentation and chromatin 

condensation (126, 132, 133). The process of apoptosis orchestrating a series of events that are 

well conserved within multi-cellular organisms (132). The two most important groups of proteins 

that control the process of apoptosis are caspases and the B-cell lymphoma 2 (Bcl-2) family of 

proteins (134, 135). Both protein families are involved through the activation of several proteins 

that participate in the different steps of the apoptosis process.  

1.7.1 Caspases 

Caspases are a large family of cysteine-dependant endoproteases proteins that recognize and 

cleave their target proteins at specific tetrapeptide motifs (P4-P3-P2-P1)(135). They specifically 

break any peptide bond after the amino acid aspartic acid (position P1). Thus, they are called 

cysteine aspartyl proteases or simply caspases (136). In healthy cells, most caspases are produced 

as inactive precursors (zymogens) known as procaspase with little to no protease activity and 

require specific proteolysis for activation (137). The procaspase consists of a large subunit, a small 

subunit, and an N-terminal prodomain (137). Specific cleavages at two positions in procaspase 

remove the prodomain at the N-terminus and facilitate the homodimerization to another procaspase 

to generate a biologically active protein. The active caspase consists of two large, two small 

subunits (a2b2) and two identical active sites. The active sites contain a large pocket to 
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accommodate the P4-P1 residues of its substrate (135, 137, 138). Caspases activation can also lead 

to a positive feedback effect on other procaspases, which lead to further amplification of caspases 

activation and apoptotic signalling (135, 137).  

Currently, there are 12 human and 11 mice caspases that have been identified, which differ 

in their substrate recognition and cleavage efficiency (137). Their roles in apoptosis and 

inflammation generally classify most caspases into three main groups a) the upstream initiator 

caspases (caspase-8 and -9); b) the downstream executioner caspases (caspase-3, -6, and -7) and 

c) inflammatory caspases (caspases-1, -4, -5, -11, and -12L (132, 135, 138). Furthermore, other 

caspases have been identified, for example, caspase-2, -10, -12S and -14. They remain unclassified 

and do not belong to groups as mentioned earlier either because they share structural elements with 

initiator and executioner caspases such as caspase-2 or because their role has not been fully 

elucidated yet (135, 138).   

1.7.2 Bcl-2 proteins 

The protein of the Bcl-2 family has long been identified for its role in regulating apoptosis 

(139). The members of the Bcl-2 family are categorized due to their Bcl-2 homology (BH) domains 

and their effects in regulating apoptosis (126, 139). There are three main subfamilies of Bcl-2 

proteins. The anti-apoptotic subfamily that contain four Bcl-2 homology domains (BH1, BH2, 

BH3 and BH4) such as B-cell lymphoma-2 (Bcl-2), B-cell lymphoma extra-large (Bcl-xL), 

induced myeloid leukemia cell differentiation protein (Mcl-1). The second subfamily is the pro-

apoptotic BH-3 only members such as BH3 interacting-domain death agonist (Bid), Bcl-2-like 

protein 11 (Bim),  Bcl-2-associated death promoter (Bad), p53 upregulated modulator of apoptosis 

(Puma), and Phorbol-12-myristate-13-acetate-induced protein 1 (Noxa). The third subfamily is the 

pro-apoptotic effector molecules that lack the BH4 domain such as Bcl-2-associated protein X 
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(Bax), and Bcl-2 homologous antagonist killer (Bak) (126, 138, 140). Different therapeutic 

strategies to selectively induce apoptosis in cancers have been proposed, such as inhibiting the 

anti-apoptotic Bcl-2 proteins or directly activate the pro-apoptotic proteins such as Bax (141, 142). 

Thus, highlight the importance of these Bcl-2 proteins members in regulating apoptosis.  

1.7.3 The mitochondrial intrinsic pathway 

Apoptosis involves two main distinct signalling pathways that ultimately lead to the 

activation of the executioner caspases, and promote cell death (128, 143). The intrinsic pathway, 

also known as a mitochondrial pathway of apoptosis, depends on factors released from the 

mitochondria to initiate the intrinsic pathway (Figure 1.2A). Different factors are responsible for 

the activation of the intrinsic pathway including intracellular stress signals by cytokines, 

hormones, hypoxia, toxins, DNA damage or various cytotoxic agents (138, 144). In response to 

such stimuli, the pro-apoptotic (BH3-only) of Bcl-2 family protein inhibits the effect of the anti-

apoptotic Bcl-2 family proteins. This inhibitory effect on the anti-apoptotic Bcl-2 proteins leads to 

activation and aggregation of the pro-apoptotic effector proteins, Bax and Bak on the outer 

membrane of the mitochondria. Also, some BH3-only proteins, such as PUMA and Bim, can 

directly interact and activate Bax and Bak  (144, 145). Once the effector pro-apoptotic proteins are 

activated, they aggregate and form a channel, caucusing mitochondrion outer membrane 

permeabilization (MOMP) which facilitates the release of mitochondrial apoptotic factors such as 

cytochrome-C and second mitochondrial-derived activator of caspases (SMAC) into the cytosol 

(138, 141). The release of cytochrome-C rapidly binds to the adaptor protein apoptotic protease 

activating factor-1 (Apaf-1) (146). Apaf-1 is usually folded in such a manner where its caspase 

recruitment domain (CARD domain) is blocked and unable to bind to its counterpart CARD 

domain that presents in procaspase-9. Binding of cytochrome-C to apaf-1 monomers results in 
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ATP-dependent conformational changes, which lead to unfold and exposure of the CARD domain 

and the oligomerization of apaf-1. Thus allowing the assembly of several apaf-1 and pro-caspases-

9 proteins in a heptameric complex known as apoptosome, and this stimulates caspase-9 activation 

(147, 148). The activated caspase-9 triggers the activation of the executioner caspases (caspase-3, 

-6 and -7) (128) which in turn, cleave hundreds of proteins leading to the distinct apoptosis 

morphological changes and cell death (Figure 1.2A). 

1.7.4 Death receptor-the extrinsic pathway of apoptosis 

The extrinsic pathway is triggered by death receptors (DR)-ligand interactions on the surface 

of death-targeted cells. DRs are members of the tumor necrosis factor (TNF) receptor family, 

where each DR has its cognate death ligands (143, 149). The best-characterized death receptors in 

terms of apoptosis are the first apoptotic signal (Fas, also known as APO-1 or CD95) that can be 

activated by Fas ligand (FasL also known as CD95-L) (126), TNF-related apoptosis-inducing 

ligand receptor-1 (TRAIL-R1; DR4), TRAIL-R2 (DR5) that can be activated by TRAIL (also 

known as Apo2-L) (132, 150) and TNF receptor-1 (TNF-R1; also known as p55 or p60) that can 

be activated by TNF-a (126, 151) (Figure 1.2B).  

Binding of Fas or TRAIL-Rs to their cognate death ligands induce a conformational change in the 

cytosolic tail of DRs to recruit a complex composed of Fas-associated death domain (FADD), 

procaspase-8 and cellular FLICE-inhibitory protein (cFLIP) (126, 151, 152). This complex is 

known as death-inducing signal complex (DISC), where FADD facilitates the interaction of the 

procaspase-8 monomers, while cFLIP regulates the activation of caspases-8. If the formation of 

DISC and the activation of caspase-8 were sufficient, it could directly lead to the activation of 

executioner caspases (caspase-3, -6 and -7). In some scenarios, the weak formation of DISC, low 

amount of active caspase-8 or the presence of IAPs could inhibit the direct activation of 
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executioner caspases (153, 154). However, the low amount of active caspase-8 can still cleave Bid, 

a BH3-only protein member of the Bcl-2 family. The truncated Bid translocates to the outer 

mitochondrial membrane where it mediates MOMP, which causes the release of cytochrome-C 

and induction in cell death (156, 157).  

 Similar to Fas and TRAIL-Rs, the activation of TNFR-1 by its specific ligand TNF-a, leads 

to downstream signalling activation and recruitment of different adaptor proteins including TNF-

R1-associated death domain (TRADD), the TNFR-associated factor 2 (TRAF2), receptor-

interacting serine/threonine-protein kinase-1 (RIPK-1), cellular inhibitor of apoptosis proteins 1 

and 2 (cIAP-1 and cIAP-2; will be discussed below in more details) and the linear ubiquitin chain 

assembly complex (LUBAC complex) (Figure 1.2B) (158, 159). This complex of different 

recruited proteins known as complex-I and does not affect apoptosis. The cIAPs trigger 

ubiquitination of RIPK-1 and TGF-b activated kinase 1 (TAK1) containing complexes thus, 

provide survival signaling by activating the mitogen-activated protein kinases (MAPKs) and NF-

kB singling pathway (159–161). However, when cIAPs are absent or inhibited by pharmacological 

inhibitors such as Smac mimetic compounds (SMs) or cylindromatosis (CYLD) cause 

deubiquitination of RIPK-1, and prevent NF-kB activation and dissociation of RIPK-1 from the 

plasma membrane complex (162). Subsequently, the deubiquitinated RIPK-1 binds to FADD and 

caspase-8 and forms complex-IIa. If NF-kB signalling is inactivated, it does not induce the 

production of proteins such as cFLIP. Thereby, complex-IIa is formed in the cytoplasm and 

activates caspase-8 and initiates apoptosis (Figure 1.2B) (163, 164).  
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Figure 1.2: The intrinsic and extrinsic pathways of apoptosis. 

Apoptosis pathway is executed via intrinsic or extrinsic pathways. (A) The intrinsic pathway (or 
mitochondrial) is induced by intracellular stress signals leading to the activation of different Bcl-
2 proteins and the release the cytochrome-C from the mitochondria. The released cytochrome-C 
mediates apoptosome formation and activation of the initiator caspase-9. (B) The extrinsic 
pathway is activated after death receptor-ligand interaction which facilitates the aggregation of 
several adaptor proteins and activation of the initiator caspases-8. Subsequently, caspases-9 or -8 
activates the executioner caspases-3 and -7 and induced apoptosis cell death (155). 
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 Inhibitor of apoptosis proteins (IAPs) 

Inhibitor of apoptosis (IAPs) proteins play a direct suppressing role of pro-apoptotic 

signaling and activation of executioner caspases (165). IAP proteins are a family of structurally 

related anti-apoptotic proteins. The human genome encodes for eight different IAP protein 

members: mammalian neuronal apoptosis inhibitory protein (NAIP), cellular inhibitor of apoptotic 

protein 1 (cIAP-1), cellular inhibitor of apoptotic protein 1 (cIAP-2), X-linked chromosomal 

inhibitor of apoptosis (XIAP), Survivin (also known as TIAP), Apollon (also known as BRUCE), 

melanoma-IAP (ML-IAP; also known as livin) and IAP-like protein 2 (ILP2) (125, 166). XIAP, 

cIAP-1 and cIAP-2 are the most critical and well-studied members of IAPs (Figure 1.3) (125, 167, 

168).  

1.8.1 Structure and function of IAP proteins 

IAP proteins are defined by the presence of one to three specific domains called Baculovirus-

IAP-Repeat (BIR) domains that mediate protein-protein interactions (169). These BIRs domains 

consist of 70-80 amino acids and categorized based on their number and functions into type-I (only 

BIR1) or type-II BIRs (BIR2 and BIR3). NAIP, cIAP-1, cIAP-2 and XlAP contain three BIR 

domains (BIR1, BIR 2, and BIR 3), while Survivin, Apollon, ML-IAP, ILP2 have only one BIR 

domain (Figure 1.3) (170). Type-I and type-II BIR proteins differ in their ability to bind to a 

conserved tetrapeptide motif called IAP binding motifs (IBMs) that are present in some caspases 

and the extreme N-terminus end of IAP antagonists such as SMAC (170, 171). Type-I BIR (BIR1 

domain) does not exhibit IBM binding capability (170) while the type-II BIRs (BIR2 and BIR3) 

can form a hydrophobic groove with distinct binding properties to IBMs. The BIR2 domain is 

essential for the anti-apoptotic properties of IAPs and show a potent inhibitory activity for 

caspases-3 and caspase-7 (172, 173). The BIR3 domain of XIAP primarily targets caspases-9 by 
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preventing dimerization of procaspase-9 and its catalytic activity (172, 173). In contrast, BIR1 

interacts with proteins involved in cell signaling pathways such as TRAFs and TAK1-binding 

proteins 1 (TAB1). For example, cIAP-1 and cIAP-2 use their BIR1 domain to bind to TRAF2 

(174). Additionally, XIAP activates NF-kB by interacting of its BIR1 domain with TGFβ-activated 

kinase 1 binding protein 1 (TAB1) (175). 

Five of the 8 IAPs also possess another important domain at the C-terminal known as RING 

(really interesting new gene) zinc-finger motif. RING motif displays a ubiquitin E3 ligase activity 

able to ubiquitinate associated proteins such as caspases (166, 176).  Apollon lacks a RING domain 

but, it contains a ubiquitin-conjugating domain (UBC) at the C-terminal region which mediates 

ubiquitylation, thus facilitates proteasomal degradation of bound proteins (177). XIAP, cIAP-1, 

cIAP-2 also contain a ubiquitin-associated-binding domain (UBA), which is important for their 

signaling function (178). However, only cIAP-1 and cIAP-2 carry the caspase recruitment domain 

(CARD) that can mediate homotypic protein interactions such as FADD, TRADD and caspase-8 

(179, 180). Survivin is the smallest IAP proteins and contains only one BIR. Additionally, it 

contains coiled-coil domain (CC), that plays an important role in chromosomal segregation, 

cytokinesis and cell division (181). NAIP, have a nucleotide-binding oligomerization domain 

(NOD) and a leucine-rich repeat (LRR) domain involved in regulation of innate immune signalling 

and microbial pathogen recognition (Figure 1.3), (166, 182). 
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Figure 1.3: IAPs members and structures. 

IAP proteins are a family of structurally related anti-apoptotic proteins. The human genome 
encodes for eight different IAP protein members, among them XIAP, cIAP1 and cIAP2 are the 
most critical and well-studied IAPs in cell death. IAP proteins are defined by the presence of one 
to three BIR domains and other various domains including CARD, RING, UBA, CC, NOD and 
UBC. Type-I BIR consists of BIR1 only domain that responsible for binding to TRAFs and other 
mediator proteins. Type-II BIR consists of BIR2 and BIR3 domains that binds to caspases and IAP 
antagonist (169).  
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1.8.2 Regulation of Apoptosis by IAPs  

IAPs including XIAP, cIAP-1 and cIAP-2 directly or indirectly prevent apoptosis by binding 

and inhibiting several initiators and excursioner caspases such as caspases-9, -3 and -7. However, 

several studies suggested that IAPs differ in regulating apoptosis. XIAP is the most well-studied 

IAP with a potent direct caspase-9 inhibition (183). The BIR3-binding groove of XIAP binds to 

IBM located at the N-terminus of active caspase-9, thereby prevents caspase-9 dimerization and 

sequesters caspase-9 in an inactive monomeric state. Therefore, XIAP prevents the catalytic 

activity of caspase-9 and the activation of downstream executioner caspases (171, 183). On the 

other hand, BIR2 of XIAP binds to IBM of the large subunits of active caspase-3 and-7. It prevents 

the substrate-binding pocket from binding to target substrates, thus limiting their enzymatic 

activities (172, 173). However, inhibition of caspase-3 and -7 does not seem to be essential for the 

anti-apoptotic function of XIAP in vivo. Silke et al., introduced several mutations into full-length 

XIAP, which lead up to a 500-fold reduction in XIAP’s ability to inhibit caspase-3 activity but 

retained full ability to block ultra-violet-induced apoptosis (173).  

Human cIAP-1 and cIAP-2 share high degree of similarity with the potent caspase inhibitor 

XIAP and are considered the closest paralogs IAP members of XIAP. Therefore, cIAPs have often 

been suggested to inhibit apoptosis similarly as XIAP, i.e. by directly inhibiting caspases activation 

(184). Indeed, cIAP-1 and cIAP-2 can bind/interact with caspase-3, -7, and -9, through their type 

II BIRs.  However, the inability of cIAPs to inhibit the enzymatic activities of these caspases is 

not clear. It has been suggested that differences in the IBM-interacting sites on cIAP-1/2 and XIAP, 

play a critical role in binding and inhibiting caspase-7 and -9 (185, 186). Residues substitutions in 

cIAPs with residues on the XIAP BIR domain, promotes caspases inhibition by cIAPs (185). 

Although cIAPs are unable to inhibit the caspases activities, their RING domains located at the C-
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terminal can regulate the stability of the processed caspases. The RING domains mediate E3 

ubiquitin ligase activation of caspases-3 and -7. These ubiquitinated caspases then undergo 

proteasomal degradation and prevent induction of apoptosis (187, 188). Independently of death 

receptors stimulation or mitochondrial pathways, another complex called ripoptosome can be 

assembled, in the presence of genotoxic stress-induced IAPs depletion such as DNA-damage or 

IAP antagonist SMAC. The cytoplasmic RIPK-1 binds to FADD and pro-caspase-8, thus 

stimulates caspase-8 mediated apoptosis or even caspase-8 independent cell death also known as 

necroptosis (Figure 1.4) (189, 190).  
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Figure 1.4: Schematic representative of the effect of IAPs. 

cIAP1/2 ubiquitinate RIPK-1 which mediates the recruitment of downstream adaptor proteins and 
the formation of complex-I to activate the canonical NF-κB pathway. IAP antagonist, SMAC 
bind/interact with cIAP-1 and cIAP-2 and trigger their proteasomal degradation, the loss of cIAPs 
leads to the formation of complex-II involved in both apoptosis and necroptosis cell death. Smac 
mimetics (SMs) directly antagonize XIAP which leads to the release of XIAP from its inhibitory 
function against caspase-3, -7 and -9. SMs can also induce ripoptosome formation which 
subsequently, leads to apoptosis. Additionally, SMs increases NIK protein accumulation and 
mediates the activation of non-canonical NF-kB (191). 
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1.8.3 Role of IAPs in NF-kB signalling pathway  

In addition to their roles in direct caspase regulation, cIAPs play an essential regulatory role 

in the activation of important signalling pathways such as the pro-survival NF-kB singling 

pathway and the MAPK pathway (192). One of the best-characterized roles of cIAPs is initiated 

just downstream of TNFR-1 stimulated with TNF-a (193). TNF-a stimulation does not necessarily 

mean cell death in fact, most cells do not die following TNF-a stimulation. However, they die 

when TNF-a is unable to induce NF-kB activation due to disruption in the recruitment or 

activation of the adaptor proteins (194). NF-kB is a transcriptional protein complex that responds 

to several stimuli, including TLRs or cytokine stimulation. NF-kB activation leads to their 

translocation to the nucleus and promotes gene transcriptions of several proteins involved in 

inflammation, proliferation and cell survival (193–195).  

cIAP-1 and cIAP-2 play an essential role in NF-kB activation. cIAPs are recruited into 

complex-I, that is assembled after TNF-a ligation with TNFR-1. Within complex-I, TRAF2 is the 

primary adaptor protein that facilitates the recruitment of cIAP-1 and cIAP-2 to the complex 

through their BIR1 and UBA domains to bind to TRAF2 protein (125). Subsequently, cIAPs 

through their RING domains, conjugate K11-, K48-, K63-linked ubiquitin chains to themselves 

and other components of complex-I, most importantly RIPK-1 (Figure 1.5) (196). Ubiquitylated 

RIPK-1 works as a scaffold for the recruitment of kinase complexes such as; the linear ubiquitin 

chain assembly complex (LUBAC), the TAK1-TAB kinase complex, and the trimeric inhibitor of 

kB kinase (IKK) complex, which consists of IKKa and IKKb subunits and the regulatory subunit 

IKKg (also known as  NF-kB essential modulator; NEMO)(197, 198). LUBAC, in turn, linearly 

ubiquitylates and activates these proteins and further stabilizes the complex-I (199). Thus, the 

poly-ubiquitylated RIPK-1 by cIAPs facilitates the activation of IKK containing complex (IKKa, 
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IKKb and IKKg) directly or through the activation of TAK-1 (200). Subsequently, the activated 

IKKb phosphorylates IkBa, which in non-stimulated cells inhibits the activation of NF-kB by 

sequestering its main components; p50 and p62/RelA (198). The phosphorylation of IkBa 

promotes its proteasomal degradation and allows the translocation of NF-kB transcription factors 

(p50 and p65/RelA heterodimer) to the nucleus and regulate the transcription of targeted genes. 

Also, TAK-1 activation leads to MAPK pathway activation (192). TAK-1 targets the apoptosis 

signal-regulating kinase 1 (ASK-1) for k48-lined ubiquitination and proteasomal degradation. 

Subsequently, it triggers the activation of JUN N-terminal kinase (JNK) and p38 MAPK (200, 

201). 

cIAPs are also involved in regulating the non-canonical NF-kB activation. cIAP-1 and cIAP-

2 conjugate K48 ubiquitylation chain to the NF-kB-inducing kinase (NIK); thus, ensure continuous 

proteasomal degradation of NIK protein (125, 202). In the absence of cIAPs, NIK protein 

accumulates, then phosphorylates and activates IKKa (203). The activated IKKa phosphorylates 

NF-kB precursor protein p100 (NF-kB2) and leads to partial proteasomal processing of p100 

subunit to generates p52 NF-kB (204). Subsequently, p52 binds to RelB, the P52/RelB 

heterodimer translocates to the nucleus to activate the non- canonical NF-kB and induce the 

expression of the targeted genes (Figure 1.5) (205).  
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Figure 1.5: Canonical and non-canonical NF-kB pathway. 

cIAP-1 and cIAP-2 regulate the canonical (classical) and non-canonical (alternative) NF-kB 
pathway. cIAPs ubiquitylate RIPK-1 which works as a scaffold for the recruitment and activation 
of the inhibitor of kB kinase IKK containing complex (IKKa, IKKb and NEMO). Subsequently, 
the activated IKKb phosphorylates IkBa, promotes its proteasomal degradation. The NF-kB 
transcription factors (p50 and p65/RelA heterodimer) are then translocate to the nucleus and 
regulate the transcription of targeted genes. In the non-canonical NF-kB, cIAP-1 and cIAP-2 
continuously degrade the NF-kB-inducing kinase (NIK). In the absence of cIAPs, NIK protein 
accumulation, mediates the phosphorylates and activation of IKKa. The activated IKKa 
phosphorylates NF-kB precursor protein p100 and leads to partial proteasomal processing of p100 
subunit to generates p52 NF-kB. Subsequently, p52 binds to RelB, and translocates to the nucleus 
to activate the non-canonical NF-kB and induce the expression of the targeted genes (206).  
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1.8.4 Endogenous IAP Antagonists 

Smac/Diablo is one of the best characterized endogenous IAP antagonists (207, 208). Smac 

is a proapoptotic protein that resides between the inner and outer membranes of mitochondria 

(207). Once the cell is triggered to undergo apoptosis, the pores formed within the mitochondrial 

membranes facilitate the release of this protein. Upon releasing, Smac undergoes a maturation 

process that leads to the expression of IBM at the N-terminus of the protein. Subsequently, they 

bind to the IBM grooves of different members of the IAPs family and inhibit their activity (209, 

210). Smac can antagonize XIAP by binding to BIR2 and BIR3 domains, which leads to the release 

of XIAP from its inhibitory function against caspase-3, -7 and -9 (125, 211). Smac also 

bind/interact with cIAP-1 and cIAP-2 and trigger their proteasomal degradation, by stimulating 

the E3 ubiquitin ligase activity of cIAPs proteins (212). 

1.8.5 Smac mimetics 

The identification of Smac and its potential capacity to antagonize the inhibitory effect of 

IAPs led to the development of several small peptides known as Smac mimetics (SMs) to 

selectively target different IAPs (Figure 1.4)(213–215). Several studies have reported the use of 

SMs to induce cells death in various tumors cells as well as increased susceptibility of resistant 

cells to chemotherapies (216–218). Various SMs compounds are currently undergoing evaluation 

in phase I/II clinical trials as anticancer therapy, including SM-LCL161, AT-406/Debio-1143, 

CUDC-427/GDC-0917, Birinapant and HGS1029/AEG40826 (219). SMs compounds mimic the 

N-terminal end of the endogenous Smac protein, which contains the AVPI tetrapeptide (220). SMs 

can be grouped into two categories: bivalent and monovalent SMs, depending on the presence of 

one or two AVPI tetrapeptide mimetic residues in the structure (220). Bivalent SMs have been 

shown to be more effective than monovalent form in the induction of cIAP-1/2 degradation in 



 37 

MDA-MB-231 breast cancer cell line and was 1,000 times more potent in binding to XIAP and 

inducing apoptosis compared to monovalent SMs (221). The variation of these chemically distinct 

SMs in their potency to inhibit specific IAP proteins may lead to differences in their effectiveness 

to regulate the cell death. 

 Necroptosis- an alternative form of cell death 

In early 2005, a novel form of cell death that morphologically similar to necrosis yet highly 

controlled was identified and termed necroptosis (222). Necroptosis is characterized by necrotic 

cell death morphology including cellular rounding and swelling, increased cytoplasmic 

granularity, membrane rupturing and releasing the cellular contents (223–225). The apoptosis and 

necroptosis share some degree of similarity. Both pathways share common cell death triggers and 

recruit identical adaptor proteins. However, the intracellular signalling pathways differ and 

sometimes might intersect during the signalling transduction process. For instance, both apoptosis 

and necroptosis can be activated by ligand-receptor interactions, which eventually lead to cell 

death by caspase-8 activation and initiation of the apoptosis process. However, in necroptosis, 

caspase-8 prevent RIPK-1 and RIPK-3 interactions, thus prevent the initiation of necroptosis (226, 

227). Therefore, the initiation of necroptosis is heavily dependent on the inactivation of caspase-

8, in addition to the essential role of both RIPK-1 and RIPK-3. More importantly, necroptosis 

generates more inflammatory responses by releasing intracellular contents (228). However, in 

apoptosis the intact plasma membrane and the rapid clearance of apoptotic buddies prevent the 

stimulation of inflammatory responses (229). 

1.9.1 Necroptosis effector proteins and their structures   

At the molecular level, RIPK-1 and RIPK-3 are central effector molecules regulate the 

necroptosis process (230). RIPK-1 comprises three major domains by which it regulates different 
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cellular pathways: a) an N-terminal serine/threonine kinase domain, which is required to initiate 

necroptosis as well as RIPK-1 dependant apoptosis induced by TNF-a. B) An intermediary domain 

(ID) which helps in MAPK and NF-kB activation through recruitment and activation of TGF-b 

activated kinase 1 (TAK1) and IKb kinase (IKK). At the C-terminal part of this domain, there is a 

RIP-homotypic interaction motif (RHIM) that plays an essential role in the recruitment and binding 

to other RHIM-containing proteins, most importantly to RIPK-3 (231). RHIM also binds to Z-

DNA-binding protein 1 (ZBP1, also known as DNA-dependent activator of IFN-regulatory factors, 

IRFs; DAI) which stimulate IFN production and NF-kB activation (232, 233). Finally, C) a C-

terminal death domain (DD) that is required to recruit other death domain-containing adaptor 

proteins such as TRADD and FADD, thus induces ccaspase-8-dependant apoptosis (234, 235). 

RIPK-3 contains both the N-terminal kinase domain and the intermediate domain that has 

an RHIM motif, but it lacks the C-terminal death domain. Therefore, RIPK-3 cannot directly 

initiate FADD-caspase-8 dependant apoptosis observed after RIPK-1 activation (235, 236). The 

effector protein human mixed-lineage kinase domain-like pseudokinase (MLKL) is located 

downstream of RIPK-1/3 signaling and is considered the main executioner protein in the 

necroptosis process (237). It contains the N-terminal four-helix bundle (4HB) domain, which 

exerts the action of MLKL and C-terminal pseudokinase domain that keeps MLKL in an inactive 

state (237, 238). RIPK-3 phosphorylates MLKL, which undergo conformational changes that leads 

to the exposure of the 4HB. Subsequently, MLKL migrates to the cell membrane and cause 

necroptosis (235, 239). 

1.9.2 Necroptosis initiation and necrosome assembly 

The activation of the death receptor TNFR-1 by TNF-a cytokine is the most well-studied 

pathway in necroptosis activation (Figure 1.6) (240). In dying cells, TNF-a binds TNFR-1 and 
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promote the assembly of complex-IIa and leads to apoptosis by activating caspase-8 (240). 

However, in the absence of caspase-8 activation, overexpression of RIPK-3 or cFLIP, necroptosis 

process is initiated and lead to the assembly of complex IIb (241, 242). In these cases, RIPK-1 

recruits and phosphorylates RIPK-3. The phosphorylated RIPK-3 oligomerizes and forms the 

complex IIb also known as a necrosome. Upon assembly of necrosome, RIPK-3 recruits and 

phosphorylates MLKL (237). Phosphorylated MLKL in turns, oligomerizes and translocate from 

the cytoplasm to the cell membrane. Activated MLKL binds to phosphatidylinositol phosphate 

(PIPs) phospholipids, the mitochondrial specific lipid cardiolipin or ion channels causing necrotic 

membrane disruption, pores formation, osmotic pressure and ion influx (239, 243, 244). The 

disrupted membrane results in the release of intracellular contents, proteolytic enzyme, cell 

swelling, inflammation and subsequent cell death (132, 243, 245).  

1.9.3 Necroptosis cell death in diseases 

Necroptosis has been implicated in several diseases including; Huntington’s disease (246), 

HIV (247), multiple sclerosis (248), neurodegenerative diseases such as Alzheimer’s disease 

(249), inflammatory bowel disease (250) rheumatoid arthritis (251) and Parkinson’s disease (252). 

However, necroptosis is not always a hurtful process; it could be beneficial in some pathological 

settings; for example, some cancer types, viral or bacterial infection, can inhibit or evade apoptosis 

in infected cells.  Thus, necroptosis induced cell death prevents the spread of infected or cancers 

cells, and protects against disease progression or even promotes tissue repair (253–255).  
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Figure 1.6: Initiation of necroptosis pathway. 

The activation of death receptors of the TNF superfamily induces a conformational change 
downstream of the receptor and recruits several adaptor proteins. In the absence of cIAP1/2 and 
caspase-8, the deubiquitinated RIPK-1 phosphorylates RIPK-3. The phosphorylated RIPK-3 
recruits and phosphorylates MLKL which in turns, oligomerizes and translocates from the 
cytoplasm to the cell membrane. Activated MLKL binds to ion channels causing necrotic 
membrane disruption, pores formation (192). 
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 Interferon-g signaling and its role in disease  

Interferons (IFNs) were originally described as antiviral agents that exhibited ability to 

interfere with influenza virus replication (256). IFN-g is the only member that belongs to type-II 

IFNs. NK cells and Th1 cells are the major producers of IFN-g. NK cells cannot sustain a prolonged 

IFN-g production, thus NK cells are important in early host defense against infection, whereas Th1 

cells are the major source of IFN-g in the adaptive immune response to sustain host defense against 

pathogens (257). Other cells including, B cells, dendritic cells and macrophages also have been 

shown to secret IFN-g (257). IFN-g binds to its own specific receptor, IFNGR, that consists of two 

ligand-binding high affinity IRNGR1 chains and two signal-transducing IFNGR2 chains (258). 

Upon binding of IFN-g to IFNGR, a conformational change allows the recruitment and 

phosphorylation of two nonreceptor tyrosine kinases Janus-activated kinases (JAKs): JAK1 and 

JAK2 to the INFGR1 and IFNGR2 chains, respectively. The activation of JAK1/2 induce a 

conformational change that creates binding sites for STAT1 (259). Activated JAK1/2 facilitates 

binding of STAT1 to the IFN-g-IFNGR complex as well as phosphorylate STAT1 to form a 

homodimer (260). The phosphorylated STAT1 dimer is then translocated to the nucleus where it 

binds with high affinity to DNA sequences known as the gamma-activated sequence (GAS) sites 

and induces transcription of interferon stimulated genes (ISGs) such as the interferon regulator 

factor 1 (IRF-1) and IRF-9, which in turn activate number of secondary IFN-g regulated genes as 

shown in (Figure 1.7) (257, 258).  

IFN-g induce hundreds of genes that regulate several biological processes such as 

inflammation, host defense, the cell growth, apoptosis, and immune responses (258, 261). For 

example, IFN-g promotes antiviral and antibacterial defense mechanisms by activating 

macrophages, induction of phagocytosis and production of cytokines and pro-inflammatory 
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mediators such as oxygen and nitrogen radicals to limit the replication and the spread of pathogens 

(258). Several studies reported the involvement of IFN-g in host resistance to pathogens. For 

example, mice lacking IFN-g or IFNGR1 expression demonstrated increase susceptibility to 

Leishmania major, Toxoplasma gondii, Listeria monocytogenes, mycobacteria species and 

vaccinia virus (262–265). In humans, genetic mutation in IFN-g pathways such as mutation in 

IFNGR1, IFNGR2 or deficient IFN-g production have also been implicated in increased suitability 

to intracellular bacterial infection (266–268).  

Cell growth, proliferation and apoptosis are also tightly affected by IFN-g. Several studies 

demonstrate that IFN-g provides a survival signal by arresting macrophages cell cycle, while other 

suggested a pro-apoptotic role of IFN-g in macrophages to prevent colonization by intracellular 

pathogens (257). For example, IFN-g downregulates c-myc which is required for cell cycle 

progression from G1 to S phase, while upregulates Mad1 which antagonizes c-myc, thereby 

inhibiting proliferation (257). IFN-g induces cell death by upregulating various proapoptotic 

molecules. For example, IFN-g induces the expression of IRF-1, a tumor-suppressor gene that 

induces the transcription of several IFN-g regulated genes (257). IRF-1 induces the expression of 

caspase-1 which is involved in macrophages and cancer cells apoptosis (269). Recently, it has been 

shown that IFN-g upregulates the mRNA and protein levels of MLKL, an effector molecule in 

necroptosis pathway (270). Inhibition of IRF-1 or STAT1 significantly reduced IFN-g-mediated 

expression of MLKL in various cancer cell lines and experimental autoimmune arthritis mice (251, 

271). Additionally, it has been shown that IFN-g synergies with SMs to induce necroptosis in 

different cancer cell lines by a mechanism that requires IRF-1 activation (272). This synergism 

also induces apoptosis in lung cancer cells in a TNF-a-independent manner (273). INF-g may also 
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Figure 1.7: IFN-g signaling. 

IFN-g binds to IFNGR and induces a conformational change that mediates the recruitment of JAK1 
and JAK2. Activated JAK1/2 recruits and phosphorylates STAT1. The phosphorylated STAT1 is 
then translocated to the nucleus and binds to the gamma-activated sequence (GAS) sites and 
induces transcription of interferon stimulated genes (ISGs) such as IRF-1. IRF-1 activates number 
of secondary IFN-g regulated genes (261).  
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induce PKR expression, an antiviral enzyme that inhibit viral protein synthesis, to induce TNF-a 

and Fas-induced apoptosis (274, 275). When apoptosis pathway is inhibited, PKR can also induce 

cell death by mediating RIPK-1/RIPK-3 mediated necroptosis (276).  

IFN-g is also well known for its immunomodulatory activity and mediates the recruitment 

and stimulation of immune cells. IFN-g is involved in upregulation of MHC which assist in antigen 

presentation, promote activation and differentiation of several innate and adaptive immune cells 

such as NK cells, macrophages, T and B cells (277). IFN-g plays a critical role in M1 macrophage 

polarization and the production of pro-inflammatory cytokines. However, overexpression of IFN-

g has been implicated in the development of several chronic inflammatory and autoimmune 

diseases such as multiple sclerosis, systemic lupus erythematosus (SLE), rheumatoid arthritis, 

inflammatory bowel disease and some cancers (278).  

 mTORC pathway  

The mammalian target of rapamycin (mTOR), is a large conserved serine/threonine protein 

kinase belongs to the phosphoinositide 3-kinase (PI3K)-related kinase family (279). mTOR 

pathway plays a central regulatory role in many cellular processes such as cell survival, 

differentiation, proliferation, immune responses and autophagy (279, 280). mTOR senses the 

surrounding environmental signals such as growth factors, stress, energy, oxygen and amino acids. 

mTOR responds to these stimuli via various receptors, including growth factor receptors, pattern-

recognition receptors and cytokines receptors and drives intercellular metabolic responses 

accordingly (279, 280). mTOR interacts with several proteins to form two structurally and 

functionally distinct complexes, mTOR complex1 (mTORC1) and mTORC2 (280). The mTORC1 

complex composed of six proteins, whereas the mTORC2 complex is composed of seven proteins. 

Some of these proteins are shared between the two complex, however, the presence of the 
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regulatory-associated protein of mTOR (Raptor) in mTORC1 and the rapamycin-insensitive 

companion of mTOR (Rictor) in mTORC2 are the key components in these complexes (281, 282). 

Both mTOR complexes differ in their upstream signals and downstream target proteins. The 

PI3K/Akt pathway is the most well-known upstream pathway involved in mTORC activation. 

Activated receptors trigger activation of PI3K which facilitates the conversion of 

phosphatidylinositol (3,4)-biphosphate (PIP2) lipids to phosphatidylinositol (3,4,5)-trisphosphate 

(PIP3) (Figure 1.8). PIP3 recruits Akt and mTORC2 at the plasma membrane, allowing 

phosphoinositide-dependent kinase 1 (PDK-1) to phosphorylate and partially activate Akt (283). 

Akt activation has also been reported in PI3K-independent manner through activation of the 

protein kinase A (PKA), but the exact mechanism is not completely clear (284). mTORC2 

phosphorylates Akt and promote full Akt activation (285). The activated Akt phosphorylates and 

inactivates the heterodimer tuberous sclerosis complex (TSC1/2), a key upstream negative 

regulator of mTORC1 activation. Inhibition of TSC1/2 complex subsequently activate mTORC1 

via inactivating Ras homolog enriched in brain (Rheb) (279, 286). Activated mTORC1 induces 

downstream signals as well as mediates a feedback inhibition of both mTORC2 and Akt activity 

(287, 288).  
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 Dienstmann et al., 2014. (289) 
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Figure 1.8: PI3K/Akt/TSC/mTOR pathway.  

Ligand-receptor interactions trigger activation of PI3K subunits p85 and p110. PI3k subunits 
mediates the conversion of phosphatidylinositol (3,4)-biphosphate (PIP2) lipids to 
phosphatidylinositol (3,4,5)-trisphosphate (PIP3). PIP3 recruits PDK-1, Akt and mTORC2 at the 
plasma membrane and subsequently activates Akt. The activated Akt phosphorylates and 
inactivates the heterodimer tuberous sclerosis complex (TSC1/2). Inhibition of TSC1/2 complex 
leads to mTORC1 activation. Activated mTORC1 induces downstream signals and phosphorylates 
ribosomal protein S6 kinase (S6K) and eukaryotic translation initiation factor 4E (eIF4E) binding 
proteins (4E-BPs) to mediates protein synthesis. Sensing intracellular nutrients signals can also 
affect mTORC activation such as though the interaction with RAS and LKB1/AMPK pathways. 
Liver Kinase B1 (LKB1), AMP-activated protein kinase (AMPK), growth factor (GF), growth 
factor receptor-bound protein 2 (GRB2), insulin receptor substrate 1 (IRS1), phosphoinositide-
dependent kinase 1 (PDK1) (289).  
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Activated mTORC1, targets different downstream proteins and transcription factors 

involved in cell cycle progression, cell growth, protein and lipid synthesis, mitochondrial 

metabolism/ biogenesis, inflammation responses and autophagy (Figure 1.6) (279, 280, 290). For 

instance, mTORC1 phosphorylates ribosomal protein S6 kinase (S6K) and eukaryotic translation 

initiation factor 4E (eIF4E) binding proteins (4E-BPs) which are involved in protein synthesis 

(291). mTORC1 also regulates the sterol regulatory element-binding protein 1/2 (SREBP1/2), 

involved in lipid and cholesterol synthesis. The mTORC2 complex controls several protein kinases 

such as serum and glucocorticoid-induced protein kinase 1 (SGK1), and protein kinase C-a (PKC-

a) that contributes to cell survival, metabolism, cytoskeleton organization, immune cells 

differentiation and polarization (279, 280, 288, 292, 293).  

1.11.1 PI3K/Akt/TSC/mTOR signaling in macrophage polarization 

The PI3K/Akt/mTOR signalling network plays an important role in macrophages activation 

and polarization status. Responding to different metabolic and inflammatory signals, 

PI3K/Akt/mTORC pathway mediates downstream responses and genes expressions at both 

transcriptional and translational levels (294, 295). The PI3K/Akt/mTORC singling has been shown 

to regulates macrophages polarization and cytokine secretion. Activation or overexpression of 

PI3K, Akt or their adaptor kinases promotes M2-anti-inflammatory phenotype activation whereas, 

inhibition of PI3K/Akt signalling mediates M1-proinflammatory activation (295–297). For 

example, inhibition of Akt downregulates genes associated with M2 phenotype and upregulates 

iNOS, IL-12b as well as increased LPS-induced inflammatory responses (298, 299). Inhibition of 

PI3K mediates NF-kB activation and the production of iNOS expression associated with M1 

phenotype activation (300, 301). Additionally, several anti-inflammatory cytokines such as TGF-



 51 

b, IL-4 and IL10 have been shown to utilize PI3K/Akt signalling pathway to promote M2 

polarization (302–304).  

PI3K is composed of two subunits; p110 subunit and a regulatory subunit p85a and each of 

these subunits has several isoforms (305). Several studies demonstrated that various isoforms of 

PI3K or their regulatory subunits mediate M1 macrophages polarization instead of M2 

polarization, thereby providing a contradictory role of PI3K/Akt pathway in promoting anti-

inflammatory responses. For instance, Fordham et al., demonstrated that overexpression of miR-

24, a negative regulator of M1, in human macrophages reduced the expression of p110d isoform 

of PI3K, which is shown to be responsible in LPS-induced TNF-a, IL-12 and IL-6 secretion (306). 

Additionally, macrophages lacking the regulatory subunit p85a of PI3K demonstrated non-

functional iNOS activity, and impaired nitric oxide (NO) production in response to LPS and IFN-

g stimulation, and further exhibited increased intracellular bacterial infections (307).  

The Akt isoforms have also been shown to regulate macrophages polarization (295, 308).  

Akt2 deficient macrophages expressed high levels of M2 macrophages markers such as Arg-1, 

Ym1 and Fizz1 and produced high levels of IL-10 in response to LPS stimulation (295, 308, 309). 

In contrast, Akt 1 has been shown to restrict inflammation and promotes M2 polarization. Deletion 

of Akt1 has been reported to upregulate iNOS and IL-12 production, and improved bacterial 

clearance by macrophages (298, 308).  

Downstream of PI3K/Akt pathway, TSC and mTOR signaling have also been reported to 

modulates macrophages activation with contrasting results. One study demonstrated that, deletion 

of TSC1 in macrophages, promotes LPS-stimulated proinflammatory cytokines secretions such as 

IL-6 and TNF-a-associated with M1 phenotype and impaired M2 polarization stimulated by IL-4 

or IL-10 demonstrated by downregulation of Arg-1, YM1, FIZZ1 and IL-10 expression (287). In 
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contrast, another study demonstrated that TSC1 deficient macrophages enhanced both M1 and M2 

polarization in response to LPS and IL-4 stimulation respectively, compared to wild type 

macrophages (310). TSC2 has also shown to modulate macrophages into more inflammatory 

status. TSC2 knockdown human macrophages (THP-1) reversed the proinflammatory M1 

cytokine productions upon LPS stimulation to anti-inflammatory status with enhanced IL-10 

(311). 

Similarly, the effector mTORCs molecules in regulating macrophages polarization is also 

controversial. Several studies have shown that mTORCs activation drives M2 macrophages 

phenotype while others demonstrated contradictory results. For example, inhibition of mTORC1 

promotes enhanced M1 polarization associated with induction in proinflammatory cytokines in 

response to LPS stimulation in both human and mouse macrophages during infection and cancer 

(311–313). Additionally,  mTORC1 activation during Leishmania donovani infection induced M2 

polarization, characterized by increased expression of arginase-1, IL-10, TGF-b and CD163 and 

rapamycin treatment reduced leishmania survival (314). Moreover, mTORC2 deficient 

macrophages isolated from mice model demonstrated M1 phenotype associated with a reduction 

in IL-10 production (315). In contrast, mTORC1 has also been shown to drive M1 macrophages 

polarization. Mice bone marrow derived macrophages infected with Ixodes ovatus ehrlichia, an 

intercellular bacterium responsible for developing human monocytic ehrlichiosis (HME), 

demonstrated high expression of MHC II and enhanced M1 polarization via mTORC1 activation 

(316).  
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 RATIONALE 

Macrophages are the most heterogeneous and diverse population of innate myeloid cells of 

the hematopoietic system (4). The microenvironmental signals affect their polarization status into 

pro- and anti-inflammatory macrophages and allow them to exert a wide range of innate and 

adaptive immunological responses (7, 41, 44). The inflammatory and anti-inflammatory 

macrophages have been implicated in many diseases (5, 51, 65). Recent studies suggest that 

modulating macrophage polarization and activation status may represent a potential target to treat 

these diseases (7, 120, 121, 124).  

During myeloid differentiation, macrophages develop resistance to spontaneous and induced 

apoptosis that is crucial to maintain survival of macrophages during the immune response against 

extracellular and intracellular viral and bacterial pathogens (9, 317). The mechanism underlying 

enhanced resistance of macrophages may relate to the differential expression of pro- and anti-apoptotic 

genes/proteins including Bcl-2, Bcl-xL and inhibitors of apoptosis (IAPs) family members (317–321). 

The role of IAP family members has been studied by employing second mitochondria-derived activator 

of caspases (SMAC) mimetics (SM) (213, 214). We have previously described the role of IAPs in the 

resistance of macrophages to HIV-Vpr-induced apoptosis (319, 320). We and others have also shown 

that SMs do not induce cell death on differentiated normal macrophages (319, 322). Whether SMs 

affect survival of normal human proinflammatory M1 macrophages and anti-inflammatory 

macrophages M2a, M2b and M2c subsets remains unknown. Herein, I investigated the impact of 

smac mimetics on the survival of human macrophage subsets and the mechanism involved. My 

studies provide another approach to modulate survival and selective induction of cell death in pro- 

and anti-inflammatory macrophages by SM that could be exploited for potential therapeutic 

benefits in regard to macrophage associated inflammatory or anti-inflammatory diseases.  
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 HYPOTHESIS 

The IAPs are critically linked to the survival of human macrophages. Thus, smac mimetics 

(SMs) exert differential effects on the killing of proinflammatory and anti-inflammatory human 

macrophage subsets that eventually may have potential therapeutic benefits in regard to 

macrophage associated inflammatory or anti-inflammatory disorders.   

 OBJECTIVES 

1 Generation and characterization of macrophage subsets. 

2 Determining the effect of SMs on the survival of M0, M1, M2a, M2b and M2c macrophage 

subsets. 

a. The involvement of apoptosis pathway. 

b. The involvement of necroptosis pathway. 

3 Investigate the macrophage plasticity in terms of SM-induced cell death and the associated 

apoptotic signaling kinases. 

4 Determine the molecular mechanism(s) by which SMs induce cell death in human 

macrophage subsets 

a. The role of TNF-a in regulating SM-induced cell death. 

b. The involvement of IFN-g-activated signaling pathways such as JAK/STAT, IRF-1 and 

PKR in SM-induced cell death in M1 macrophages.  

c. The involvement of signaling pathways including MAPKs and mTORC-PI3K/Akt-S6 

kinase pathways in SM-induced cell death. 

d. The involvement of IAPs associated signaling kinases, transcription factors and apoptosis 

associated genes/gene products in SM-induced cell death   
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2 CHAPTER 2: Materials and Methods 

 Isolation of human primary monocytes and generation of monocyte-derived 

macrophages and the different macrophage subsets 

Blood was collected from healthy donors that did not show any sign of acute or chronic 

infection at the time of  signing the consent form and as per the protocol approved by the Ethics 

Review Committee of The Ottawa Hospital. The isolation of human primary monocytes and the 

generation of Monocyte-derived macrophages (MDMs;M0) was previously described (43, 319, 

320, 323, 324). Briefly, blood was collected in 60 ml heparinized syringes and subjected to density 

gradient centrifugation using Lymphoprep™ solution (Stem Cell technologies, Vancouver, BC, 

CA) and centrifuged at 1600 rpm (515 xg) for 45 min. The buffy coat ring was collected to isolated 

the peripheral blood mononuclear cells (PBMC) and suspended in serum-free media (Iscove’s 

Modified DMEM 1X; Wisent Inc., QC, CA) at a concentration of 2.5x106 cells/ml/well into 12 

well polystyrene plates (Thermo Scientific, Rochester, NY, USA). Cells were cultured for 3 hrs to 

facilitate the adherence of monocytes to the plate surface while non-adherent cells were washed 

off using Iscove’s Modified DMEM 1X media. 

To generate monocyte derived macrophages (MDMs;M0), adherent  monocyte cells were 

cultured for 7 days in complete media which consists of iscove’s modified DMEM 1X 

supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO, USA) 1% 

penicillin and streptomycin (Pen-Strep; R&D Systems, Minneapolis, MN, USA) along with 10 

ng/ml of human recombinant M-CSF (R&D Systems). On the 4th day, the adherent cells were 

washed, and fresh complete media was added. The purity of macrophages was assessed on day 8 

by measuring CD14+ expression by flow cytometry. M0 macrophages thus generated contained 

less than 2% T cells, B cells and NK cells.  
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To generate the different macrophage subsets, M0 macrophages were washed and polarized 

for 48 hrs by adding fresh complete media containing the following cytokines as previously 

described (43). Briefly, M1 macrophages subset was generated by stimulating the M0 

macrophages with IFN-γ (20 ng/mL; Thermo Scientific, Rochester, NY, USA) for 48 hrs, M2a 

macrophages by IL-4 stimulation (20 ng/mL), (R&D Systems) for 48 hrs. LPS (1 μg/mL; Sigma-

Aldrich) and IL-1β (10 ng/mL; R&D Systems) were used to generate M2b macrophages, whereas 

IL-10 (10 ng/mL; R&D Systems) was used to generate M2c macrophage subset for 48 hrs. For 

repolarization experiments, M1 and M2c macrophages were washed twice with serum free media 

and rested for 48 hrs. M1 macrophages were repolarized with IL-10 (10 ng/mL) and M2c 

macrophages were repolarized with IFN-g (20 ng/mL) for another 48 hrs to generate M1 > M2c 

and M2c > M1 repolarized macrophages, respectively   

 Generation of mouse bone marrow-derived macrophages (BMDM) and SNB75 cell line  

BMDM isolation and culture were kindly done by Dr. Edana Cassol’s Lab member and were 

performed based on a previously described protocol (325, 326). Briefly, total bone marrow cells 

were collected from the tibias and femurs of 6-13 week- old C57BL/6 mice, resuspended in a 

solution mixture contains of 90% FBS and 10% DMSO and cryopreserved until use. Cells were 

then suspended in a complete media consists of DMEM 1X media, 10% fetal bovine serum 10% 

FBS and 1% Pen-Strep, in addition to 15% L929 fibroblast cell-conditioned medium that contains 

M-CSF and cultured for ten days in sterile petri dishes at a concentration of 5x106 cells/dish. On 

the third day, 10 mL of complete fresh media were added, and cells were left to adhere to the 

surface of the petri dish. On day 10, cells were detached using cold PBS, counted and centrifuged 

at 1600 rpm (515 xg) for 10 min. BMDMs were then resuspended in complete media and seeded 

to 12 well polystyrene plate at a concentration of 0.5x106 cells/well and incubated overnight. Next 
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BMDM were washed with PBS and left untreated, or stimulated with mouse recombinant IFN-γ 

(20 ng/mL; Stem Cell technologies) or with mouse recombinant IL-10 (10 ng/mL; Stem Cell 

technologies) in for 48 hrs. All animal procedures involved in this work were approved by the 

Carleton University Animal Care Committee and were conducted in accordance with the 

guidelines provided by the Canadian Council for Animal Care.  

The cell line SNB 75 was kindly provided by Dr. Bob Korneluk’s Lab. Cells were cultured 

in DMEM 1X supplemented with 10% FBS and 1% Pen-Strep and cultured in petir-dishs until 

reach 90% confluency. Cells were then detached and resuspended in media and seeded into 12 

wells culture plates and incubated overnight. Next day, cells were used to conduct the experiment.  

 Cell surface marker analysis by flow cytometry  

Cell surface staining was performed based on a previously described protocol (43). Briefly, 

the polarized and re-polarized macrophages were washed twice with PBS and the cells were 

dislodged using 500 µL of Accutase™ (Stem Cell technologies) for 45 min at 37 °C. Cells were 

then collected and centrifuged at 2200 rpm (974 xg) for 5 min, followed by two times wash with 

PBS. The cells were incubated with human FcR blocking buffer (Milteny Biotec Inc. Auburn, CA, 

USA) for 20 mins at 4 °C followed by staining using conjugated antibodies for CD14 (Cat. 

#347497), CD80 (Cat. #557227), CD86 (Cat. #560958), CD163 (Cat. #333618), CD200R (Cat. # 

329305) and HLA-DR (Cat. # 361708), (BD Biosciences, San Jose, CA, USA) for 1 hr at 4 °C in 

the dark. The cells were washed with PBS and centrifuged to remove any excess antibodies. 200 

µL of PBS were added to each tube and the fluorescence was measured using PE (CD14, CD200R, 

and CD80), FITC (CD86 and CD163) and PE/Cy7 (HLA-DR) channels in Flow cytometer-BD 

LSRFortessaä cell analyzer (BD Life Sciences, Mississauga, Ontario, CA). All samples tested 

where compared to M0 samples. The histograms and MFI were analyzed and plotted using FlowJo 
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Software version 10.0.7 (BD Biosciences, San Jose, CA, USA) and GraphPad Prism 5.0 software 

(San Diego, CA, USA). 

 Treatment of MDMs and BMDM subsets with chemical inhibitors 

All chemical inhibitors used in this study were reconstituted and stored based on the 

recommendation from the manufacturers (manufactural protocol). Table 2.1 summarizes all 

chemical inhibitors used for this study. M0 were left unpolarized or polarized into different 

macrophage subsets for 48 hrs. On the day of the experiment, human macrophage subsets M1, 

M2a M2b and M2c in addition to unpolarized M0 were washed with serum free media. Each 

chemical inhibitor was diluted to different concentrations in a complete media master-mix. Next, 

cells were left untreated (complete media) or treated with different concentrations of the specific 

inhibitor and incubated at 37°C with 5% CO2 for 1 hr or otherwise stated. The macrophage subsets 

were then treated with different concentrations of SM-LCL161 and incubated for another 48 hrs. 

Lastly, cells were gently scraped and collected for cell death assessment by intracellular PI staining 

and flow cytometry.  

In case of multiple treatment with different inhibitors, cells were treated with a master-mix 

media containing a mixture of inhibitors, added to each well and incubated at 37°C with 5% CO2. 

One hour later, the SM-LCL161 was added directly to each well, mixed very well and incubated 

again for 48 hrs. Finally, cells were collected by gently scraping each well and cell death was 

assessed by intracellular PI staining and flow cytometry analysis. For BMDM treatment, M1 and 

M2c mice macrophage subsets were washed with 1 mL of PBS two times. Cells were then left 

untreated or treated with 0.2, 0.5 and 1 µM of SM-LCL161 for 48 hrs, followed by cell collection 

and assessment of cell death by intracellular PI staining and flow cytometry
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Table 2.1: Summary of the chemical inhibitors used in this study. 

Cat. # Chemical inhibitor Description Source 

A-1147 SM-LCL161; SMs Smac mimetics 
Active Biochem Ltd 

(Kowloon, Hong 
Kong) 

A1902 zVAD.fmk Caspase inhibitor 

ApexBio (Houston, 
Texas, USA) 

A4213 Necrostatin-1; Nec-1 RIPK-1 inhibitor 

A3012 Ruxolitinib; RUX JAK inhibitor 

A8192 Staurosporine; STS Protein kinase inhibitor 

P6624 PS-1145 NF-kB-IKK inhibitor 
Sigma-Aldrich (St. 

Louis, Missouri, 
USA) 

R0395 Rapamycin mTORC inhibitor 

PZ0143 PF-4708671 S6kinase inhibitor 

513000 PD-98059 MAPK-ERK inhibitor 

Calbiochem (La 
Jolla, California, 

USA) 

420119 SP-600125 MAPK-JNK inhibitor 

559389 SB-203580 MAPK-P38 inhibitor 

527450 PKR inhibitor; C16 PKR inhibitor 

440202 LY294002 PI3K inhibitor 

4247 Torin mTORC inhibitor 
Tocris Bioscience 
(Oakville, Ontario, 

CA) 

5025 Necrosulfonamide; NSA MLKL inhibitor 
R&D Systems 
(Minneapolis, 

Minnesota, USA) 

11593 MK-2206 AKT inhibitor 
Cayman Chemicals 

(Ann Arbor, 
Michigan, USA). 
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 Pre- and Post-M1 polarization treatment with chemical inhibitors  

For the pre- and post-polarization experiments, each chemical inhibitor was added either 

before (Pre-polarization) or after M1 polarization (Post-polarization) step. For the pre-M1 

polarization treatment, the unpolarized M0 were washed with serum-free media and then left 

untreated (complete media only) or treated with different concentrations of the desire chemical 

inhibitor and incubated at 37°C with 5% CO2 for 1 hr. Next, M0 were polarized by adding IFN-

g (20 ng/mL) directly to each well and incubated for 48 hrs. Next, SM-LCL161 (1 µM) was added 

to each well and incubated for another 48 hrs. Lastly, cells were gently scraped and collected for 

assessment of cell death by intracellular PI staining and flow cytometry. The post-M1 Polarization 

treatment was performed after generating M1 macrophage subset. M1 macrophage subset was 

polarized in the presence of IFN-g for 48 hrs then washed with serum free media and left untreated 

or treated with different concentrations of the desire chemical inhibitor for 1 hr.  The M1 

macrophage subsets were then treated with SM-LCL161 for 48 hrs. Next, cells were collected for 

cell death evaluation by intracellular PI staining and flow cytometry analysis.   

 Evaluation of cell death by intracellular Propidium Iodide (PI) staining and flow 

cytometry 

Cell death was determined by intracellular Propidium Iodide (PI) staining as described 

previously (319). Briefly, treated cells were gently scraped using sterile non-toxic polystyrene cell 

scraper 16cm (Nümbrecht, Germany) and transferred along with the supernatant containing dead 

cells into 15 mL tubes. Cells were centrifuged at 2200 rpm (974 xg) for 5 min, supernatants were 

removed, and cell pellets were washed with 500 μL PBS, centrifuged again followed by removal 

of supernatant. Methanol (350 μL) was added to each pellet, vortexed for few seconds and 

incubated for 15 min at 4°C in the dark. Cells were centrifuged again and washed before adding a 
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mixture of 25 μL PI solution (Sigma-Aldrich) and 25 µL RNAse (Roche Diagnostics, Laval, 

Québec, CA) to each pellet followed by incubation for 1 hr at 4°C in the dark. Cells were washed 

one last time to remove any excessive PI staining and 300 µL of PBS was added. PI stained cells 

were analyzed using PI channel in Flow cytometer-BD LSRFortessTM cell analyzer (BD Life 

Sciences, Mississauga, Ontario, CA). All samples tested where compared to untreated samples. 

The histograms were analyzed and plotted using FlowJo Software version 10.0.7 (BD Biosciences, 

San Jose, CA, USA) and GraphPad Prism 5.0 software (San Diego, CA, USA). 

 Evaluation of cell death by YOYO-1 Iodide staining and IncuCyte™ Zoom  

Kinetic live cell imaging was carried out with exogenous YOYO-1 iodide (Cat. #Y3601, 

Thermo Fisher Scientific) and monitored using IncuCyteä Zoom live cell imaging (ESSEN 

Bioscience, Michigan, USA). The instrument allows visualization of the fluorescent signals and 

quantifies the intensity of signal/cell while the cells are still in culture at 37°C.  Cells were washed 

with serum free media and YOYO-1 iodide was added at 1 µL:1 mL ratio. Plates were then 

incubated in IncuCyteä Zoom and images were automatically taken every 2 hrs for 48 hrs. Images 

were collected, processed and analyzed by IncuCyteTM Zoom software and data were presented 

using GraphPad Prism 5.0 software.  

 Determination the involvement of apoptosis pathway in SM-treated human 

macrophage subsets 

2.8.1 Determination of caspase-3/7 activity by caspase-3/7 reagent and IncuCyte™ Zoom: 

IncuCyteTM caspase-3/7 green apoptosis assay reagent (Cat. #4440) were purchased from 

Essen Bioscience (Michigan, USA). The reagent contains activated caspase-3/7 recognition motif 

(DEVD) bonded to a DNA binding dye (NucViewä 488). In the apoptotic cells, this non-
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fluorescent substrate freely crosses the cell membrane, where it is cleaved by the activated caspase 

3/7 at the DEVD recognition motif, and thus release the green DNA binding dye that fluorescently 

labels the nuclear DNA of cells undergo apoptosis. In this study, M0 were washed with serum free 

media and a master-mix of complete media and 5 µM/mL of caspase-3/7 reagent was added to 

each well. The cells were then left untreated or treated with different concentrations of SM-

LCL161 and incubated in IncuCyteTM Zoom device for 48 hrs. Images were automatically taken 

every 2 hrs, collected, processed and analyzed by IncuCyteTM Zoom software and data were 

presented using GraphPad Prism 5.0 software.  

2.8.2 Determination of caspase-8 activity by caspase-8 reagent and flow cytometry: 

Caspase-8 was determined by using caspase-8 (active) FITC staining kit (Cat. #ab65614, 

Abcam Inc., Toronto, ON, CA) as per the manufacturer’s protocol. The FITC-IETD-FMK 

substrates in the caspase 8 reagent irreversibly binds to activated caspase 8 within the cell thus 

allow the visualization of cell with activated caspase-8 by flow cytometry. Macrophage subsets 

(M0, M1 and M2c) were washed with serum-free media and then left untreated or treated with 

SM-LCL16. After 10 hrs of incubation at 37°C, 1 µL of caspase-8 reagent was added to each well 

and incubated for 1 hr at 37°C with 5% CO2. Cells were then collected by gentile scraping, 

centrifuged at 300 rpm (18 xg) for 5 min and washed using wash buffer provided in the kit before 

analyzing by flow cytometry using FL-1 channel. Caspase-8 activity was assessed by flow 

cytometer-BD LSRFortessaTM cell analyzer (BD Life Sciences, Mississauga, Ontario, CA). The 

histograms were analyzed using FlowJo software version 10.0.7 and data were presented using 

GraphPad Prism 5.0 software.  
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 Western immunoblot analysis  

2.9.1 Lysate preparation  

To make total protein lysates from cultured cells, macrophage subsets were scraped using 

sterile non-toxic polystyrene cell scraper 16 cm. Cells along with the supernatant were collected 

into 1.5 mL tubes and kept on ice. Fresh cold lysis buffer (2xIP lysis buffer with protease inhibitor 

tablet (Roche Diagnostics, Laval, Québec, CA) was prepared and 50-70 µL was added to each 

tube. Samples were kept on ice with constant agitation every 10 min for 45 min. Sample extracts 

were then centrifuged for 30 min at 1480 rpm (21.1 xg) at 4°C, followed by collection the 

supernatant and store at -80°C until used.  

2.9.2 Total protein quantification  

To determine samples protein concentration, the colorimetric Bradford assay was 

performed. Briefly, each sample was diluted 1:200 in PBS (2 µL sample in 198 µL PBS). In 

addition, albumin standard was serially diluted for the standard curve preparation based on the 

manufacture protocol (Thermo Scientific, Rochester, NY, USA). Next, 50 µL of Bio-Rad protein 

assay dye reagent concentrate (Cat. # 5000006, Bio-Rad Laboratories, Mississauga, Ontario, CA) 

was added to each sample in addition to the diluted standards. All samples were then mixed, and 

200 µL of each sample was transferred to flat-bottom 96 well microplate. The microplate was read 

at 595 nm using iMark Microplate reader (Bio-Rad Laboratories) analyzed, and the final 

concentrations were calculated by microplate manager 6 software.  

2.9.3 SDS-PAGE and Western immunoblotting  

Western immunoblotting was carried out using a previously described (319). Briefly, 40-50 

µg/µL of each sample was mixed with 2x Laemmli sample buffer (Cat. # 161-0737; Bio-Rad) in 

1:1 ratio then heated up at 95°C for 5 mins. Samples were then centrifuged for few second and 
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loaded onto 10% SDS-PAGE gel along with loading control protein ladder. Table 2.2 shows the 

chemical compounds and concentrations used to make 10% SDS-PAGE. The gel was run in a 

running buffer at 120V for 120 mins. Next, the gel was transferred to a polyvinylidene difluoride 

membrane (Bio-Rad Laboratories) and run in a transfer buffer at 110V for 1 hr. All membranes 

were then blocked with 5% skim milk for 30 mins followed by 3 times washing with 1x TBST 

each wash for 5 mins. Membranes were then probed with the desired primary antibody and 

incubated at 4°C overnight. Next day, membranes were washed again 3 times with 1xTBST, 

followed by adding the goat anti-rabbit or anti-mouse secondary antibodies IgG conjugated to 

horseradish peroxidase (Cat. #172-1019, Cat. #170-6516; Bio-Rad Laboratories) and incubated at 

room temperature for 1 hr with consistent agitation. Protein bands were developed using the 

Amersham ECL Western blotting detection reagent (Cat. #RPN2235; Cedarlane, 

Burlington, Ontario, CA), visualized using Syngene Chemi Genius 2 Bio Imaging System 

(Syngene; Frederick, Maryland, USA) and processed in GeneSnap software, version 6.08 

(Syngene). For total loading proteins evaluation, membranes were striped using stripping buffer 

(Cat. #21059; Fisher) and probed with either anti-b-Actin or anti-GAPDH antibodies (Cell 

Signaling Technology). Table 2.3 summarizes all the primary antibodies and the working 

concentrations used in this study.  
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Table 2.2: SDS-PAGE gel solution components and their concentrations 

10% SDS-PAGE Gel 

Solution Components 

Lower Gel Volume 

(Volume adjusted for 2 
gels) 

Upper Gel Volume  

(Volume adjusted for 
2 gels) 

H2O 9.9 mL 6.8 mL 

30 % acrylamide mix 8.3 mL 1.7 mL 
--Lower gel-- 1.5 M Tris 

(pH 8.8) 6.3 mL ------- 

-- Upper gel --1.5 M Tris 
(pH 8.8) ------- 1.25 mL 

10 % SDS 250 µL 100 µL 
10 % ammonium persulfate 

(APS) 250 µL 100 µL 

TEMED 20 µL 20 µL 
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Table 2.3: Summary of Western immunoblotting primary antibodies used in this study. 

Cat. # Antibody Size (kDa) Source 
3331 Phospho-Jak1 130  

4882 NF-kB p100/p52 52, 120 
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9532 PARP 89,116 
2697 Phospho-IKKa/b 87 

4926/3493 RIPK-1 78 
65746 Phospho-RIPK-1 78 
3076 Phospho-PKR 74 
9234 Phospho-S6 Kinase 70 
3103 cIAP-2 70 
7065 cIAP-1 62 
13526 RIPK-3 46-62 
93654 Phospho-RIPK-3 46-62 
4056 Phospho-Akt 60 
9746 Caspase-8 43, 57 
56343 cFLIP 55 
14993 MLKL 54 
91689 Phospho-MLKL 54 
9502 Caspase-9 35, 37, 47 
4668 Phospho-JNK MAPK 46 
8478 IRF-1 45 

4970/8457 b-Actin 45 
9101 Phopho-ERK1/2 MAPK 44 
9215 Phospho-P38 MAPK 43 
5453 Mcl-1 40 
4233 Fas 40 

4812/9242 IkBa 39 
2118 GAPDH 37 
9662 Caspase-3 19,35 
2764 Bcl-xL 30 
2782 FADD 28 
4223 Bcl-2 26 
6947 Bak 25 
5023 Bax 20 
3219 TRAIL 28 
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 TNF-a analysis by ELISA 

The supernatant of different macrophage subsets (M0, M1 and M2c) before and after 

treatment with SM-LCL161 (0.2, 0.5 or 1 µM and/or LPS 1µg/mL were collected and 

subjected to ELISA quantification of TNF-a production. Human TNF-α DuoSetâ ELISA (Cat. 

# DY210-05; R&D System, Minneapolis, MN, USA) was used to measure human Tumor 

Necrosis Factor alpha (TNF-α) production as per the manufacturer protocol. Briefly, a 96 well-

culture microplate (Corning Incorporated, Corning, NY) was coated with 100 μL/well anti-

human TNF-α capture antibody, sealed and incubated overnight at room temperature. The 

following day, wells were washed 3 times with 400 µL/well washing buffer (0.05% Tween® 

20 in PBS) using Elx50TM Microplate Washer (Biotek, Winooski, Vermont, USA) and blocked 

with 300 μL/well of  reagent diluent (0.2 µm filtered 1% Bovine serum albumin (BSA)in PBS) 

followed by 1 hr incubation at room temperature. Next, the plates were washed as previously 

described and 100 μL of sample and the reconstituted standards TNFα (15.6-1000 pg/mL) 

were added. The plate was then sealed with adhesive strip and incubated overnight at room 

temperature. Next, the plates were washed as previously mentioned and 100 μL/well of 

detection antibody (Biotinylated Goat Anti-Human TNF-α Detection Antibody (400 ng/mL) 

in 1% BSA in PBS was added to each well, sealed again and incubated for 2 hrs. A washing 

step was performed before adding 100 µL/well of working dilution (Streptavidin-HRP in 1% 

BSA in PBS, covered and incubated in dark for 20 min. Next, last washing step was performed 

again and 100 µL substrate solution (1:1 H2O2 and Tetramethylbenzidine) was added. Lastly, 

50 µL/well of BioFX® 450 nm liquid stop solution (Cat. # LSTP-1000-01; Surmodics IVD, 

Inc., MN, USA) was added to stop the enzymatic reaction. The microplate was read at 490 nm 
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using iMark Microplate reader (Bio-Rad, Mississauga, Ontario, CA) and analyzed by 

microplate manager 6 software.  

 Human recombinant TNF-α treatment of different macrophage subsets 

Human recombinant TNF-a protein was purchased from R&D systems (Cat. # 210-TA), 

reconstituted in PBS containing at least 0.1% human or bovine serum albumin and stored at -

80 until used as per the manufacturer’s instructions. On the day of the experiment, M0, M1 

and M2c macrophage subsets were washed with serum free media and then left untreated or 

treated with different concentrations of human recombinant TNF-a (5, 10, 20 ng/mL) and 

incubated at 37°C with 5% CO2 for 1 hr. Next, cells were treated with SM-LCL161 (1µM) and 

incubated for another 48 hrs. Cells were then gently scraped and the cell death was assessed 

by intracellular PI staining and flow cytometry. Data were analyzed using FlowJo software 

vestion10.0.7 and presented using GraphPad Prism 5.0 software.  

 Blocking TNF-α by anti-TNF-α neutralizing antibodies in MDMs and SNB-75 cell 

line 

LEAFTMPurified anti-human TNF-a antibody was purchased from Biolegend (Cat. # 

502804; San Diego, California, USA) and diluted based on the manufacturer protocol. 

Macrophage subsets (M0, M1 and M2c) were first washed with serum free media. Next, 

complete media containing different concentrations of anti-TNF-a antibody was added to 

different wells and incubated for 1 hr, followed by adding SM-LCL161 (1µM) for 48 hrs. A 

control IgG (LEAFTM Purified Mouse anti-human IgG1, κ Isotype Ctrl; Cat. # 400153, 

Biolegend) was also added to eliminate non-specific binding. The cell line SNB-75 were also 

treated with complete media containing different concentrations of rhTNF-a, anti-TNF-a 
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antibody or a combined treatment of both antibodies for 1 hr before treatment with SM-

LCL161 (3µM) for 48 hrs. Macrophage subsets and SNB75 cells were then collected by a 

gentle scrape or trypsinization, respectively. The cell death was then assisted by intracellular 

PI staining as previously mentioned. Data were analyzed using FlowJo software vestion10.0.7 

and presented using GraphPad Prism 5.0 software.  

 Transfection of macrophages with small interfering RNA 

IRF-1 siRNA and the negative control siRNA were purchased from Thermo Fisher 

Scientific (Cat. # 4392420; Cat. # 4390843). To prepare macrophage for transfection, wells 

containing M0 cells were washed with serum free media. A 600 µL antibiotic-free media (X1 

DMEM supplemented was 10% FBS) was added and the cells were then incubated at 37°C 

with %5 CO2 for at least 3 hrs. Next, IRF1 siRNA and the transfection reagent Lipofetamineä 

RNAiMax (Thermo Fisher Scientific Invitrogen, Cat. # 13778075) were diluted in 200 µL of 

transfection medium Opti-MEM. The diluted siRNA and the diluted Lipofetamineä 

RNAiMax reagent where then mixed in a 1:1 ratio and incubated for 5 mins at room 

temperature to allow formation of siRNA complex. The siRNA mixtures were then added to 

cells and incubated for 24 hrs.  Next, cells were stimulated with IFN-g for  48 hrs and then 

washed and replaced with complete media containing SM-LCL161 (1 µM). After 48 hrs cells 

were collected and cell death was assessed by intracellular PI staining and flow cytometry. 

 Statistical analysis  

All statistical analyses were determined using the GraphPad Prism 5.0 software (San 

Diego, CA, USA). Data from all experiments were analyzed using unpaired Student's t-test 

and values with p<0.05 were considered to be statistically significant. Data are presented in 
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graphical form as mean values ± SD or otherwise stated. P values are represented as not 

significant (ns), *P< 0.05, ** P< 0.01, *** P< 0.001 and **** P< 0.0001.  

 Ethics statement 

Healthy participants involved in the study gave informed written consent and the 

protocol for obtaining blood samples was approved by the Review Ethics Board of the Ottawa 

General Hospital and the Children’s Hospital of Eastern Ontario, Ottawa, ON, Canada.  All 

animal procedures were approved by the Carleton University Animal Care Committee and 

were conducted in accordance with the guidelines provided by the Canadian Council for 

Animal Care. 
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3 CHAPTER 3: Selective killing of human M1 macrophages by Smac mimetics alone and 

M2 macrophages by Smac mimetics and caspase inhibition 
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 INTRODUCTION 

Macrophages, a heterogeneous population of innate myeloid cells, play a key role in 

innate immunity and in the pathogenesis of several chronic and inflammatory diseases by 

induction or resolution of inflammation and tissue repair (4, 9, 41). At the tissue level, 

macrophages are exposed to different exogenous and endogenous factors including cytokines, 

chemokines and microbial by-products which allows them to functionally polarize and express 

distinct surface markers, and cytokines (7, 41, 44). In general, macrophages can be activated 

to adopt two opposite polarized states, the “classically activated” M1 macrophages and the 

“alternatively activated” M2 macrophages (4, 23). M1 macrophages are induced by 

intracellular pathogens, bacterial cell wall components such as lipopolysaccharide (LPS), 

lipoproteins, TNF-a, or IFN-γ (7, 23). These macrophages are characterized by their high 

capacity to present antigen, produce nitric oxide or reactive oxygen intermediates, and secrete 

high levels of pro-inflammatory cytokines such as, IL-12, IL-23, TNF-a, IL-6, IL-1b (7, 43, 

65). In contrast, M2 macrophages exhibit anti-inflammatory phenotype generated following 

stimulation with IL-4, IL-13, IL-10, or TGF-b, and play a key role in wound healing, and tissue 

repair (5, 43, 68, 91). The M2 macrophages can be further sub-classified into M2a, M2b and 

M2c subsets, depending on their functions, cytokine and chemokine profiles and relative 

expression of surface receptors (43, 89, 95). M2a subset can be generated following treatment 

with IL-4 and/or IL-13, M2b subset can be induced by stimulation with immune complexes 

and TLR-agonists or IL-1 receptor ligands (43, 86, 89), while M2c subset can be induced by 

glucocorticoids and/or IL-10 (43, 89, 108). M2a and M2c subsets are anti-inflammatory 

whereas M2b secrete both pro and anti-inflammatory cytokines (43, 86, 89, 108). We have 

previously characterized human macrophage subsets based on the expression of phenotypic 
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cell surface markers, and production of basal levels of pro- and anti-inflammatory cytokines 

and following stimulation with TLR ligands. Each polarization state revealed a significant 

upregulation/downregulation of macrophage-specific cell surface markers and cytokines 

profile (43). 

Recent evidence obtained by microarray data and conventional approaches employed 

in in vivo studies show that M1 polarization signature is associated with bacterial infections 

including typhoid fever, tuberculoid leprosy, active tuberculosis and Helicobacter pylori 

gastritis (64–66, 96), as well as chronic autoimmune and inflammatory diseases such as 

rheumatoid arthritis, atherosclerosis, type-2 diabetes and cancer (5, 51). On the other hand,  

M2 polarization program is observed in lepromatous leprosy, Whipples disease and chronic 

rhinosinusitis (65, 96–98). Recently, targeting macrophages has been suggested to be a 

potential therapeutic strategy such as recruitment of M2 macrophages, inducing a class switch 

from M1 to M2 subsets and downregulation of pro-inflammatory pathways within the 

macrophage subsets (7, 120, 121) to control cancer, chronic infections, atherosclerosis and 

autoimmune and allergic diseases (7). Several clinically approved therapeutic agents such as 

peroxisome proliferator-activated receptor-g (PPARg) inhibitors, statins, and zolendronic acid 

have been shown to impact the functional status of murine macrophages (7, 122–124).  

Therefore, it is of utmost importance to identify agents that specifically target M1 and/or M2 

macrophages as a potential therapeutic strategy to control diseases associated with pro- and 

anti-inflammatory phenotype.      

During myeloid differentiation, macrophages develop resistance to spontaneous and 

induced apoptosis that is crucial to maintain survival of macrophages during the immune 

response against pathogens and in particular intracellular viral and bacterial pathogens 
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including HIV and tuberculosis (9, 317). Infection of macrophages may enhance their viability, 

cause dissemination of intracellular pathogens and modulate the surrounding environment by 

over expression of proinflammatory cytokines (318, 319, 327, 328). The mechanism underlying 

enhanced resistance of macrophages may relate to the differential expression of pro- and anti-

apoptotic genes/proteins including Bcl2 and inhibitors of apoptosis (IAPs) family members (317–

321). We have shown that phosphatidyl-inositol-3 kinase (PI3K)/Akt pathway regulates the 

survival of macrophages by activating NFkB through the increased expression of the anti-

apoptotic protein, Bcl-xl (321). The inhibitors of apoptosis (IAPs) family encompasses XIAP, 

cellular IAPs (cIAP-1), and cIAP-2 that tightly regulates cell survival downstream of tumor 

necrosis factor receptor-1 (TNFR1) and other death receptors (165, 168). The role of IAP family 

members has been studied by employing second mitochondria-derived activator of caspases 

(SMAC) mimetics (SMs) (213, 214) . SMs are small molecule antagonists of IAPs, which 

competitively inhibit IAPs interactions with effector proteins and thus repress anti-apoptotic 

functions of IAP proteins (213, 214). We have previously described the role of IAPs in the 

resistance of macrophages to HIV-Vpr-induced apoptosis (319, 320). CpG-induced protection 

against apoptosis and mitochondrial depolarization in monocytic cells was shown to be mediated 

by cIAP-2 induction (320, 323). Moreover, down regulation of cIAP-1/2, by siRNAs and SMs 

sensitized macrophages to Vpr-induced apoptosis (319). However, we and others have shown that 

SMs do not exhibit any apoptotic effect on differentiated normal macrophages (319, 322). In this 

study, we investigated the effect of SM-LCL161, a monovalent form of SMs, on normal human 

proinflammatory M1 macrophages and anti-inflammatory macrophages M2a, M2b and M2c 

subsets. Our results show that SM-LCL161 selectively killed M1 macrophages through both 

apoptosis and necroptosis whereas other subsets including M0, M2a M2b and M2c were highly 
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resistant to SM-induced apoptosis. However, M2c macrophages were selectively killed by SM-

LCL161 in conjunction with caspase inhibitors through necroptosis. These observations suggest 

that agents blocking the cIAP-1/2 and/or caspases maybe potentially effective therapeutic agents 

to control inflammation related disorders.  
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 RESULTS 

3.2.1 Human macrophage subsets differentially express distinct cell surface markers  

The macrophage subsets were characterized by analyzing the expression of cell surface 

markers that are generally present on macrophages and are involved in their activation 

including CD80, CD86, HLA-DR, CD14, CD163 and CD200R (43, 329–331). M0 

macrophages expressed all the above markers. The expression of surface markers on 

macrophage subsets was defined by setting the expression levels in unpolarized M0 as the base 

line. The surface markers expressed at  statistically significant high levels compared to the M0 

macrophage subsets were designated as “high” and selected as characteristic for that 

macrophage subset. Thus, M1 macrophages differentially expressed high levels of CD80, 

CD86 and HLA-DR compared to the M0 macrophages (Figure 3.1A) and were designated as 

CD80high, CD86high, HLA-DRhigh. Similarly, M2a macrophages were defined as CD86high, 

CD200Rhigh, HLA-DRhigh; M2b macrophages were defined as CD14high, CD80high and 

CD163high; and M2c were characterized as CD14high, CD163high, CD200Rhigh. The 

representative histogram for each of these expression markers on macrophages from an 

individual donor are shown in Figure 3.1B. Overall, macrophage subsets could be 

distinguished by the differential upregulation of these surface markers.  
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Figure 3.1: Phenotypic characterization of undifferentiated M0 and polarized M1, M2a, 
M2b and M2c macrophages. 

(A) MDMs (M0) were polarized using indicated stimuli for 48 hrs: IFN-γ (20 ng/mL) for M1 
macrophages, IL-4 (20 ng/mL) for M2a macrophages, LPS (1 µg/mL) and IL-1β (10 ng/mL) 
for M2b macrophages and IL-10 (10 ng/mL) for M2c macrophages. Polarized macrophages 
were stained with antibodies against the mentioned cell surface markers and fluorescence was 
measured by flow cytometry. MFI values were obtained using FlowJo software and potted 
using GraphPad Prism 5. The results shown are mean ± SD of three independent experiments 
from three different donors. (B) Overly histograms from one representative experiment are 
shown. 
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3.2.2 Blocking IAPs signaling pathway by SM-LCL161 selectively causes cell death in 

human M1 macrophages, whereas M2 macrophages are resistant to SM-induced 

cell death 

We have previously shown that human monocytes are highly susceptible to the apoptotic 

effects of SMs whereas differentiated macrophages (MDMs; M0) are resistant (317, 319). To 

determine whether human macrophage subsets M1, M2a, M2b and M2c generated in vitro 

from M0 are also resistant to the SM-induced cell death, we first determined the involvement 

of IAPs signaling pathway on the cell survival of different macrophage subsets by using IAPs 

antagonist, SM-LCL161. The macrophage subsets M0, M1, M2a, M2b and M2c were treated 

with different concentrations of SM-LCL161 for 48 hrs followed by analysis of cell death by 

intracellular PI staining. The dose of SM-LCL161 was selected based on previous studies (332, 

333). Cell death below 10% were considered as background/basal levels of cell death. The 

results show that M1 is the most susceptible subset to SM-induced cell death at all 

concentrations (Figure 3.2). In contrast, M2c was the most resistant subset and did not show 

increased cell death after SM-LCL161 treatments at any concentration. Therefore, M1 and 

M2c in addition to the un-polarized M0 were selected for further investigations. Using the 

automated IncuCyteTM-YOYO-1 staining, we confirmed that M1 is highly sensitive to SM-

induced cell death. SM-induced cell death in M1 cells was detectable as early as 10 hrs and 

reached a peak by 20 hrs following treatment with all the concentrations of SM-LCL161 

(Figure 3.3). In contrast, M2c subsets did not show increased levels of cell death at any time 

and at any concentration until 48 hrs post-SM-LCL161 treatment. Furthermore, M1 cells 

treated with SM-LCL161 exhibited increased level of YOYO-1 fluorescent intensity compared 

to M2c macrophages (Figure 3.3 left panel). However, M0 macrophages exhibited  scattered  



 

 

81 

  

0

20

40

60

80

Macrophage subsets

C
el

l D
ea

th
 (%

)

M0 M1 M2a M2b M2c

Untreated

0

20

40

60

80

Macrophage subsets

C
el

l D
ea

th
 (%

)

M0 M1 M2a M2b M2c

SM 0.5 µM

✱✱✱ ✱✱✱

0

20

40

60

80

Macrophage subsets

C
el

l D
ea

th
 (%

)
M0 M1 M2a M2b M2c

SM 0.2 µM

✱✱

✱

✱✱✱

0

20

40

60

80

Macrophage subsets

C
el

l D
ea

th
 (%

)

M0 M1 M2a M2b M2c

SM 1 µM

✱✱

✱

✱✱✱

A B

C D



 

 

82 

Figure 3.2: M1 and M2c are the most sensitive and resistant macrophages subsets to SM-
LCL161 induced cell death, respectively. 

M0, M1, M2a, M2b and M2c macrophage subsets were left untreated (A) or treated with SM-
LCL161 (SM) 0.2 µM (B), 0.5 µM (C) or 1 µM (D) for 48 hrs. The % cell death was 
determined by intracellular PI staining and flow cytometry. The results shown in A-D are mean 
± SD of three independent experiments from three different donors.  
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Figure 3.3: Kinetics of cell death in SM-treated M0, M1 and M2c macrophages as 
determined by IncuCyteTM automated machine. 

Cell death stain (YOYO-1 iodide) was added to each well containing M1, M0 or M2c 
macrophage subsets 1 hr prior to SM-LCL161 (SM) treatment. Cells were treated with SM at 
concentrations of 0.2 µM, 0.5 µM and 1 µM and incubated in IncuCyteTM machine for 48 hrs. 
Images were recorded every 2 hrs for 48 hrs. Left panel shows live pictures taken at 48 hrs of 
IncuCyteTM incubation and the green fluorescent represents dead cells. The result shown is a 
representative of three independent experiments from three different donors.  
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levels of YOYO-1 staining perhaps because M0 macrophages are heterogeneous and contain 

population of all subsets including M1 macrophages. 

Next, we determined whether there is any association between the levels of IAP proteins 

expressed in various subsets and SM-induced cell death. Although SM-LCL161 caused 

selective cell death in M1 macrophages, SM-LCL161 caused degradation of both cIAP-1 and 

cIAP-2 in M0, M1 and M2c subsets and as early as 5 hrs after SM-LCL161 treatment (Figure 

3.4A, and B). The untreated M0, and M2c macrophages expressed similar levels of cIAP-1 

and cIAP-2 while untreated M1 macrophages expressed significantly high levels of cIAP-1 

and cIAP-2 compared to M0 and M2c macrophages (Figure 3.4A and B) suggesting the lack 

of association between the levels of IAP proteins expressed in various subsets and SM-induced 

cell death. In addition, the effect of SM-LCL161 on cIAP-1 and cIAP-2 was specific as it did 

not impact other proteins, including Fas, TRAIL, and anti-apoptotic protein, Mcl-1. (Figure 

3.4C). However, SM-LCL161 treatment as expected resulted in down regulation of the anti-

apoptotic protein cFLIP and upregulation of pro-apoptotic protein Bax expressions in M1 

macrophages but not in M0 and M2c macrophages compared to untreated macrophages 

(Figure 3.4C).  

3.2.3 SM-induced cell death in M1 macrophages is mediated by both extrinsic and 

intrinsic pathways of apoptosis 

Apoptosis involves proteolytic processing and activation of caspases, the key effector 

molecules of apoptosis pathway (164). The extrinsic pathway of apoptosis is mediated by the 

activation of caspase-8 while the intrinsic pathway is mediated by caspase-9, both of which 

activate effector caspases-3/7 leading to apoptosis (143, 164). To determine whether SM-

LCL161 induced cell death is regulated by the intrinsic or the extrinsic pathways, we measured  
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Figure 3.4: Effect of SM-LCL161 on the expression of anti-apoptotic and proapoptotic 
protein.   

(A) Total proteins lysates from M0, M1 and M2c macrophages treated with 0.5 µM and 1 µM 
of SM-LCL161 for 5 hrs were subjected to Western immunoblotting for the expression of 
cIAP-1 (62 kDa) and cIAP-2 (70 kDa). (B) Relative protein expression of cIAP-1, cIAP-2 and 
with and without treatment with SM-LCL161 0.5 µM or 1 µM for 5 hrs. (C) Total proteins 
lysates from M0, M1 and M2c macrophages treated with SM-LCL161 0.5 µM and 1 µM for 
5 hrs and were subjected to Western immunoblotting for the expression of cFLIP (55 kDa), 
Fas (40 kDa), TRAIL (28 kDa), Mcl-1 (40 kDa) and Bax (20 kDa). The immunoblot shown is 
a representative of three independent experiments from three different donors.  
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the activation of caspase-3/7, -8 and -9 in SM-treated macrophage subsets. M1, M0 and M2c 

macrophages were treated with either 0.5 µM or 1 µM of SM-LCL161 for 48 hrs followed by 

analysis of caspase-8, -9, and -3/7 by flow cytometry, immunoblotting, and IncuCyteTM Live 

cell imaging, respectively. There was a significant increase in caspase-3/7 activities in M1 

macrophages upon treatment with 0.5 µM (Figure 3.5A) or 1 µM (Figure 3.5B) of SM-

LCL161 compared to M0 and M2c macrophage subsets as measured by the IncuCyteTM live 

imaging. This increase in caspase-3/7 activity in M1 macrophages was detected as early as 4 

hrs and reached a peak by 10 hrs post SM-LCL161 treatment (Figure 3.5A and B). Moreover, 

this induction was reduced in a dose-dependent manner after treatment with a pan-caspase 

inhibitor, zVAD.fmk (carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone) at 

10 and 20 µM concentrations (Figure 3.5A and B). The caspase-3/7 expression was poorly 

detected in the presence or absence of SM-LCL161 in both M0 and M2c macrophages. The 

caspase-8 activity was assessed by measuring its cleavage activity by flow cytometry. M1 

macrophages treated with either 0.5 µM or 1 µM of SM-LCL161 revealed significantly higher 

caspase-8 activity compared to the untreated cells, whereas SM-treated M0 or M2c 

macrophages did not show cleavage activity following SM-LCL161 treatment and their levels 

were similar to the untreated macrophages (Figure 3.5C). The representative flow histogram 

showing caspase-8 activity in M0, M1 and M2c subsets is shown in Figure 3.5D. 

Staurosporine was used as a positive control to induce caspase-8 activity in all three subsets. 

For caspase-9, the Western immunoblots showed increase in cleaved caspase-9 bands upon 

treatment with 0.5 µM and 1 µM of SM-LCL161 in M1 macrophages (Figure 3.5E). These 

results suggest the involvement of both intrinsic and extrinsic apoptosis pathways in SM-

induced apoptosis in M1 macrophages. 
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Figure 3.5: SM-LCL161 activates caspase-3/7, -8 and -9 in M1 macrophages. 

M1, M0 and M2c subsets were treated with IncuCyteTM caspse-3/7 reagent in the presence or 
absence of zVAD.fmk (10 µM and 20 µM) 1 hr prior to treatment with (A) 0.5 µM or (B) 1µM 
of SM-LCL161 and incubated in IncuCyteTM machine for 48 hrs. The caspase-3/7 activity was 
recorded every two hrs for 48 hrs. (C) M0, M1 and M2c macrophages were treated with SM-
LCL161 (0.5 µM, 1 µM) and cultured for 10 hrs following which caspase-8 reagent was added 
for 1 hr before assessment of caspase-8 activity. The result shown is a mean ± SD of three 
independent experiments from three different donors. (D) A representative figure of M0, M1 
and M2c macrophages treated with SM-LCL161 (0.5 µM and 1 µM) or Staurosporine (STS; 
1 µM) determined by flow cytometry analysis. (E) M0, M1 and M2c macrophages were treated 
with either 0.5 µM or 1 µM of SM-LCL161 for 4, 8 and 16 hrs. Total protein lysates were 
subjected to Western immunoblotting for caspase-9 expression. The immunoblots show full 
length and cleaved caspase-9 (47, 37 and 35 kDa).  The results shown are representative figures 
of three independent experiments from three different donors.  
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3.2.4 SM-induced cell death in M1 macrophages involves both apoptosis and 

necroptosis pathways. 

To confirm that SM-induced cell death was associated with caspase activation, we 

examined whether blocking these caspases would inhibit SM-induced apoptosis. For this, M1 

macrophages were pretreated with either 10 µM or 20 µM of zVAD.fmk, for 1 hr followed by 

treatment with either 0.5 µM or 1 µM of SM-LCL161. Evaluation of apoptosis by intracellular 

PI staining and flow cytometry revealed that zVAD.fmk alone did not cause an increase in cell 

death. Cell death below 10% were considered as background/basal levels of cell death. M1 

macrophages treated with SM-LCL161 demonstrated an increased cell death as expected. SM-

induced cell death was significantly reduced upon combined treatment with either 

concentrations of zVAD.fmk (Figure 3.6A). Although blocking apoptosis by zVAD.fmk 

treatment significantly reduced SM-induced apoptosis, it reduced cell death by approximately 

50% suggesting that the residual cell death seen in M1 macrophages after blocking caspases 

might be due to cell death mechanisms other than apoptosis.   

Another key pathway by which cells die is by activation of necroptosis. Necroptosis is a 

programmed form of necrosis, or inflammatory cell death (223, 224).  We surmised that the 

residual SM-induced cell death seen following caspase inhibition may be due to necroptosis 

pathway. Necroptosis has been examined by chemical inhibitors, Necrostatin-1 and 

Necrosulfonamide (NSA). Necrostain-1 targets the receptor-interacting protein kinase 1 

(RIPK-1) activity, while NSA targets the mixed lineage kinase domain-like protein (MLKL) 

(222, 334). To understand the involvement of necroptosis, M1 macrophages were treated with 

different concentrations of necrostatin-1 (0.5 µM or 1 µM) (Figure 3.6B) or NSA (0.5 µM to 

7 µM) (Figure 3.6C) for 1 hr prior to treatment with 0.5 µM or 1 µM of SM-LCL161. After 
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48 hrs, cell death was assessed by intracellular PI staining/flow cytometry. Both Necrostatin-

1 and NSA significantly reversed SM-induced cell death in M1 macrophages in a dose 

dependent manner after treatment with either 0.5 µM or 1 µM of SM-LCL161. Interestingly, 

similar to zVAD.fmk, blocking necroptosis pathway by either Necrostatin-1 or NSA inhibited 

SM-induced cell death by approximately 50%. Therefore, we hypothesized that SM-induced 

cell death in M1 macrophages may be mediated by both apoptosis as well as necroptosis. To 

determine whether SM-induced cell death involves both apoptosis and necroptosis, M1 

macrophages were pretreated with zVAD.fmk and NSA together followed by treatment with 

0.5 µM or 1 µM of SM-LCL161. SM-induced cell death was significantly inhibited and 

reduced to basal levels upon combined treatment of M1 macrophages with zVAD.fmk and 

NSA (Figure 3.6D). Moreover, treatment of M1 macrophages with Necrostatin-1 alone 

(Figure 3.6B) or NSA alone at 4 µM or 5 µM concentration (Figure 3.6D) or combined 

treatment with both zVAD.fmk and NSA (5 µM; Figure 3.6D) did not cause an increase in 

cell death suggesting that M1 macrophages are not more sensitive to toxic compounds. These 

results suggest the involvement of both apoptosis and necroptosis pathways in SM-induced 

cell death in M1 macrophages. 

RIPK-1, RIPK-3 and MLKL have emerged as the key effectors molecules in apoptosis 

and necroptosis (143, 223, 241, 243). Thus, we also examined the effect of SM-LCL161 on 

the expression levels of RIPK-1, RIPK-3 and MLKL following treatment of M1 macrophages 

with SM-LCL161 in the presence and absence of Necrostatin-1 and NSA. The results show 

that SM-LCL161 degraded RIPK-1, RIPK-3 and MLKL that was restored following 

Necrostatin-1 and/or NSA treatment. Similarly, SM-LCL161 induced phosphorylation of   
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Figure 3.6: SM-induced cell death in M1 macrophages is mediated by apoptosis and 
necroptosis.   

M1 macrophages were treated with either SM-LCL161 0.5 µM (left panels in A and B) or SM-
LCL161 1 µM (right panels in A and B) in the presence or absence of (A) zVAD.fmk (10 µM, 
or 20 µM), (B) Nec-1 (0.5 µM, or 1 µM), (C) NSA (0.5 µM to 7 µM) or (D) a combination of 
zVAD.fmk (20 µM) and NSA (4 µM or 5 µM). All chemical inhibitors were added 1 hr prior 
to SM-LCL161 treatment. Cells were incubated for 48 hrs. The % cell death was determined 
by intracellular PI staining and flow cytometry. The result shown is a mean ± SEM of four 
(A), five (B) and three (C and D) independent experiments from different donors. (E) Total 
protein lysates from M1 macrophages treated with 1 µM of SM-LCL161 alone or combined 
treatment with Necrostatin-1 1µM or NSA 6 µM for 5 hrs were subjected to Western 
immunoblotting for the expression of RIPK-1 (78 kDa), pRIPK-1 (78 kDa), RIPK-3 (46-62 
kDa), MLKL (54 kDa) and pMLKL (54 kDa). The immunoblot shown is a representative of 
three independent experiments from three different donors. 
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RIPK-1 and MLKL that was significantly reduced in the presence of Necrostatin-1 or 

Necrosulfonamide (NSA) (Figure 3.6E). 

3.2.5 Reversal of M0 to M1 differentiation by blockage of JAK/STAT pathway reverses 

susceptibility of M1 macrophages to SM-induced apoptosis 

JAK/STAT pathway is a principal signaling mechanism for a wide range of cytokines 

including IFNs. Activation of JAK lead to the phosphorylation of downstream targets 

including the STATs (259). We determined if IFN-g-mediated differentiation of M0 into M1 

macrophages plays a role in regulating the susceptibility of M1 macrophages to SM-induced 

cell death. This was investigated by blocking JAK activation using JAK inhibitor, Ruxolitinib 

(RUX) (335). M0 macrophages were treated with various concentrations of RUX for 2 hrs 

prior to IFN-g stimulation for 48 hrs. Cells were treated with SM-LCL161 for another 48 hrs 

followed by the measurement of cell death by PI staining and flow cytometry. The results show 

that JAK inhibitor reversed susceptibility of M1 macrophages to SM-induced cell death in a 

dose-dependent manner to levels equivalent to the basal levels seen in unstimulated M0 

macrophages (Figure 3.7A). The biological activity of RUX was confirmed by inhibition of 

IFN-g-induced JAK-1 phosphorylation (Figure 3.7B).   
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Figure 3.7: JAK pathway regulates SM-induced cell death in M1 macrophages. 

(A) M0 macrophages were treated with various concentrations of JAK inhibitor (Rux), for 2 
hrs prior to stimulation with IFN-g for 48 hrs. Cells were then treated with SM-LCL161 1 µM 
for another 48 hrs. The % cell death was determined by intracellular PI staining and flow 
cytometry. The result shown is a mean ± SD of three independent experiments from three 
different donors. (B) M0 macrophages were treated with various concentrations of Rux for 2 
hrs prior to stimulation with IFN-g for 30 min. Total protein lysates were analyzed for pJAK-
1 (130 kDa) by Western immunoblotting. The result shown is a representative of three 
independent experiments from three different donors.   
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3.2.6 Blockage of caspases and IAPs signaling selectively cause cell death in M0 and 

M2c macrophages through the necroptosis pathway. 

In contrast to M1 macrophages, M0 and M2c macrophages did not show a significant 

increase in cell death following treatment with SM-LCL161 (Figure 3.2). Blocking of 

caspases by the pan-caspase inhibitor zVAD.fmk in the absence of IAPs signaling pathway 

has been shown to induce cell death in cancer cells (336–339). To determine if SM-LCL161 

can induce cell death in M0 and M2c cells following blockage of caspase activity, M0 and 

M2c cells were treated with zVAD.fmk for 1 hr followed by treatment with SM-LCL161 for 

48 hrs. SM-LCL161 at concentrations of 0.5 µM or 1 µM alone did not result in induction of 

cell death in M0 or M2c macrophages (Figure 3.8). Interestingly, upon blocking caspase 

activities by zVAD.fmk at both concentrations of 10 µM or 20 µM, SM-LCL161 treatment at 

both concentrations of 0.5 µM and 1 µM, led to significant increase in cell death in both M0 

and M2c (Figure 3.8A and B) macrophages.  

This induction in cell death after blocking caspases might be due to the activation of 

necroptosis pathway (336–339). Therefore, it is possible that blocking of caspases in SM-

treated M0 and M2c macrophages selectively activates the necroptosis pathway. Similar to 

SM-treated M1 macrophages, Necrostiatin-1 (0.5 µM or 1 µM) was used to determine 

necroptosis in zVAD.fmk and SM-treated M0 and M2c macrophages. The two subsets were 

treated with Necrostain-1 and zVAD.fmk for 2 hrs followed by treatment with SM-LCL161 

(Figure 3.9: left panel, 0.5 µM; right panel, 1 µM)  
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Figure 3.8: SM induce cell death in M0 and M2c following blockage of caspases. 

(A) M0 and (B) M2c macrophage subsets were treated with either SM-LCL161 0.5 µM (left 
panels) or SM-LCL161 1 µM (right panels) in the presence or absence of 10 µM, or 20 µM 
zVAD.fmk. The inhibitor zVAD.fmk was added 1 hr prior to SM-LCL161 treatment. Cells 
were then incubated for 48 hrs.  The % cell death was determined by intracellular PI staining 
and flow cytometry. The result shown in A and B are a mean ± SD of four independent 
experiments from four different donors.  
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for 48 hrs. Treatment with Necrostatin-1 significantly inhibited SM-LCL161 and zVAD.fmk-

induced cell death in a dose-dependent manner (Figure 3.9A and B). 

First, I confirm the cytotoxicity of NSA treatment alone in M1 (Figure 3.10A). NSA 

treatment even at high concentration of 7 µM did not affect cell death in M1 without SM-

LCL161. Blocking necroptosis pathway by NSA (2 µM) in M0 and M2c macrophages 

following combination treatment of SM-LCL161 and zVAD.fmk demonstrated similar results 

to Necostatin-1 as seen in a representative histogram (Figure 3.10B).  

Similar to the M1 macrophages, the effect of SM-LCL161 and zVAD.fmk on the 

expression levels of RIPK-1, RIPK-3 and MLKL of M0 and M2c macrophages following 

treatment with Necrostatin-1 and NSA was evaluated. The results show that SM-LCL161 and 

zVAD.fmk combined treatment inhibited RIPK-1, RIPK-3 and MLKL expressions that was 

restored following prior treatment with Necrostatin-1 and NSA. Similarly, SM-LCL161 and 

zVAD.fmk induced the phosphorylation of pRIPK-1 and pMLKL that was dephosphorylated 

in the presence of Necrostatin-1 and NSA (Figure 3.9C).  
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Figure 3.9: SM-induced cell death in M0 and M2c cells following caspase blockage is 
mediated by necroptosis.  

(A) M0 and (B) M2c macrophages were treated with either SM-LCL161 0.5 µM (left panels) 
or SM 1 µM (right panels) in the presence or absence of 20 µM zVAD.fmk and/or Necrostatin-
1  (Nec-1; 0.5 µM and 1 µM). The inhibitors were added 1 hr prior to SM-LCL161 treatment. 
Cells were then incubated for 48 hrs.  The % cell death was determined by intracellular PI 
staining and flow cytometry. The result shown in A and B are a mean ± SEM of four and three 
independent experiments from different donors, respectively. (C) Total protein lysates from 
M0 and M2c macrophages treated with 1 µM of SM-LCL161 and 20 µM zVAD.fmk or 
combined treatment with Necrostatin-1 (1µM) or Necrosulfonamide (6 µM) for 5 hrs were 
subjected to Western immunoblotting for the expression of RIPK-1 (78 kDa), pRIPK-1 (78 
kDa), RIPK-3 (46-62 kDa), MLKL (54 kDa) and pMLKL (54 kDa). The result shown is a 
representative of three independent experiments from three different donors. 
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Figure 3.10: Necrosulfonamide (NSA) alone does not cause cell death in M1 macrophages 
but reduces cell death in zVAD.fmk and SM-LCL161 treated M0 and M2c macrophages.  

(A) M1 macrophages were treated with different concentrations of NSA (0.5 µM to 7 µM) for 
48 hrs. The % cell death was determined by intracellular PI staining and flow cytometry. The 
result shown is a mean ± SD of three independent experiments. (B) A representative figure of 
M0 and M2c macrophages treated with either SM-LCL161 (1 µM) alone or zVAD.fmk (20 
µM) or a combined treatment of zVAD.fmk (20 µM) and NSA (2 µM). The chemical inhibitors 
zVAD.fmk and NSA were added 1 hr prior to SM-LCL161 treatment. Cells were incubated 
for 48 hrs and the % cell death was determined by intracellular PI staining and flow cytometry.  
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3.2.7 Human and mouse M1 and M2c macrophages behave similarly with respect to 

sensitivity towards SM-induced cell death 

To investigate weather mouse M1 and M2c macrophages would behave in a manner 

similar to human macrophages with respect to the SM-induced cell death, BMDMs were 

cultured for 10 days followed by stimulation with either mouse rIFN-g or rIL-10 for 48 hrs for 

the generation of M1 and M2c macrophages, respectively. M1 and M2c mouse macrophages 

were treated with different concentrations of SM-LCL161 followed by assessment of cell 

death. Results show that mouse M1 macrophages are highly susceptible whereas M2c 

macrophages are resistant to SM-LCL161-induced cell death (Figure 3.11) suggesting that 

both human and mouse M1 and M2c macrophages behave similarly with respect to sensitivity 

towards SM-induced cell death.  

3.2.8 M1 and M2c macrophages are plastic and repolarization of M1 into M2c and of 

M2c into M1 subset reverses the effects of SM-LCL161 on cell death and 

expression of cell surface markers  

Plasticity is one of the characteristic features of macrophages (5, 7). Therefore, we 

hypothesized that repolarization of M1 into M2c macrophages and M2c into M1 macrophages 

would reverse the effect of SM-LCL161-induced cell death. For this, M1 macrophages were 

rested for 48 hrs followed by stimulation with IL-10 for 48 hrs to generate M2c macrophages 

from M1 macrophages (M1>M2c). Similarly, M2c macrophages were rested for 48 hrs and 

then stimulated with IFN-g to generate M1 macrophages from M2c macrophages (M2c>M1). 

M1 macrophages as expected were highly susceptible to SM-LCL161-induced cell death. 

However, M1 macrophages when repolarized into M2c macrophages by IL-10 (M1>M2c) lost  
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Figure 3.11: M1 mouse BMDMs are highly sensitive whereas M2c macrophages are 
resistant to SM-induced cell death. 

BMDMs were stimulated with mouse rIFN-g (M1) or rIL-10 (M2c) for 48 hrs. M1 and M2c 
mouse BMDMs were then treated with 0.2, 0.5 and 1 µM of SM-LCL161 for 48 hrs. The % 
cell death was determined by intracellular PI staining and flow cytometry. The results shown 
are a mean ± SD of three independent experiments from three different BMDMs.  
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that susceptibility (Figure 3.12A). On similar lines, M2c macrophages were resistant to SM-

LCL161-induced cell death as expected. However, M2c macrophages when differentiated into 

M1 macrophages by IFN-g (M2c>M1) developed susceptibility to SM-LCL161-induced cell 

death (Figure 3.12B).  

Subsequently, we determined whether repolarization of M1 into M2c subset and of M2c 

into M1 subset reverses the expression of cell surface markers characteristic for M1 and M2c 

macrophages (Figure 3.12C and D). As above, M1 macrophages were repolarized into M2c 

macrophages (M1>M2c) and M2c were repolarized into M1 macrophages (M2c>M1) 

followed by analysis of cell surface markers characteristic for M1 and M2c macrophages 

namely CD14, CD86, CD163 and HLA-DR. The M2c macrophages expressed significantly 

high levels of CD14 and CD163 and significantly low levels of CD86 and HLA-DR compared 

to the M1 macrophages. Following repolarization of M2c into M1 macrophages (M2c>M1), 

repolarized M1 macrophages expressed significantly low levels of CD14 and CD163 and 

significantly high levels of CD86 and HLA-DR similar to the levels expressed by M1 

macrophages. Similarly, M1 macrophages expressed significantly high levels of CD86 and 

HLA-DR and significantly low levels of CD163 and CD14 compared to the M2c macrophages. 

Following repolarization of M1 into M2c macrophages (M1>M2c), repolarized M2c 

macrophages expressed significantly low levels of CD86 and HLA-DR and significantly high 

levels of CD163 and CD14 similar to the levels expressed by M2c macrophages (Figure 

3.12C). The representative histograms for surface marker expression on polarized and 

repolarized macrophages subsets are shown in Figure 3.12D.  
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Figure 3.12: Repolarization of M1 into M2c and of M2c into M1 macrophage subsets 
reverses the effect of SM-LCL161. 

Human M0 macrophages were stimulated for 48 hrs with (A) IFN-g, or (B) IL-10. Cells were 
then washed, rested for 48 hrs and then restimulated with (A) IL-10, or (B) IFN-g for another 
48 hrs. Cells were treated with SM-LCL161 (1 µM) for 48 hrs following IFN-g or IL-10 
stimulation and after restimulation with either IL-10 or IFN-g. The % cell death was 
determined by intracellular PI staining and flow cytometry. (C) Cell surface markers 
expression on M1, M2c, M2c>M1 and M1>M2c macrophages. Cells were stained with 
antibodies against the mentioned cell surface markers and fluorescence was measured by flow 
cytometry. MFI values were obtained using FlowJo software. The result shown are a mean ± 
SD of three independent experiments from three different donors. (D) Overly histograms from 
one representative experiment are shown. 
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Next, we examined whether repolarization of M1 into M2c subset and of M2c into M1 

subset reverses the expression of caspase-3 and caspase-8, PARP, RIPK-1 and RIPK-3, the 

key effectors molecules of apoptosis and necroptosis pathways, following treatment with SM-

LCL161. As above, M1 macrophages were repolarized into M2c macrophages (M1>M2c) and 

M2c were repolarized into M1 macrophages (M2c>M1) followed by treatment with SM-

LCL161 and analysis of caspase-3 and caspase-8, PARP, RIPK-1 and RIPK-3 by Western 

immunoblotting. Treatment of repolarized M1 to M2c macrophages (M1>M2c) with SM-

LCL161 did not affect the expression of full length or cleaved caspase-8, caspase-3 or PARP 

or degradation of RIPK-1 and RIPK-3 (Figure 3.13). Interestingly and as expected, treatment 

of repolarized M2c to M1 macrophages (M2c>M1) with SM-LCL161 did cause the 

degradation of full-length caspase-8, caspase-3 and PARP, accumulation of cleaved caspase-

3 and caspase-8, accumulation of Bax and degradation of RIPK-1 and RIPK-3 (Figure 3.13). 

Overall, these results suggest that repolarization of M1 into M2c subset and of M2c into M1 

subset reversed the effect of SM-LCL161 on cell death that was associated with the reversal 

in the expression of cell surface markers and the effectors of the cell death pathways such as 

caspases, Bax, PARP, RIPK-1 and RIPK-3.    
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Figure 3.13: Repolarization of M1 into M2c and of M2c into M1 macrophage subsets 
reverses the effect of SM-LCL161 on the effector cell death molecules. 

Total protein lysates from M1>M2c and M2c>M1 repolarized macrophages treated with 1 µM 
of SM-LCL161 for 5 hrs were subjected to Western immunoblotting for the expression of 
caspases-8 (43 and 57 kDa), caspase-3 (19 and 35 kDa), PARP (89 and 116 kDa), RIPK-1 (78 
kDa), RIPK-3 (46-62 kDa), MLKL (54 kDa), Bax (20 kDa) and pMLKL (54 kDa). The 
immunoblot shown is a representative of three independent experiments from three different 
donors. 
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 DISCUSSION 

SMAC mimetics have been actively studied for their apoptosis-inducing abilities in 

cancer cells (206, 220). However, the role of IAPs in regulating immune responses in primary 

cells and in particular primary human macrophages is not well understood. Primary human 

monocytes are highly susceptible to the cytotoxic effects of SMs (319). However, monocytic 

cells following differentiation into macrophages (M0) develop resistance to the cytocidal 

abilities of SMs (317). Whether normal human macrophage subsets are also resistant to the 

cytotoxic effects of SMs remains unknown. Herein, we show that polarization of M0 

macrophages towards M1 state rendered them highly susceptible to cell death in response to 

SM-LCL161 whereas M2a, M2b and M2c differentiated subsets, like their parent 

undifferentiated M0 cells, were resistant to SM-induced cell death, M2c being the most 

resistant. Furthermore, SM-induced cell death in M1 macrophages exhibited the characteristics 

of apoptosis as well as necroptosis and activated both extrinsic and intrinsic pathways of 

apoptosis. In contrast, M0 and M2c macrophages experienced cell death following 

simultaneous blockage of the IAPs pathways by SM-LCL161 and the caspase pathways by the 

pan-caspase inhibitors, and this cell death was attributed to necroptosis.  

Phenotypic characterization revealed that macrophage subsets could be distinguished by 

the differential upregulation of cell surface markers. The results confirm our previous 

observations that pro-inflammatory M1 macrophages expressed high levels of CD80, CD86 

and HLA-DR (43). CD80 and CD86 play key roles in Th1 and Th2 cell differentiation and 

generation of immune responses (340). The anti-inflammatory M2a  macrophages exhibited a 

distinctly higher CD200R expression compared to M0. CD200-CD200R interactions in 

endothelial cells and macrophages delivers an inhibitory signal and inhibit their activation 
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(43). The viral homologues of CD200, such as herpesvirus 8K14 protein (341), 

cytomegalovirus e127 protein (342) and myxoma virus M141R (343) following interaction 

with CD200R on macrophages may inhibit macrophage function and may contribute to viral 

pathology. M2c macrophages expressed high levels of CD163 (43, 344). CD163 plays a role 

in preventing tissue inflammation (345, 346) that may also highlight the role of M2c in 

preventing tissue inflammation. M2b and M2c macrophages characteristically exhibited low 

levels of HLA-DR that may also be involved in dampening the immune responses mediated 

by stress, such as trauma, burns, surgery and sepsis (347). The expression of high levels of 

CD14, and CD80 on M2b macrophages may well explain pro-inflammatory nature of M2b 

macrophages (43, 86, 89, 108).   

Initially described in the context of apoptosis regulation as promoting cell survival, the 

IAPs proteins have recently emerged as key regulators of innate immune signaling that 

promote inflammation (165). The role of IAPs family members has been studied by employing 

SMs (214, 215, 220). Several commercially available SMs are in clinical trials as anti-cancer 

agents (214). SM-LCL161, is a monovalent form of SMs that mimics the AVPI tetrapeptide 

binding motif present in natural SMAC (348). Therefore, SMs following binding to different 

IAPs promote their proteasomal degradations leading to IAPs downregulation and apoptosis 

particularly in cancer cells (214, 215, 348). We have previously shown that IAPs play a key role 

in the resistance of macrophages to HIV-Vpr-induced apoptosis and mitochondrial depolarization 

(319, 320). Herein, we show that although SM-LCL161 caused degradation of IAPs in all 

macrophage subsets tested, M1 macrophages only, were most sensitive to SM-induced cell 

death. Furthermore, SM-induced cell death was not attributed to the relative levels of cIAP-

1and cIAP-2 expressed in M0, M1 and M2c macrophages as M1 macrophages expressed 
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highest levels of cIAP-1 and cIAP-2 yet were highly susceptible to SM-induced cell death. On 

similar lines, although M2c macrophages expressed lowest levels of cIAP-1 and cIAP-2 yet 

were highly resistant to the SM-induced cell death. Our results also show that IAPs-mediated 

macrophage survival is determined by their state of differentiation. The susceptibility of 

macrophages to SM-induced apoptosis was attributed to the IFN-g-mediated M1 

differentiation as JAK inhibitor reversed the susceptibility of M1 macrophages to SM-induced 

cell death. Similarly, the resistance of macrophages to SM-induced apoptosis was attributed to 

the IL-10-mediated differentiation towards M2c state. This was further confirmed by reversal 

of susceptibility to SM-induced cell death following repolarization of M1 into M2c and of 

M2c into M1 subsets.  

Our results show that SM-LCL161 induced apoptosis in M1 macrophages through 

activation and cleavage of caspase-3/7, -8 and -9, and blockage of caspases by pan-caspase 

inhibitors significantly reduced SM-induced cell death. SMs generally induce apoptosis in 

SM-sensitive tumor cell lines through the secretion of TNF-a in response to IAPs ablation and 

consequently become susceptible to TNF-a-induced apoptosis (216, 349, 350). cIAP-1 and 

cIAP-2 associate with the TNF-a receptor complex-I to mediate TNF-a-induced activation of 

the canonical NF-kB pathway (165) and at the same time inhibit the non-canonical NF-kB 

pathway by promoting constant degradation of NF-kB-inducing kinase (NIK), the regulatory 

kinase of non-canonical NF-kB signaling (125, 202, 206). The IAPs degradation by SMs 

facilitates TNF-a-stimulated cell death by promoting the assembly of RIPK-1 together with 

complex-IIa, comprising of proteins such as non-ubiquitinated RIPK-1, Fas-associated protein 

with death domain (FADD) and caspase-8 resulting in caspase-dependent apoptosis (192). The 
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IAPs degradation can also promote the formation of complex IIb, the necrosome complex 

containing RIPK-1 and RIPK-3, leading to necroptosis following blockade of caspase 

activation (192, 223, 242). The precise mechanism governing selective apoptosis and 

necroptosis in M1 macrophages following SMs treatment is under investigation.  

Since SM-LCL161 caused the activation and cleavage of caspase-9, the caspase 

responsible for intrinsic apoptotic pathway, and caspase-8, the caspase responsible for 

extrinsic pathway of apoptosis (143, 164) suggest that SM-induced apoptosis involves the 

activation of both intrinsic and extrinsic pathways in M1 but not in M0 and M2c macrophages. 

The extrinsic pathway is activated via the release of TNF-a or the activation of Fas (143, 164). 

We have previously shown that macrophages subsets produce endogenous TNF-a in the 

absence of SMs treatment (43), thus, suggesting that TNF-a or other factors may be involved 

in activating the extrinsic pathway in M1 macrophages. SM-LCL161 treatment did not affect 

the expression of either Fas or TRAIL suggest that SM-induced apoptosis is not regulated by 

Fas or TRAIL activation in M1 macrophages. However M1 macrophages expressed higher 

levels of these proteins compared to M0 and M2c. The activation of the intrinsic pathway 

following SM-LCL161 treatment in M1 macrophages may be due to synergistic effect of  the 

competitive inhibition of SMAC to the IAPs and the upregulation of these death receptors in 

M1 macrophages. The mechanism governing the activation of both extrinsic and intrinsic 

apoptotic pathways of apoptosis in M1 macrophages and not in M0 and M2c macrophages 

remains to be investigated.  

The fact that zVAD.fmk, the pan-caspase inhibitor, did not fully restore cell survival in 

SM-treated M1 macrophages clearly suggested that SM-induced cell death in M1 macrophages 

may involve other cell death mechanisms most likely necroptosis, which works as a backup 
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mechanism in certain cells when apoptosis is inhibited (223). The signaling pathway involved 

in necroptosis observed following TNF-a stimulation has been studied. TNF-a binding to its 

receptor leads to the recruitment of TNFR-associated death protein (TRADD) and TNF 

receptor-associated factor-2 (TRAF2) and activation of RIPK-1. In the absence of caspase 

activation, activated RIPK-1 recruits RIPK-3 to form the necrosome (242, 351). 

Phosphorylation of MLKL by necrosome drives oligomerization of MLKL, causes plasma 

membrane to rupture and eventually leading to necroptosis (237, 242, 243). Since necroptosis 

inhibitors Necrostatin-1 (222) and NSA (237) inhibited SM-induced cell death suggested that 

SM-induced cell death is mediated by necroptosis. SMs have been shown to trigger necroptosis 

in various tumor cell lines including pancreatic (339), acute leukemic (336, 338), and breast 

cancer (337) cell lines in the presence of caspase inhibitors (zVAD.fmk and/or caspase-8 

inhibitors). Similar to the cancer cell lines, M0 and M2c macrophages exhibited SM-induced 

necroptosis in the presence of zVAD.fmk. In contrast, we show for the first time that SM-

LCL161 alone induced necroptosis in primary human M1 macrophages in the absence of 

caspase inhibitors. Moreover, simultaneous addition of inhibitors for both apoptosis and 

necroptosis completely prevented SM-induced cell death as well as signalling molecules 

RIPK-1, RIPK-3 and MLKL clearly indicated that SM-induced cell death in M1 macrophages 

is mediated by both apoptosis and necroptosis. Whether both processes are operative in the 

same cell, or different cells are undergoing different death mechanisms independently of each 

other is not clear and remains to be investigated. Moreover, the molecular mechanism(s) by 

which SMs alone induce necroptosis in M1 but not in M0/M2c macrophages is not known and 

needs further investigation.  



 

 

123 

Plasticity is one of the key features of macrophages (5, 7, 121). The results of our study 

show that M1 macrophages lose the susceptibility to SM-induced cell death once the same 

cells are cultured with IL-10, the stimuli for generating M2c macrophages. Inversely, M2c 

macrophages undergo cell death when stimulated with IFN-g, the M1 generating stimulus. In 

addition, repolarization of M1 into M2c and of M2c into M1 subsets reversed the effect of 

SM-LCL161 with respect to expression of cell surface markers and signalling pathways 

associated with apoptosis and necroptosis pathways such as caspase-8, -3, PARP, Bax, RIPK-

1, RIPK-3 and MLKL. These observations suggest that macrophage repolarization in response 

to their respective cytokines impacts their IAPs signaling and their responsiveness to SM-

induced cell death. Furthermore, macrophage subsets are not an end stage of differentiation as 

their susceptibility to SM-induced cell death can be modulated by changing the cytokine 

environment. The M1 macrophage ability to undergo SM-induced cell death is transient and 

this transient status can last as long as these cells are exposed to the specific stimuli, IFN-g.  

In summary, the results suggest that survival of human macrophages is critically linked 

to the activation/blockage of the IAPs pathways and differentiation towards either the pro-

inflammatory state by IFN-g or the anti-inflammatory state by IL-10. Moreover, in addition to 

the existing therapeutic strategies such as to reprogram M1 macrophages or induce subsets 

switching (7, 121), selective induction of cell death in M1 macrophages by SM-LCL161 alone 

or in M0/M2c macrophages by SM-LCL161 in conjunction with caspase inhibitors would have 

potential therapeutic benefits in regards to macrophage associated inflammatory or anti-

inflammatory diseases, respectively. Inflammatory M1 macrophages have been implicated in 

many diseases including rheumatoid arthritis, inflammatory bowel disease and multiple 

sclerosis (5, 7, 352–355), whereas anti-inflammatory M2 macrophages have been associated 
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with lepromatous leprosy, Whipples disease and chronic rhinosinusitis (65, 96–98). Since SM-

LCL161 effect on cell death is conserved across mouse and human M1 macrophage subsets, 

mouse model can be a useful experimental tool to study the cytocidal effect of SMs on several 

inflammatory diseases. 
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4 CHAPTER 4: The molecular mechanism governing SM-induced cell death in M1 

Macrophages 

 
 
 
 

The molecular mechanism governing SM-induced cell death in M1 
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Selectively induction of cell death in human M1 macrophages by Smac 
mimetics is mediated by cIAP-2 and RIPK-1/3 through the activation of 

mTORC 
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 INTRODUCTION 

Macrophages can be generally descripted as either “classically activated” M1 

macrophages or “alternatively activated” M2 macrophages based on their distinct inductive 

stimuli, phenotypic and functional characteristics (4, 42–44, 89). These broad categories of 

polarized macrophages represent the two extreme ends of macrophages polarization. M1 

macrophages can be induced by cytokines such as TNF-a, IFN-g or by intracellular pathogens, 

and bacterial lipopolysaccharide (LPS) (7, 23, 42). M1 macrophages exhibit enhanced 

phagocytic capacity and antigen presentation ability, secrete high levels of pro-inflammatory 

cytokines such as TNF-a, IL-12, IL-6, IL-1b and toxic molecules such as iNOS-dependent 

reactive oxygen intermediates (ROIs) and reactive nitrogen intermediates (RNIs) (7, 42, 49, 

50). In contrast, IL-4, IL-13, IL-10 or TGF-b induce macrophage polarization toward anti-

inflammatory phenotype known as alternatively activated M2 macrophages (43, 68, 69). 

Depending upon the specific stimuli, M2 macrophages can be further classified into M2a, 

M2b, or M2c subsets (43). In general, IL-4 and/or IL-13 polarize macrophages toward M2a 

subset whereas M2b subset can be generated following stimulation with immune complexes 

and TLR-agonists or IL-1 receptor ligands (43, 86, 89). Lastly, M2c subset can be generated 

by glucocorticoids and/or IL-10 (43, 89, 108).   

Although macrophage subsets are not the end-stage differentiated macrophages and are 

highly plastic as shown earlier in chapter 3 and others (5, 7, 121), distinct macrophage subsets 

have been shown to play a role in disease pathogenesis (5, 356). Macrophages play an 

important role as a first line of defense against intracellular pathogens and bacterial infection 

(23, 50, 65). In proinflammatory diseases, the changes in the tissue microenvironment drives 

macrophages polarization toward M1 phenotype to control the microbial infection and further 
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induce inflammatory response (5, 357). After a successful microbial clearance, the 

microenvironment drives macrophages toward M2 anti-inflammatory stage of macrophages, 

which helps in resolving the inflammatory responses and promote wound healing (5, 51). 

However, excessive or inability to resolve the inflammatory responses my cause damage to 

the surrounding microenvironment and could lead to several human diseases such as cancer, 

chronic infection, or autoimmune diseases. For example; M1 polarization signature have been 

shown to be associated with human colon carcinoma, inflammatory bowel disease, rheumatoid 

arthritis (53–56), typhoid fever, tuberculoid leprosy, active tuberculosis and Helicobacter 

pylori gastritis (64–66, 96). Conversely, M2 polarization program is observed in lepromatous 

leprosy, Whipples disease and chronic rhinosinusitis (96–98). 

We have previously shown that M1 macrophages can selectively be killed by targeting 

the inhibitor of apoptosis proteins 1 and 2 (cIAP1 and cIAP2) using Smac mimetic, SM-

LCL161 (SM) through apoptosis as well as necroptosis. In contrast, unpolarized M0 and M2c 

macrophages were highly resistant to SM-induced cell death (Figure 3.2). Herein, we 

extended these observations by investigating the molecular mechanism governing SM-induced 

cell death in M1 macrophages. My results show that SM-induced cell death in M1 

macrophages is independent of TNF-a, as well as canonical and non-canonical NF-kB 

pathways. SM-induced cell death in M1 macrophages was shown to be regulated by the 

mTORC pathway, RIPK-1 and RIPK-3 kinase degradation and IRF-1 transcription factor. 

These observations hold a promising therapeutic strategy to reduce the proinflammatory M1 

macrophages and control diseases associated with increased inflammatory responses. 
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  RESULTS 

4.2.1 The IAPs antagonist, SM-LCL161 selectively induces cell death in human M1 

macrophage subset 

I have previously characterized human M0, M1, M2a, M2b and M2c macrophages by 

using a non-exhaustive panel of surface markers (Figure 3.1). The pro- and anti-inflammatory 

cytokines production by these subsets has also been assessed (43). I have shown that M1 subset 

is characterized by high expression of CD80, CD86, and a low expression of CD163. 

Moreover, M1 macrophages produced high levels of IFN-g, IL-12, TNF-α and IL-23 following 

stimulation with TLR-2, TLR-3 and TLR-4 ligands. M2a subset expressed low levels of CD14, 

CD163, high levels of HLA-DR, CD 200R, CD 86 surface markers and IL-10 production. M2b 

subset expressed high levels of CD14, CD80 and low levels of CD200R, HLA-DR and 

produced IL-6. On the other hand, M2c subset expressed high levels of CD163, CD 14 and 

low levels of CD86, HLA-DR and produced high levels of IL-10 (Figure 3.1) (43). To 

investigate whether these macrophage subsets also differed in regulating IAPs signaling 

pathway and their survival, we used the monovalent form of IAPs antagonist SM-LCL161 

(SM). Differentiation of M0 macrophages towards M1 state rendered them highly susceptible 

to SM-induced cell death, whereas M2a, M2b and M2c differentiated subsets were resistant, 

with M2c being the most resistant (Figure 3.2). Herein, I have confirmed our previous findings 

with more emphasis on M1, M0 and M2c macrophages subsets. MDMs were polarized into 

M1, M2c subsets with IFN-g and IL-10, respectively or left unpolarized (M0). After 48 hrs of 

polarization, these macrophage subsets were treated with different concentrations of SM-

LCL161 for another 48 hrs followed by analysis of cell death by intracellular PI staining and 

flow cytometry as previously described (Chapter 3). Herein, the results confirm my previous 
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findings that M1 is highly sensitive to SM-LCL161 treatment with nearly 60% reduction in 

cell survival after SM-LCL161 treatment compared to untreated (Figure 4.1). In contrast, M0 

and M2c subsets remained resistant to SM-induced cell death. This result suggests that IAPs 

signaling pathway is differentially regulated in macrophages subsets and that blocking IAPs 

signaling selectively induces cell death in M1 macrophage subset.  

4.2.2 Molecular mechanism governing SM-induced cell death in M1 macrophages 

I have previously shown that SM-induced cell death in M1 macrophages was mediated 

by apoptosis as well as necroptosis and activated both extrinsic and intrinsic pathways of 

apoptosis (Figure 3.5 and 3.6). The susceptibility of M1 macrophages to SM-induced cell 

death was attributed to the IFN-g-mediated polarization as JAK inhibitor reversed their 

susceptibility (Figure 3.7). In contrast, M2c and M0 macrophages experienced cell death 

through necroptosis pathway following simultaneous blockage of the IAPs pathways by SM-

LCL161 and the caspase pathways by the pan-caspase inhibitors (Figure 3.8 and 3.9). In the 

next series of my investigations, I will elucidate as below the role of TNF-a, signaling 

pathways such as PI3K-Akt-mTOR pathway, MAPKs and transcription factors NF-kB, IRF-

1 and PKR and the pro- and anti-apoptotic genes in SM-induced apoptosis in M1 macrophages.  
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Figure 4.1: M1 macrophages are sensitive whereas M2c macrophages are resistant to 
SM-induced cell death. 

M0, M1, and M2c macrophage subsets were left untreated or treated with 0.5 µM and 1 µM 
of SM-LCL161 for 48 hrs. The % cell death was determined by intracellular PI staining and 
flow cytometry. The result shown is a mean ± SD of eleven independent experiments from 
different donors.  
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4.2.3 TNF-α failed to regulate cell death seen in SM-treated M1 macrophage subset 

Endogenously produced TNF-a has been shown to mediate SM-induced cell death in 

various cells especially tumor cell lines (216, 349, 350, 358). SMs induce the production of 

TNF-a that, synergizes with SMs to induced cell death in various cancer cells and cell lines 

(202, 216, 350, 359, 360). Therefore, I first determined whether M1 macrophages produce 

higher levels of TNF-a compared to that produced by M0 and M2c macrophages either 

spontaneously or following treatment with SM-LCL161. To determine the endogenous levels 

of TNF-a before and after SM treatment, M0, M1 and M2c were polarized for 48 hrs and the 

supernatants were collected and subjected to ELISA for measuring TNF-a production. At the 

same time, M0, M1 and M2c macrophages were treated with various concentrations of SM-

LCL161 for 48 hrs followed by collection of supernatants and TNF-a level measurement. My 

results show that all three subsets produced different levels of endogenous TNF-a 

spontaneously after 48 hrs of polarization (Figure 4.2A). Interestingly, M1 macrophages 

produced significantly higher levels of TNF-a compared to the M0 and M2c subsets. 

Moreover, SM-LCL161 at any concentration did not induce the production of TNF-a 

compared to that produced by untreated macrophages (Figure 4.2B, C and D). Although M1 

macrophages produced higher levels of TNF-a, SM-LCL161 did not induce higher levels of 

TNF-a after treatment (Figure 4.2B). These results suggest that contrary to the tumor cell 

lines, SM-LCL161 did not induce TNF-a production in any subset of primary human 

macrophages.   
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Figure 4.2: M0, M1 and M2c macrophages produce TNF-a spontaneously and following 
SM-LCL161 treatment. 

(A) TNF-a production by different macrophage subsets after 48 hrs of polarization determined 
by ELISA assay. TNF-a production by (B) M1, (C) M0, and (D) M2c macrophage subsets 
treated with SM-LCL161 (0.2, 0.5 and 1 µM) for 48 hrs. The data represent a mean ± SD of 
three independent explements of three different donors. 
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Since M0 and M2c produced lower levels of TNF-a compared to M1 subset, I 

investigated whether enhancing TNF-a production by LPS activation would affect their 

sensitivity to SM-LCL161 treatment. I stimulated M0, M1 and M2c macrophages with LPS 

for 24 hrs followed by collection of the supernatants and assessment of TNF-a production. As 

seen in (Figure 4.3A), LPS stimulation induced high levels of TNF-a production (>1000 

pg/mL) in all the three subsets. However, M1 still produced the highest amounts of TNF-

a (~ 3000 pg/mL) that was twice the levels produced by M0 and M2c macrophages. To 

determine whether enhancing TNF-a production by LPS would affect SM-induced cell death, 

M0, M2c and M1 were stimulated with LPS for 24 hrs and then treated with different 

concentrations of SM-LCL161 followed by assessment of cell death. My results show that 

LPS-stimulated M0 and M2c macrophages were still resistant to cell death induced by any 

concentrations of SM-LCL161 (Figure 4.3B and C). Furthermore, as expected treatment with 

SM-LCL161 alone induced cell death in M1 macrophages. However, stimulation of M1 

macrophages with LPS did not lead to a significant increase in cell death at any concentration 

of SM-LCL161 treatment (Figure 4.3D). 
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Figure 4.3: SM-LCL161 does not induce cell death in LPS-treated M0, M1 and M2c 
macrophages. 

(A) TNF-a production of M0, M1 and M2c macrophage subsets after LPS stimulation for 24 
hrs determined by ELISA assay. (B) M0 and (C) M2c (D) M1 macrophage subsets were left 
untreated, treated with SM-LCL161 (0.2, 0.5 and 1 µM), LPS (10 ng/mL) or SM and LPS 
combined treatment for 48 hrs. The % cell death was determined by intracellular PI staining 
and flow cytometry. The data represent a mean ± SD of three independent explements of three 
different donors. 
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LPS stimulation affects the activation status of macrophages that may be responsible for 

resistance to cell death in M0 and M2c macrophage subsets. Therefore, to rule out the 

involvement of macrophage activation after LPS treatment, and to directly determine the 

involvement of TNF-a, M0, M2c and M1 macrophage subsets were directly treated ex vivo 

with different concentrations of human recombinant TNF-a (rhTNF-a) an hour prior to SM-

LCL161 treatment (Figure 4.4). My results show that rhTNF-a-treated M0 and M2c were still 

resistant to SM-induced cell death (Figure 4.4A and B). As expected, SM-LCL161 treatment 

induced cell death in M1 macrophages. However, addition of any concentration of rhTNF-a 

(5-20 ng/mL) to SM-treated M1 macrophages failed to significantly increase cell death 

compared to the cell death observed following SM-LCL161 treatment alone. (Figure 4.4C). 

These results suggested that SM-induced cell death may occur independently of TNF-a in 

primary human M1 macrophages.  

  



 

 

139 

  

0

20

40

60

80

C
el

l D
ea

th
 (%

)

-rhTNFα (ng/mL) 10- 5 20
SM (1 µM) - - -- +++

M1

+
105 20

ns

ns

ns

0

20

40

60

80

C
el

l D
ea

th
 (%

)

- 10- 5 20
- - -- +++

M0

+
105 20rhTNFα (ng/mL)

SM (1 µM)

0

20

40

60

80

C
el

l D
ea

th
 (%

)

- 10- 5 20
- - -- +++

M2c

+
105 20rhTNFα (ng/mL)

SM (1 µM)

A

B

0

20

40

60

80

C
el

l D
ea

th
 (%

)

-rhTNFα (ng/mL) 10- 5 20
SM (1 µM) - - -- +++

M1

+
105 20

ns

ns

ns

0

20

40

60

80

C
el

l D
ea

th
 (%

)

- 10- 5 20
- - -- +++

M0

+
105 20rhTNFα (ng/mL)

SM (1 µM)

0

20

40

60

80

C
el

l D
ea

th
 (%

)

- 10- 5 20
- - -- +++

M2c

+
105 20rhTNFα (ng/mL)

SM (1 µM)

C



 

 

140 

Figure 4.4: Recombinant human TNF-⍺ (rhTNF-a) does not induce cell death in SM-
treated M0, M2c or M1 macrophages. 

(A) M0 (B) M2c (C) M1 macrophage subsets were left untreated, treated with rhTNF-a (5, 10 
and 20 ng/mL), SM-LCL161 (1 µM) alone or combined treatment of rhTNF-a and SM-
LCL161. The % cell death was determined by intracellular PI staining and flow cytometry. 
The data represent a mean ± SD of three independent explements of three different donors. 
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To further rule out the involvement of TNF-a in SM-induced cell death of M1 

macrophages, I neutralized the effect of TNF-a in SM-treated M1 macrophage using anti-

TNF-a neutralizing antibodies. M1 macrophages were treated with various concentrations of 

anti-TNF-a neutralizing antibodies for 2 hrs prior to treatment with 1 µM of SM-LCL161. M1 

macrophages were still sensitive to SM-induced the cell death (Figure 4.5A and B). The 

addition of anti-TNF-a antibodies at any concentration ranging from 1.5 to 15 µg did not 

significantly reduce SM-induced cell death in M1 macrophages compared to the cell death 

observed with isotype matched control antibodies (Figure 4.5A). The representative 

histograms showing the effect of anti-TNF-a antibodies on SM-induced cell death of M1 

macrophages (Figure 4.5B).  

The biological activity of the neutralizing anti-TNF-a antibodies was determined by 

using standard SNB-75 cell line. SNB-75 is a human SNB-75 glioblastoma cell line that was 

used to confirm the ability of the antibody to neutralize the effect of TNF-a. SM-LCL161 was 

able to induce cell death in this cell line only when it was combined with rhTNF-a. SM-

LCL161 alone or TNF-a alone (3 ng/mL) did not induce cell death in SNB-75 cells. The 

addition of anti-TNF-a antibodies (15 µg/mL) to SM-treated SNB-75 cells significantly 

reduced cell death comparable to the cell death observed in the presence of isotype control 

antibodies (15 µg/mL) and SM-LCL161 (Figure 4.5C). Collectively, these data suggest that 

SM-LCL161 does not affect the production of endogenous TNF-a levels in primary human 

M1 macrophages. Moreover, SM-induced cell death in M1 macrophages is TNF-a 

independent. 
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Figure 4.5: Endogenously produced TNF-a does not mediate SM-induced cell death in 
M1 macrophages. 

(A) M1 macrophages were treated with anti-TNF-a neutralizing antibodies (1.5, 5 and 15 
µg/mL) for 2 hrs prior to SM-LCL161 (0.5 µM) treatment for 48 hrs. The % cell death was 
determined by intracellular PI staining and flow cytometry. The data represent a mean ± SD 
of three independent explements of three different donors. (B) A representative figure of flow 
cytometry analysis of M1 macrophages treated with different concentrations of anti-TNF-a 
neutralizing antibodies. (C) SNB 75 cell line treated with TNF-a (3 µg/mL), SM-LCL161 (3 
µM), anti-TNF-a neutralizing antibodies (1.5, 5 and 15 µg/mL), control IgG (15 µg/mL) or 
combined treatments. Red objective count per well determined by IncuCyte™ automated 
machine and collected every 2 hrs. 
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4.2.4 SM-LCL161 does not activate either canonical or non-canonical NF-kB 

Since SMs are well known to degrade cIAP1/2, and IAPs regulate NF-kB signaling (206, 

361), I evaluated if SM-LCL161 induce cell death through NF-κB signaling in M1 

macrophages. cIAPs ablation by SMs has been shown to promote canonical pathway of NF-

κB activation in cancer cells due to increased TNF-α secretion, which promotes degradation 

of IκBα protein and subsequent release of p65 and p50 subunits of NF-κB (202, 359). To 

determine the effect of SM-LCL161 on canonical pathway of NF-kB activation in human M1 

macrophages, we measured the level of IκBα protein as an indirect indicator of the canonical 

NF-κB activity. For this, M0 macrophages were treated with 0.5 and 1 µM of SM-LCL161. 

LPS stimulation was used as a positive control for canonical NF-kB activation. Cells were 

assayed for IkBa expression by Western immunoblotting. In contrast to previous results 

obtained with cancer cells (359, 362), SM-LCL161 alone did not affect IκBα expression in 

human macrophages. As expected, LPS stimulation decreased IκBα levels, indicative of NF-

κB activation. However, LPS-induced degradation of IκBα was not affected by prior treatment 

of macrophages with SM-LCL161 (Figure 4.6A), suggesting that SM-LCL161 do not affect 

the canonical pathway of NF-kB activation. Although LPS-induced NF-κB activation is 

dependent on cIAPs in human macrophages, SM-LCL161 do not modulate the LPS-activated 

NF-kB pathway in these cells.  

Non-canonical regulation of NF-κB depends on NF-κB-inducing kinase (NIK), which 

promotes partial processing of the p100 subunit to its p52 mature form (204, 363). In resting 

cells, this pathway is subdued through continuous NIK degradation performed by cIAP1/2 

(125, 202). SMs treatment results in NIK accumulation and subsequent activation of non-
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canonical NF-κB pathway in cancer cells (202, 203, 359, 364). To determine the effect of SMs 

on non-canonical NF-κB signaling in human macrophages, M0 macrophages were treated with 

0.5 and 1 µM of SM-LCL161 as above. LPS stimulation was again used as a positive control. 

Cells were assayed for p100 to p52 conversion by Western immunoblotting. As expected, LPS 

stimulation induced the expression of p100 and its subsequent processing to p52. SM-LCL161, 

in contrast to cancer cells (202, 203, 359, 364), did not affect p100 processing in macrophages 

suggesting that SM-LCL161 does not activate non-canonical pathway of NF-kB activation. 

(Figure 4.6B). Collectively, the results demonstrated that SM-LCL161 treatment does not 

activate canonical or non-canonical pathways of NF-kB.  
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Figure 4.6: SM-LCL161 does not affect canonical or non-canonical pathway of NF-kB 
activation in human macrophages. 

M0 macrophages were left untreated or treated with LPS (24 hrs), SM-LCL161 (0.5 and 1 µM) 
or LPS and SM-LCL161 combined treatment. Cells were collected after 5 hrs and the total 
protein lysates were analyzed for (A) IKba (39 kDa), or (B) p100 and p52 (120/52 kDa) 
expressions by Western immunoblotting. The result shown is a representative of three 
independent experiments from three different donors.   
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4.2.5 NF-kB pathway is not involved in SM-induced cell death in M1 macrophages 

Next, we investigated if blocking NF-kB pathway would rescue SM-treated M1 

macrophages. M0 macrophages were treated with various concentrations of NF-kB inhibitor 

PS-1145, that inhibits the IKB kinase (IKK) for 2 hrs followed by IFN-g stimulation for 48 hrs 

(pre-polarization). Alternatively, M1 macrophages first polarized by IFN-g for 48 hrs were 

treated with PS-1145 for 2 hrs (post-polarization). Subsequently, M1 macrophages were 

treated with SM-LCL161 for another 48 hrs followed by assessment of cell death. My result 

show that blocking NF-kB pathway by PS-1145 either prior to or after polarization into M1 

macrophages did not rescue SM-LCL161 treated M1 macrophages (Figure 4.7A and B). The 

biological activity of PS-1145 was confirmed by inhibition of IFN-g induced phosphorylation 

of IKKb expression (Figure 4.7C).  Overall, the data suggest that NF-kB pathway is not 

involved in SM-induced cell death in M1 macrophages. 
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Figure 4.7: Blocking NF-kB either before or after M1 polarization does not inhibit cell 
death in SM-treated M1 macrophages. 

(A) M0 macrophages were treated with various concentrations of NF-kB inhibitor (0.1, 0.5, 1, 
3 and 10 µM) for 2 hrs prior to stimulation with IFN-g for 48 hrs (pre-polarization). (B) For 
post-polarization, M1 macrophages were treated with same concentrations of NF-kB inhibitor 
for 2 hrs after 48 hrs stimulation with IFN-g. Cells were then left untreated or treated with SM-
LCL161 (1 µM) for another 48 hrs. The % cell death was determined by intracellular PI 
staining and flow cytometry. The result shown is a mean ± SD of three independent 
experiments from three different donors. (C) M0 macrophages were left untreated or treated 
with NF-kB inhibitor (0.5, 1 and 3 µM) for 2 hrs prior to stimulation with IFN-g for 30 min. 
Total protein lysates were analyzed for pIKKb expression (87 kDa) by Western 
immunoblotting. The result shown is a representative of three independent experiments from 
three different donors.   
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4.2.6 Involvement of IFN-g activated pathway in SM-induced cell death of M1 

macrophage 

IFN-g mediates the polarization of M0 into M1 macrophage subset. Therefore, we 

hypothesized that IFN-g-induced differentiation to M1 macrophages confer the sensitivity of 

M1 cells to SM-induced cell death and blocking IFN-g signaling would reverse the effect SM-

induced cell death. IFN-g mediates its activity through the activation of JAK/STAT signaling 

pathway (260, 261). To determine the involvement of JAK/STAT pathway, M1 macrophages 

were treated with varying concentrations of JAK inhibitor (Ruxolitinib; RUX), for 2 hrs prior 

to stimulation with IFN-g. As seen in Figure 4.8A and in Figure 3.7 A, blocking JAK singling 

by RUX significantly reduced cell death in SM-treated M1 macrophages in a dose dependent 

manner. RUX alone did not affect cell survival at any concentration in the absence of SM-

LCL161. Figure 4.8B and Figure 3.7B shows the biological activity of RUX in M1 cells by 

Western immunoblotting. IFN-g induced JAK-1 phosphorylation that was significantly 

inhibited by RUX in a dose-dependent manner.  
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Figure 4.8: SM-mediated cell death in M1 macrophages is mediated by the JAK-STAT 
pathway. 

(A) M0 macrophages were treated with various concentrations of JAK inhibitor (Rux; 0.5, 1, 
5, 10 µM), for 2 hrs prior to stimulation with IFN-g for 48 hrs. Cells were then treated with 
SM-LCL161 (1 µM) for another 48 hrs. The % cell death was determined by intracellular PI 
staining and flow cytometry. The result shown is a mean ± SD of three independent 
experiments from three different donors. (B) M0 macrophages were treated with various 
concentrations of Rux for 2 hrs prior to stimulation with IFN-g for 30 min. Total protein lysates 
were analyzed for pJAK-1 (130 kDa) by Western immunoblotting. The result shown is a 
representative of three independent experiments from three different donors. 
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4.2.7 Silencing IRF-1 regulates SM-induced cell death in M1 macrophages 

IFN-g induces the expression of transcription factor interferon regulatory factor-1 (IRF-

1) that plays a key role in IFN-g-induced cell death in various cancer cells (272, 365, 366). 

Therefore, to investigate whether IRF-1 is involved in SM-induced cell death in M1 

macrophage, I first, determined the expression of IRF-1 in M0, M1 and M2c macrophage 

subsets and whether SM-LCL161 affects IRF-1 expression. Interestingly, M1 macrophages 

demonstrated increased IRF-1 expression compared to M0 and M2c subsets. Although SM-

LCL161 treatment did not affect the expression of IRF-1 at any concentration (Figure 4.9A), 

I hypothesized that high IRF-1 expression in M1 macrophages may be responsible for 

increased cell death after SM-LCL161 treatment. To understand the role of IRF-1, I silenced 

its expression in M1 macrophages using siRNA. M0 macrophages were transfected with 

specific IRF-1 siRNA followed by IFN-g stimulation and then SM-LCL161 treatment for 48 

hrs and analysis of cell death by PI staining and flow cytometry. My results show that IFN-g-

stimulated M0 macrophages treated with SM-LCL161 in the presence or absence of non-

targeting control siRNAs induced cell death. Interestingly, IRF-1 silencing of macrophages 

followed by SM-LCL161 treatment rescued M1 macrophage from SM-induced cell death 

compared to the  macrophages transfected with non-targeting siRNA (Figure 4.9B). The effect 

of IRF-1 silencing was confirmed by showing downregulation of IRF-1 protein in M1 

macrophages compared to the un-transfected M1 macrophages or M1 macrophages transfected 

with the control non-targeting siRNAs by Western immunoblotting (Figure 4.9C). These 

results suggested that IRF-1 mediates SM-induced cell death in M1 macrophages.  
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Figure 4.9: IRF-1 regulates SM-induced cell death in M1 macrophages.  

(A) M0, M1 and M2c macrophage subsets were left untreated or treated with SM-LCL161 (0.5 
and 1 µM) for 5 hrs. Cells were then collected and the total protein lysates were analyzed for 
expressions of IRF-1 (45 kDa) by Western immunoblotting. The result shown is a 
representative of three independent experiments from three different donors. (B) M0 
macrophages were transfected with IRF1 siRNA or negative control siRNA for 24 hrs. cells 
were then stimulated with IFN-g for 48 hrs and then left untreated or treated with SM-LCL161 
(1 µM) for 48 hrs. The % cell death was determined by intracellular PI staining and flow 
cytometry. The result shown is a mean ± SD of three independent experiments from three 
different donors. (C) M0 macrophages were left untreated, transfected with IRF1 siRNA or 
negative control siRNA for 24 hrs then stimulated with IFN-g. Total protein lysates were 
analyzed for IRF-1 expressions (45 kDa) by Western immunoblotting. The result shown is a 
representative of three independent experiments from three different donors. 
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4.2.8 PKR inhibition does not regulate SM-induced cell death in M1 macrophages 

Interferon-induced, double-stranded RNA-activated protein kinase also known as 

protein kinase R (PKR), contains an N-terminal dsRNA binding domain (dsRBD) and a C-

terminal kinase domain, that gives it pro-apoptotic functions (274, 367, 368).  INF-g induces 

the expression of PKR to inhibits viral protein synthesis, and mediates TNF-a and Fas-induced 

apoptosis or even RIPK-1/RIPK-3 mediated necroptosis (274–276, 367, 369). Therefore, I 

hypothesized that IFN-g-induced differentiation of M0 macrophages into M1 state may induce 

PKR activity that may mediate SM-induced cell death in M1 macrophages. The involvement 

of PKR was investigated by its specific inhibitor C16 that is known to inhibit apoptotic 

PKR/eIF2α signaling pathway (368, 370). M0 macrophages were treated with various 

concentrations of C16 for 2 hrs prior to stimulation with IFN-g for 48 hrs followed by treatment 

with SM-LCL161 for another 48 hrs and determination of cell death by PI staining and flow 

cytometry (Figure 4.10A) and by IncuCyte™ PI staining. (Figure 4.10B). Inhibition of the 

PKR pathway by C16 at any concentration did not rescue SM-induced cell death in IFN-g-

stimulated M0 macrophages as assessed by either PI intracellular straining/flow cytometry or 

by IncuCyte™ PI staining. The biological activity of C16 was confirmed by the Western 

immunoblotting (Figure 4.10C) and shows reduction in the expression of p-PKR by C16 in a 

dose-dependent manner. Overall, my results suggest that SM-induced cell death in IFN-g-

stimulated M0 macrophages is regulated by the JAK/STATS pathway through the activation 

of IRF-1 transcription factor and independently of PKR activation.  
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Figure 4.10: Blocking PKR did not reduce cell death in SM-treated M1. 

M0 macrophage were left untreated or treated with different concentrations of PKR inhibitor 
(C16; 0.1, 0.15, 0.2, 0.5 and 1 µM) for 2 hrs prior to stimulation with IFN-g for 48 hrs. Cells 
were then treated with SM-LCL161 (1 µM) for another 48 hrs. The % cell death was 
determined by intracellular PI staining and (A) flow cytometry or (B) IncuCyte™ automated 
machine. The result shown is a mean ± SD of three independent experiments from three 
different donors. (C) Total protein lysates of M1 macrophages treated with different 
concentration of PKR inhibitor were analyzed for p-PKR (74 kDa) expression by Western 
immunoblotting. The result shown is a representative of three independent experiments from 
three different donors. 
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4.2.9 Involvement of PI3K/Akt-mTORC pathway in SM-induced cell death  

To further elucidate the mechanism by which INF-g contributes to SM-induce cell death 

in M1 macrophages, we investigated the involvement of PI3K/Akt-mTOR pathway in SM-

induced cell death. The PI3K-Akt cascade was investigated by employing PI3K and Akt 

inhibitors, LY294002 and MK0266, respectively. M0 macrophage subset was treated with 

either LY294002 or MK0266 for 2 hrs followed by IFN-g stimulation for 48 hrs (pre-

polarization). Alternatively, M0 macrophages were first polarized into M1 state by stimulation 

with IFN-g for 48 hrs and then treated with either LY294002 or MK0266 inhibitors for 2 hrs 

(post-polarization). Subsequently, M1 macrophages treated with these inhibitors either prior 

to IFN-g differentiation (pre-polarization) or after 48 hrs of differentiation with IFN-g (post-

polarization) were challenged with SM-LCL161 for another 48 hrs. Finally, cell death was 

assessed by intracellular PI staining and flow cytometry. My results show that neither PI3K 

inhibitor (Figure 4.11A and B) nor the Akt inhibitor (Figure 4.12A and B) added either prior 

to polarization or post-polarization at any concentration affected SM-induced cell death of 

IFN-g-stimulated M0 macrophages. The activity of PI3K inhibitors was determined by 

showing inhibition of LPS-induced Akt phosphorylation in M0 macrophages by Western 

immunoblotting (Figure 4.11C). The activity of Akt inhibitor was determined by showing 

inhibition of IFN-g-induced Akt phosphorylation in M0 macrophages by Western 

immunoblotting (Figure 4.12C). These data suggest that PI3K/Akt pathway is not involved in 

SM-induced cell death in M1 macrophages. 
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Figure 4.11: Inhibition of PI3K pathway either before or after M1 polarization does not 
affect SM-induced cell death. 

(A) M0 macrophages were treated with various concentrations of PI3K inhibitor (1, 3, 10 and 
20 µM) for 2 hrs prior to stimulation with IFN-g for 48 hrs (pre-polarization). (B) For post-
polarization, M1 macrophages were treated with same concentrations of PI3K inhibitor for 2 
hrs after stimulation with IFN-g for 48 hrs. Cells were then treated with SM-LCL161 (1 µM) 
for another 48 hrs. The % cell death was determined by intracellular PI staining and flow 
cytometry. The result shown is a mean ± SD of three independent experiments from three 
different donors. (C) M0 macrophages were left untreated or treated with PI3K inhibitor (20 
and 50 µM) for 2 hrs prior to stimulation with LPS for 30 min. Total protein lysates were 
analyzed for pAkt (60 kDa) by Western immunoblotting. The result shown is a representative 
of three independent experiments from three different donors. 
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Figure 4.12: Akt inhibition either before or after M1 polarization does not affect SM-
induced cell death. 

(A) M0 macrophages were treated with various concentrations of Akt inhibitor (0.5, 1, 5 and 
10 µM) for 2 hrs prior to stimulation with IFN-g for 48 hrs (pre-polarization). (B) For post-
polarization, M1 macrophages were treated with same concentrations of Akt inhibitor for 2 
hrs after stimulation with IFN-g for 48 hrs. Cells were then treated with SM-LCL161 (1 µM) 
for another 48 hrs. The % cell death was determined by intracellular PI staining and flow 
cytometry. The result shown is a mean ± SD of three independent experiments from three 
different donors. (C) M0 macrophages were left untreated or treated with Akt inhibitor (5 and 
10 µM) for 2 hrs prior to stimulation with IFN-g for 30 min. Total protein lysates were analyzed 
for pAkt (60 kDa) by Western immunoblotting. The result shown is a representative of three 
independent experiments from three different donors. 
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4.2.10 SM-induced cell death during M1 differentiation is regulated by mTORC1-S6K 

pathway 

The mTOR pathway plays a central regulatory role in many cellular processes such as 

cell survival, differentiation, proliferation, and immune responses (279, 280). The mTOR 

protein complex is a serine/threonine kinase that acts downstream of phosphoinositide-

dependent kinase-1 in the PI3K pathway and functions as a nutrient/energy sensor and controls 

protein synthesis and cell growth (279, 280). mTOR links with other proteins and serves as a 

core component of two distinct protein complexes, mTORC-1 and mTORC-2, which regulate 

different cellular processes (279, 281, 282, 292). Rapamycin inhibits mTORC1 whereas Torin 

inhibits both complexes (371). Since p70S6 kinase is a downstream target of mTORC-1 

complex (290, 372), it was of interest to investigate the role of p70S6K in the SM-induced 

apoptosis in M1 macrophages as well. Therefore, I used ribosomal protein S6 kinase (S6K) 

inhibitor (PF-4708671) that targets S6K downstream of mTORC1 responsible for protein 

synthesis (373). To determine the involvement of mTORC-1/2-S6K pathway, I first examined 

the dose and the ability of the mTORC inhibitors; Torin and Rapamycin, and S6K inhibitors 

(PF-4708671) to block the activation of mTORC pathway in macrophage. Macrophages were 

treated with different concentrations of these inhibitors and then stimulated with IFN-g or LPS 

for 30 min followed by Western immunoblotting for the expression of S6K phosphorylation. 

The biological activities of Torin (Figure 4.13D), Rapamycin (Figure 4.13E) and S6K 

inhibitor (Figure 4.13F) confirmed by showing the inhibition of S6K phosphorylation in a 

dose dependent manner as compared to the IFN-g or LPS-stimulated macrophages in the 

absence of the inhibitor.  
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To determine the involvement of mTORC pathway in SM-induced cell death in M1 

macrophages, M0 macrophages ( pre-polarization ) were left untreated or treated with various 

concentrations of mTORC pathway inhibitors, Torin or Rapamycin, or S6K inhibitor for 2 hrs 

and then stimulated with IFN-g to generates M1 macrophages. After 48 hrs, these macrophages 

were treated with SM-LCL161 for another 48 hrs, followed by assessment of cell death by 

intracellular PI staining and flow cytometry. My results show that blocking of mTORC 

pathway by Torin or Rapamycin (Figure 4.13A and B) and of the S6K pathway by S6K 

inhibitor (Figure 4.13C) prior to IFN-g stimulation significantly reduced SM-induced cell 

death. Since Rapamycin mostly inhibits mTORC-1 and Torin inhibits both mTORC-1 and 

mTORC-2, these results suggested that the SM-induced cell death during differentiation into 

M1 macrophages is mediated by the activation of mTORC pathway and its downstream S6K 

signaling pathway.  
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Figure 4.13: Blocking mTORC1/2 and S6K pathway during M1 diffrentiation inhibits 
SM-induced cell death in M1 macrophages. 

M0 macrophages were treated with various concentrations of (A) Torin inhibitor (3, 10, 30, 
100 and 300 nM), (B) Rapamycin inhibitor (10, 50, 100, 200 and 300 nM) or (C) S6K inhibitor 
(0.5, 1, 5, 10 and 20 µM) for 2 hrs prior to stimulation with IFN-g for 48 hrs (pre-polarization). 
Cells were then treated with SM-LCL161 (1 µM) for another 48 hrs. The % cell death was 
determined by intracellular PI staining and flow cytometry. The result shown is a mean ± SD 
of three independent experiments from three different donors. (D) M1 macrophages were left 
untreated or treated with Torin inhibitor (3, 10, 30, 100 and 300 nM). M0 macrophages were 
left untreated or treated with (E) Rapamycin inhibitor (10, 50, and 150 nM) or (F) S6K 
inhibitor (0.5, 1, 15 and 20 µM) for 2 hrs prior to stimulation with either LPS or IFN-g for 30 
min. Total protein lysates were analyzed for pS6K (70 kDa) expressions by Western 
immunoblotting. The result shown is a representative of three independent experiments from 
three different donors.   
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4.2.11 SM-induced cell death in differentiated M1 is regulated by mTORC2.  

To determine the signaling pathways involved in SM-induced cell death post-M1 

differentiated macrophages, as stated earlier, M0 macrophages were first polarized into M1 

state by stimulation with IFN-g for 48 hrs and then either left untreated or treated with various 

concentrations of mTORC pathway inhibitors, Torin or Rapamycin, or S6K inhibitor for 2 hrs 

(post-polarization). Subsequently, M1 macrophages treated with these inhibitors were tretead 

with SM-LCL161 for another 48 hrs followed by assessment of cell death. My results show 

that only Torin was able to protect differentiated M1 macrophages when mTORC pathway 

was blocked after IFN-g stimulation (post-polarization) (Figure 4.14A). Both Rapamycin and 

S6Kinase inhibitors involved mTORC1 inhibition failed to regulate SM-induced cell death in 

post-M1 differentiated macrophages (Figure 4.14B and C).  Since Rapamycin failed to rescue 

SM-induced cell death, the results suggest that SM-induced cell death in M1 differentiated 

macrophages may be regulated by the mTORC-2 pathway and independent of the S6K 

pathway.  
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Figure 4.14: Blocking mTORC1/2 pathway after M1 polarization by Torin alone inhibits 
SM-induced cell death in M1 macrophages. 

M1 macrophages were treated with various concentrations of (A) Torin inhibitor (3, 10, 30, 
100 and 300 nM), (B) Rapamycin inhibitor (10, 50, 100, 200 and 300 nM) and (C) S6K 
inhibitor (0.5, 1, 5, 10 and 20 µM) for 2 hrs (Post-polarization). Cells were then treated with 
SM-LCL161 (1 µM) for another 48 hrs. The % cell death was determined by intracellular PI 
staining and flow cytometry. The result shown is a mean ± SD of three independent 
experiments from three different donors.  
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4.2.12 MAPK pathways do not affect SM-induced cell death of M1 macrophages 

cIAPs have been shown to be critical regulators of MAPK signaling pathways activation 

(362). MAPKs regulate important cellular processes such as proliferation, stress responses, 

apoptosis and immune defense (374–376). There are three well-known MAPK pathways in 

mammalian cells: the ERK1/2, the c-JUN N-terminal kinase 1, and 2 (JNK1/2), and the p38 

MAPK pathways. The role of ERK, JNK and p38 pathways was determined by employing 

their specific inhibitors PD-98059, SP-600125 and SB-203580, respectively (377). First, I 

determined the biological activity of these inhibitors. For this, M0 macrophages were treated 

with different concentrations of ERK, JNK or P38 inhibitors for 2 hrs followed by IFN-g or 

LPS stimulation for 30 min to induce the phosphorylation of ERK, JNK and P38 MAPKs 

expressions followed by Western immunoblotting. As shown in Figure 4.15B, D and F, these 

inhibitors were able to inhibit the phosphorylation of the targeted proteins namely JNK 

following IFN-g stimulation, and ERK and p38 following LPS stimulation compared to 

untreated IFN-g/LPS-stimulated macrophages.  

Next, I investigated whether blocking MAPK pathways would rescue cell death in SM-

treated M1 macrophages. As described earlier for PI3K/Akt inhibitors, M0 macrophage subset 

were treated with either PD-98059, SP-600125 or SB-203580 the inhibitors specific for the 

ERK, JNK and p38 pathways, respectively, for 2 hrs followed by IFN-g stimulation for 48 hrs 

(pre-polarization). Alternatively, M0 macrophages were first polarized into M1 state by 

stimulation with IFN-g for 48 hrs and then treated with the above inhibitors for 2 hrs (post-

polarization).  Subsequently, M1 macrophages treated with these inhibitors either prior to IFN-

g differentiation (Figure 4.15A, C and E) or after 48 hrs of differentiation with IFN-g (Figure 
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4.16A, B and C) were treated with SM-LCL161 for another 48 hrs followed by assessment of 

cell death. Treatment of macrophages (pre-polarization) (Figure 4.15A, C and E) or 

differentiated M1 macrophages (post-polarization; Figure 4.16A, B and C) with MAP kinase 

inhibitors at any concentration did not rescue SM-induced cell death in M1 macrophages These 

results suggest that the MAPKs do not regulate SM-induced apoptosis in M1 macrophages.  
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Figure 4.15: Blocking of P38, ERK or JNK MAPK pathway before M1 polarization does 
not inhibit SM-induced cell death in M1 macrophages. 

M0 macrophages were treated with various concentrations of (A) JNK inhibitor (SP-600125; 
10, 20, 40 and 50 µM), (C) ERK inhibitor (PD-98059; 10, 20, 40 and 50 µM) or (E) P38 
inhibitor (SB-203580; 10, 20, 40 and 50 µM) for 2 hrs prior to stimulation with IFN-g for 48 
hrs (pre-polarization). Cells were then treated with SM-LCL161 (1 µM) for another 48 hrs. 
The % cell death was determined by intracellular PI staining and flow cytometry. The result 
shown is a mean ± SD of three independent experiments from three different donors. M0 
macrophages were left untreated or treated with (B) JNK inhibitor ( 25 and 50 µM, (D) ERK 
inhibitor (25 and 50 µM) or (F) P38 inhibitor (25, and 50 µM) for 2 hrs prior to stimulation 
with either IFN-g or LPS for 30 min. Total protein lysates were analyzed for pJNK (46 kDa), 
pERK (44 kDa) and pP38 (43 kDa) expressions by Western immunoblotting. The result shown 
is a representative of three independent experiments from three different donors.   
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Figure 4.16: Blocking of P38, ERK or JNK MAPK pathway after M1 polarization does 
not inhibit SM-induced cell death in M1 macrophages. 

M1 macrophages were treated with various concentrations of (A) JNK inhibitor (SP-600125; 
10, 20, 40 and 50 µM), (B) ERK inhibitor (PD-98059; 10, 20, 40 and 50 µM) or (C) P38 
inhibitor (SB-203580; 10, 20, 40 and 50 µM) for 2 hrs (Post-polarization). Cells were then 
treated with SM-LCL161 (1 µM) for another 48 hrs. The % cell death was determined by 
intracellular PI staining and flow cytometry. The result shown is a mean ± SD of three 
independent experiments from three different donors.  
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4.2.13 Analysis of proapoptotic and anti-apoptotic proteins involved in SM induced cell 

death in M1 macrophages: 

SM-induced cell death in M1 macrophages is regulated by the simultaneous degradation 

of cIAP-1/2 and RIPK-1/3. SM-induced cell death in M1 macrophages and the contrasting 

resistance of M0/M2c macrophages to SM-LCL161 may be due to the differential expression 

of proapoptotic and anti-apoptotic proteins in M1 and M0/M2c macrophages. Therefore, I first 

determined the differential expression of anti-apoptotic cIAP1/2 proteins, the targeted proteins 

of SM-LCL161, in the presence and absence of SM-LCL161 treatment in M0, M2c and M1 

macrophages. M0, M1 and M2c macrophages were treated with SM-LCL161 for 15 hrs 

followed by analysis of cIAP1/2 protein expression by Western immunoblotting analysis. The 

untreated M0, and M2c macrophages expressed similar levels of cIAP-1 and c-IAP-2, while 

untreated M1 macrophages expressed significantly high levels of cIAP-1 and cIAP-2 

compared to M0 and M2c macrophages (Figure 4.17A, B and C). Moreover, SM-LCL161 

treatment caused significant degradation of cIAP1/2 proteins in all M0, M1 and M2c 

macrophage subsets. Similar findings were also obtained after 5 hrs of SM-LCL161 treatment 

(Figure 3.4A and B). High levels of IAP-1/2 proteins in M1 macrophages and equal 

degradation of these genes by SM-LCL161 does not explain the resistance of M0/M2c subsets 

and susceptibility of M1 macrophages to SM-induced cell death. My results further suggest 

that SM-induced degradation of cIAP1/2 proteins alone may not be enough to cause cell death 

in M1 macrophages and may require the involvement of other pro-apoptotic, anti-apoptotic or 

IAP associated proteins.   
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Figure 4.17: SM-LCL161 causes degradation of cIAP-1/2 in M0, M1 and M2c 
macrophages. 

(A) M0, M1 and M2c macrophages were left untreated or treated with SM-LCL161 (0.5 and 
1 µM) for 15 hrs. The total protein lysates were subjected to Western immunoblotting for the 
expression of cIAP-1 (62 kDa) and cIAP-2 (70 kDa). The immunoblot shown is a 
representative of three independent experiments from three different donors. (B) Relative 
protein expression of cIAP-1 and cIAP-2.  
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Therefore, I investigated the expression of proapoptotic Bak, Bax, Fas and FADD 

proteins and anti-apoptotic Bcl-2 family of proteins namely Bcl-2, Mcl-1, and Bcl-xL proteins 

in M0 M1 and M2c macrophages. As expected, SM-LCL161 at various concentrations causes 

degradation of both cIAPs proteins (Figure 4.18A). However, SM-LCL161 did not affect the 

expression of anti-apoptotic Bcl-2, Bcl-xL or Mcl-1 in M0, M1 and M2c macrophages, 

although M1 macrophages exhibit higher expression of these proteins (Figure 4.18A). 

Similarly, SM-LCL161 did not affect the expression of Fas, or TRAIL proteins in M0, M1 and 

M2c macrophage subsets (Figure 4.18A). Moreover, SM-LCL161 did not affect the 

expression of proapoptotic Bak and FADD in M0, M1 and M2c macrophages treated with SM-

LCL161 (1 µM) for 5, 10 and 15 hrs (Figure 4.18B).  

Interestingly, analysis of the IAP associated proteins RIPK-1 and RIPK-3 revealed that 

SM-LCL161 treatment caused degradation of RIPK-1 and RIPK-3 as well as the 

unphosphorylated MLKL protein in M1 macrophages whereas the expression of these proteins 

was not modulated in M0 and M2c macrophage subsets (Figure 4.19A). As expected, SM-

LCL161 caused degradation of anti-apoptotic cFLIP protein, in addition, SM-LCL161 caused 

the accumulation of pro-apoptotic Bax protein in M1 macrophages but not in M0 and M2c 

macrophages (Figure 4.19B). These results suggest that SM-LCL161 induced cell death in 

M1 macrophages may be associated with the simultaneous degradation of cIAP-1/2 and RIPK-

1 and RIPK-3 proteins.  
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Figure 4.18: SM-LCL161 does not inhibit Bcl-2 family of anti-apoptotic proteins (Bcl-2, 
Mcl-1 and Bcl-xL), pro-apoptotic (Bak), FADD, Fas or TRAIL proteins. 

(A) M0, M1 and M2c macrophages subsets were treated with SM-LCL161 (0.5 and 1 µM) for 
5 hrs. The total protein lysates were subjected to Western immunoblotting for the expression 
of cIAP-1 (62 kDa), cIAP-2 (70 kDa), Fas (40 kDa), Mcl-1 (40 kDa), Bcl-2 (26 kDa), Bcl-xL 
(30 kDa) and TRAIL (28 kDa). (B) M0, M1 and M2c macrophages subsets were treated with 
SM-LCL161 (1 µM) for 5,10 and 15 hrs. The total protein lysates were subjected to Western 
immunoblotting for the expression of Bak (25 kDa) and FADD (28 kDa) proteins expression. 
The result shown is a representative of three independent experiments from three different 
donors. 
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  Figure 22
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Figure 4.19: SM-LCL161 causes degradation of RIPK-1, RIPK-3, MLKL, cFLIP and 
upregulation of Bax in M1 but not in M0 and M2c macrophages. 

(A) M0, M1 and M2c macrophage subsets were treated with SM-LCL161 (0.5 and 1 µM) for 
5 hrs. The total protein lysates were subjected to Western immunoblotting for the expression 
of RIPK-1 (78 kDa), MLKL (54 kDa), RIPK-3 (46-62 kDa), and cFLIP (55 kDa). (B) M0, M1 
and M2c macrophages subsets were treated with SM-LCL161 (1 µM) for 5,10 and 15 hrs. The 
total protein lysates were subjected to Western immunoblotting for the expression of Bax (20 
kDa) proteins expression. The result shown is a representative of three independent 
experiments from three different donors. 
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4.2.14 SM-induced cell death in M1 macrophages is regulated by cIAP-2 and RIPK-1/3 

through the activation of mTORC  

Since mTORC inhibitor Torin rescues SM-induced cell death, I hypothesized that SM-

induced cIAP-1/2 and RIPK-1/3 degradation would be restored following treatment of M0 

with Torin. Therefore, whether blocking mTORC pathway reverses the effect of SM-induced 

cell death in polarized M1 macrophages. I investigated the expression of both cIAP-1 and 

cIAP-2 as well as other effector molecules including RIPK-1, RIPK-3 and Bax after blocking 

mTORC by Torin. As seen in Figure 4.20A and B, SM-LCL161 treatment caused degradation 

of both cIAP-1 and cIAP-2 as well as RIPK-1 and RIPK-3. Blocking mTORC either pre- or 

post-polarization by the chemical inhibitor Torin prevented the degradation of cIAP-2, RIPK-

1 and RIPK-3. However, cIAP-1 was not affected by blocking mTORC compared to SM-

LCL161 treated M1 macrophages. As expected SM-LCL161 treatment enhanced the 

expression of pro-apoptotic Bax protein in M1 macrophages. Prior treatment of M1 

macrophages during differentiation or in polarized M1 macrophages with Torin, inhibited Bax 

expression in SM-treated M1 macrophages to levels similar to untreated M1 macrophages. 

Overall the results suggest that SM-induced cell death in M1 macrophages is regulated by 

cIAP-2/RIPK-1/3 through the activation of mTORC pathway.  
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Figure 8
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Figure 9

Polarized M1 macrophages 
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Figure 4.20: Blocking mTORC1/2  by Torin prevents cIAP-2, RIPK-1/3 degradations. 

(A) M0 macrophages were treated with Torin inhibitor (10 and 100 nM) of for 2 hrs prior to 
(pre-polarization) stimulation with IFN-g for 48 hrs. Cells were then left untreated or treated 
with SM-LCL161 (1 µM) alone or Torin and SM-LCL161 combined treatment for another 24 
hrs. The total protein lysates were analyzed for cIAP-1 (62 kDa), cIAP-2 (70 kDa), RIPK-1 
(78 kDa), RIPK-3 (46-62 kDa) and Bax (20 kDa) expressions by Western immunoblotting. 
Right panels are relative protein expressions of cIAP-1, cIAP-2, RIPK-1, RIPK-3 and Bax 
normalized to their respective GAPDH. The result shown is a mean ± SD of three independent 
experiments from different donors. (B) M0 macrophages were treated with Torin inhibitor (10 
and 100 nM) of for 2 hrs after (post-polarization) stimulation with IFN-g for 48 hrs. Cells were 
then left untreated or treated with SM-LCL161 (1 µM) alone or Torin and SM-LCL161 
combined treatment for another 24 hrs. The total protein lysates were analyzed for cIAP-1 (62 
kDa), cIAP-2 (70 kDa), RIPK-1 (78 kDa), RIPK-3 (46-62 kDa) and Bax (20 kDa) expressions 
by Western immunoblotting. Right panels are relative protein expressions of cIAP-1, cIAP-2, 
RIPK-1, RIPK-3 and Bax normalized to their respective GAPDH. The result shown is a mean 
± SD of three independent experiments from different donors.  
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 DISCUSSION 

We have previously shown that primary human monocytes are highly sensitive to SM-

induced cell death while, in vitro differentiated macrophages (M0) are resistant to the cytocidal 

effect of SMs (317, 319, 320). I extended these studies and investigated the effect of SMs on 

the survival of normal human proinflammatory M1 macrophages and anti-inflammatory 

macrophages M2a, M2b and M2c subsets and the mechanisms involved. My results in the 

previous chapter show that SMs selectively killed proinflammatory M1 macrophages through 

both apoptosis and necroptosis whereas the M0 macrophages and the anti-inflammatory M2a M2b 

and M2c were highly resistant to SM-induced apoptosis.  In this study, I investigated the 

molecular mechanism governing SM-induced cell death in M1 macrophages. My results show 

that susceptibility of M1 macrophages to SM-induced cell death is very much dependent on 

IFN-g-mediated differentiation through the JAK-STAT pathway and subsequent activation of 

IRF-1. In addition, the selective cell death in SM-treated M1 macrophages is mediated by the 

simultaneous degradation of cIAP-2, RIPK-1 and RIPK-3 through the activation of mTORC 

signaling pathway. In contrast to the cancer cells. SM-induced cell death in M1 macrophages 

is independent of endogenously produced TNF-a and the canonical and non-canonical NF-kB 

pathways. These observations hold a promising therapeutic strategy to kill proinflammatory 

M1 macrophages and eventually controlling the M1-associated diseases. 

SM-mediated killing has been attributed to endogenous TNF-α in cancer cells (216, 349, 

350, 358, 378). However, it has also been reported to be independent of TNF-a in some cancer 

cells (272, 379, 380). Given that macrophages produce high levels of TNFα, the possibility 

that SM-mediated killing of M1 macrophages could be attributed to endogenously produced 

TNF-α was investigated. TNF-a is a pro-inflammatory cytokine that regulate cell survival, 
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inflammation and induction of cell death (381, 382). The degradation of cIAP-1 and cIAP-2 

by SMs inhibit TNF-a-induced activation of the pro-survival NF-kB pathway, and promotes 

the assembly of cell death complexes and induction of cell death (165, 349, 351). Indeed, my 

results demonstrate higher levels of endogenous TNF-a in M1 macrophages compared to M0 

and M2c macrophages. However, SM-LCL161 did not show direct inductive effect on TNF-

a production or synergistic effect with exogenous rhTNF-a on cell death in M0, M1 or M2c 

subsets. Since LPS stimulation is known to induce significant amount of TNF-a production, I 

investigated whether enhancing TNF-a production by LPS activation would affect their 

sensitivity to SM-LCL161 treatment. Interestingly, LPS stimulation as well did not affect the 

susceptibility of any of the macrophage subsets to SM-induced cell death. The fact that neither 

addition of rhTNF-a to M0 and M2c macrophages nor neutralizing the endogenous levels 

TNF-a by anti-TNF-a antibodies in M1 macrophages reversed the effect of SM-LCL161 on 

cell death suggested that SM-LCL161 does not affect or synergize with TNF-a in primary 

human M1 macrophages. Overall, the selective induction of cell death in M1 macrophages is 

regulated by a mechanism independent of endogenously produced TNF-a. 

IFN-g plays a key role in immunity against intracellular pathogens and cancer (257). 

Mice genetically deficient in IFN-g or its receptor are highly susceptible to several microbial 

pathogens (383). It activates macrophages by up-regulating their lysosomal enzymatic activity 

and increasing the level of reactive oxygen species (384). It is primarily produced by activated 

Th cells and NK cells (385). IFN-g mediates the polarization of M0 into M1 macrophage subset 

(42, 43). Thus, IFN-g produced by immune cells may cause differentiation of macrophages 

into proinflammatory M1 macrophages in vivo. The molecular mechanism by which M1 
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macrophages following IFN-g induced differentiation develop susceptibility to SM-induced 

cell death remains unknown. Binding of IFN-g to its receptors (IFNGR) mediates the 

recruitment and activation of JAK/STAT signaling pathway which subsequently induces the 

transcription of interferon stimulated genes (ISGs) to regulate several biological processes 

involved in inflammation, host defense, the cell cycle, apoptosis, and immune responses (258, 

260, 261). My results show that susceptibility of M1 macrophages to SM-induced cell death 

is very much dependent on IFN-g-mediated differentiation as blocking its differentiation by 

inhibiting the IFN-g signaling pathway using the Jak inhibitor and silencing of IRF-1 reversed 

the susceptibility of M1 macrophages to SM-induced cell death.  

IFN-g is known to induce the expression of IRF-1 that plays a key mediator in IFN-g 

induced cell death in various cancer cells (272, 365, 366). IRF-1 has been shown to be a critical 

mediator of apoptosis and necroptosis induction in several apoptosis sensitive cancer cell lines 

following treatment with SMs in combination with IFN-g (272). In agreement with this, 

evaluation of IRF-1 expression demonstrated an upregulation of IRF-1 in M1 macrophages 

compared to M0 and M2c macrophages suggesting that IFN-g following priming induced the 

expression of IRF-1 in M1 macrophages. However, SM-LCL161 treatment did not affect the 

expression of IRF-1 in M1 macrophages. Interestingly, silencing IRF-1 expression by IRF-1-

siRNAs demonstrated enhanced survival or reduction in SM-induced cell death in M1 

macrophages. These observations suggest that high expression of IRF-1 may contribute to SM-

induced cell death in M1 macrophages. The fact that SMs-LCL161 induced apoptosis and 

necroptosis in M1 macrophages (Chapter 3) and blocking IRF-1 provided protection from 
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SM-induce cell death, strongly suggests an important role for IRF-1 in SM-induced cell death 

in M1 macrophages. 

PKR is an IFN-induced kinase that plays a key role in the innate immunity for defense 

against viral infection (276, 368) and has been shown to promote cell death through IFN-g and 

Fas-induced apoptosis (431–434). It also mediates necroptosis by regulating RIPK-1/RIPK-3 

interactions (283). Therefore, I hypothesized that IFN-g-induced differentiation of M0 

macrophages into M1 macrophages may be mediated by the induction of PKR activity and 

inhibition of this activity may reduce SM-induced cell death. Using the PKR specific inhibitor 

(C16), my results clearly show that PKR is not involved in the regulation of SM-induced cell 

death in M1 macrophages.  

In addition to the JAK/STAT pathway, IFN-g is also known to regulates several other 

signaling pathways including PI3K-mTORC and MAPK pathways and transcription factors 

(386–388). Thus, to elucidate the mechanism by which INF-g contributes to SM-induced cell 

death in M1 macrophages, I investigated the involvement of several intracellular pathways in 

SM-induced cell death including PI3K/Akt, mTORC, MAPKs and NF-kB by employing 

specific chemical inhibitors for each signaling pathway. These signaling pathways were 

targeted for inhibition either prior to polarization with IFN-g or post-IFN-g polarization. 

In response to different metabolic and inflammatory signals, PI3K/Akt/mTORC 

pathway mediates downstream responses and gene expression which has been shown to 

regulate macrophage polarization, activation, and cytokines secretion (452, 460). However, 

several studies demonstrated contradictory roles of PI3K/Akt and mTORC on macrophage 

polarization (295). PI3K/Akt was shown to promote M2 macrophages polarization (446, 460– 
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463), while others reported its association with M1 phenotype activation (472–475). My results 

show that blocking of either the PI3K or Akt pathway by their respective inhibitors either prior 

to or post-M1 differentiation did not affect SM-induced cell death in M1 macrophages, thus, 

suggesting that SM-LCL161-induced cell death in M1 macrophages occurs independent of 

PI3K/Akt signaling pathway. The PI3K and Akt inhibitors used were biologically active as 

they inhibited the activation of their respective pathways following stimulation with either 

IFN-g or LPS. However, adopting similar approach to block mTORC pathway revealed very 

interesting results. The mTORC pathway was targeted for inhibition using two common 

chemical inhibitors; Rapamycin that mainly targets mTORC1 and Torin that targets both 

mTORC1 and mTORC2. Additionally, I also used S6K inhibitor that works on S6K proteins 

downstream of mTORC1 (290). I have shown that IFN-g activated the mTORC pathway by 

demonstrating the induction of S6K phosphorylation. All three inhibitors when applied on M0 

macrophages prior to M1 differentiation significantly protected IFN-g-stimulated M0 

macrophages from the cytocidal effect of SM-LCL161. Since both Rapamycin, the mTORC-

1 inhibitor, and Torin, the inhibitor for both mTORC-1 and 2, inhibited SM-induced cell death, 

it was inferred that mTORC-1 was sufficient to mediate SM-induced cell death. These 

observations clearly suggested a strong involvement of mTORC-1-S6K signaling pathway 

independent of the PI3K/Akt pathway in regulating SM-induced cell death in M1 macrophages 

possibly by inhibiting IFN-g-induced M1 differentiation. Whether rapamycin inhibited IFN-g-

induced M1 differentiation needs to be investigated.   

Interestingly, only Torin when applied on differentiated M1 macrophages, was able to 

rescue M1 macrophages consistently and significantly from the cytocidal effect of SM-

LCL161. Incidentally, the S6K inhibitor did not rescue M1 macrophages from the cytocidal 



 

 

196 

effect of SM-LCL161 under similar conditions in contrast to when it was applied prior to M1 

polarization. Since both Rapamycin, the mTORC-1 inhibitor and the S6K inhibitors failed to 

inhibit SM-induced cell death, it was inferred that SM-induced cell death in differentiated M1 

macrophages is regulated by a distinct mTORC-2 pathway independent of the mTORC-1-S6K 

pathway involved in SM-induced cell death in macrophages prior to M1 differentiation.  These 

results suggest a differential requirement of mTORC1, mTORC-2 and S6K in SM-induced 

cell death occurring in differentiated M1 macrophages and the one occurring in macrophages 

prior to M1 differentiation. Further studies are needed to understand the effect of Torin on the 

M1 differentiation process and the precise mechanism of differential involvement of 

mTORC1, mTORC-2 and S6K in SM-induced cell death observed in differentiated M1 

macrophages and the one observed in macrophages prior to M1 differentiation.    

MAPKs are involved in several cellular processes such as stress, cell proliferation and 

cell death (374–376). cIAPs have been shown to be critical regulators of MAPK activation 

(362). Hence, I investigated the involvement of MAPK pathways in SM-induced cell death in 

M1 macrophages using their specific inhibitors. My results showed consistently that none of 

the p38, ERK or JNK MAPKs were involved in SM-induced cell death occurring in 

differentiated M1 macrophages or in macrophages prior to M1 differentiation. The MAPK 

inhibitors used were biologically active as they inhibited the activation of their respective 

pathways following stimulation with either IFN-g or LPS. 

The IAPs proteins are the key regulators of apoptosis, cell survival and innate immune 

responses (191, 210, 214). We have previously shown that IAPs play a key role in the 

resistance of macrophages to HIV-Vpr-induced apoptosis and mitochondrial depolarization 

(214)(320). In chapter 3, I demonstrated that M1 macrophages are highly sensitive to the 
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cytocidal effects of SM whereas M0 and M2c macrophages are resistant. Herein, I investigated 

the involvement of IAPs in the differential regulation of SM-induced cell death in M1, M0 and 

M2c macrophages. I have shown that although SMs caused similar levels of IAPs degradation 

in M0, M1 and M2c macrophages, and M1 macrophages expressed higher levels of cIAP-1 

and cIAP-2 compared to M0 and M2c macrophages, M1 macrophages were highly susceptible 

to SM-induced cell death. Conversely. M0 and M2c macrophages were highly resistant to SM-

induced cell death although these macrophages expressed lower levels of cIAP-1 and cIAP-2. 

These results clearly suggested that SM-induced cell death in M1 macrophages is not attributed 

to the expression levels of IAPs alone and require the involvement of other IAP-associated 

signaling molecules or other members of pro-or anti-apoptotic family. Expression of the Bcl2 

family members including Bcl2, Mcl-1, Bak, Bcl-xL and other mediator proteins such as 

FADD, Fas and TRAIL did not reveal any differences in their expression levels following SM-

LCL161 treatment in either of M0, M1 or M2c macrophages. As expected, the levels of 

proapoptotic Bax were increased whereas that of anti-apoptotic cFLIP were decreased in M1 

macrophages following SM-LCL161 treatment in contrast to the M0 and M2c macrophages 

wherein their levels were not affected. These results suggested that the anti-apoptotic Bcl-2 

family members do not mediate the differential regulation of SM-induced apoptosis in M0, 

M2c and M1 macrophages.  

RIPK-1 and RIPK-3 belong to the receptor interacting protein (RIP) kinases family. 

These enzymes play a key role in a variety of cellular processes including cell survival, 

apoptosis and necroptosis (389). RIPK1 associates with IAP proteins and is involved in the 

activation of several signalling pathways including NF-kB, PI3K-Akt, and MAPKs (235, 351). 

In the context of TNF-a, the most studied stimulus in the context of RIPK activation, its 
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interaction with the TNF-R leads to the recruitment of the adaptor, TRADD, which recruits 

RIPK-1 and two ubiquitin ligases TRAF2 and clAP-1 which eventually form the TNFR 

complex-I (240). Complex-I is then modified by the IAPs and the LUBAC leading to its 

ubiquitination and activation of NF-κB and cFLIP (158, 159). cFLIP then binds to caspase-8, 

leading to caspase-8 inactivation and prevention of apoptosis (351). In the absence of IAPs 

and NF-kB function, cFLIP is not produced. This results in the assembly of caspase-8 with 

FADD, and RIPK-1 in the cytosol forming a complex-IIa that eventually culminates in 

apoptosis (235, 351). In the absence of IAPs and the caspases, complex-IIb is assembled in the 

cytosol. This new complex contains the caspase-8-FLIP heterodimer as well as RIPK-1 and 

RIPK-3 (235, 351). Caspase inhibition within this complex allows RIPK-1 and RIPK-3 to 

auto-transphosphorylate each other, leading to the formation of necrosome (235, 351). The 

necrosome recruits MLKL which is phosphorylated by RIPK-3, the complex translocates to 

the plasma membrane, leading to pore formation and eventually necroptosis (239, 243). 

We have shown for the first time that SM-LCL161 alone in the absence of caspase 

inhibitors induced apoptosis as well as necroptosis in M1 macrophages as simultaneous 

addition of inhibitors for both apoptosis and necroptosis completely prevented SM-induced 

cell death. Interestingly, evaluation of IAPs and IAP-associated kinases in M0, M1 and M2c 

macrophages revealed that cIAP-1 and cIAP-2, RIPK-1, RIPK-3 and MLKL were degraded in 

M1 macrophages following SM-LCL161 treatment. Prior treatment of M1 macrophages with 

Necrostatin-1 or NSA prevented their degradation. These results clearly suggest that RIPK-1 

and RIPK-3 proteins may co-operate with IAPs in the differential regulation of SM-induced 

cell death in M0, M2c and M1 macrophages. The fact that mTORC inhibitor, Torin, restored 

the expression of cIAP-2 and RIPK-1 and RIPK-3 following SM-LCL161 treatment further 
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suggested that SM-induced cell death in M1 macrophages is regulated by cIAP-2 and RIPK-

1/3 through the activation of mTORC1/2. However, the involvement of IRF-1 in the regulation 

and degradation of cIAP-1/2 and the RIPK-1/3 is under investigation. The precise mechanism 

by which mTORC1/2 and IRF-1 regulate the expression of cIAP-2 and RIPK-1/3 is not clear 

at present and is being investigated. My results also show that SM-induced cell death in M1 

macrophages is also regulated by the JAK-STAT pathway. The relationship between the JAK-

STAT pathway and the mTORC-1/2 pathway in the regulation of SM-induced cell death is not 

clear. Whether these two pathways cross talk with each other or run parallel and independent 

of each other is under investigation.  

cIAP-1 and cIAP-2 also play an essential role in NF-kB activation (202, 362). Following 

interaction of TNF-a with TNF-a receptor, cIAP-1/2, and several other mediator proteins such 

as TRAFs, RIPK-1 are recruited to form a complex that eventually leads to the activation of 

the canonical NF-kB pathway (2). Simultaneously, cIAPs inhibit the activation of non-

canonical NF-kB pathway by promoting constant degradation of NF-kB-inducing kinase 

(NIK) (17). cIAPs ablation by SMs has been shown to promote NIK accumulation and 

subsequent activation of non-canonical NF-κB pathway in various cell types (203, 364) 

leading to the gene transcription for several proteins involved in inflammation, proliferation 

and cell survival (193–195). In tumor cell lines, SMs alone activate both canonical and non-

canonical NF-κB pathways by promoting TNF-α secretion and stabilizing NIK, respectively 

(202, 203, 359). In this study, we show that NF-kB activation by SMs differ significantly in 

human macrophages and tumor cell lines. SMs alone did not activate either canonical or non-

canonical NF-κB pathway in human M1 macrophages. As expected, when using LPS as a 

control, my results show that LPS stimulation induced NF-κB signaling, causing activation of 
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the canonical NF-κB pathway and the non-canonical NF-κB pathway, manifested by reduced 

IκB degradation and increased p100 processing, respectively. Moreover, SM enhanced LPS-

induced activation of non-canonical NF-kB pathway as indicated by enhanced p100 

processing and accumulation of p52. The different results on SM-induced TNF-a production, 

and NF-kB pathways obtained in cancer cell lines and primary macrophages may be due to 

different cell types and TNF-α secretion patterns in response to SMs. SMs-sensitive cell lines 

secrete TNF-α in response to cIAPs ablation and consequently become susceptible to TNF-α–

induced apoptosis (350). However, we did not detect enhanced TNF-α secretion in M1 

macrophages following SMs treatment either alone or in response to LPS stimulation. This 

result is in keeping with the fact that SMs treatment causes apoptosis of sensitive cancer cells  

(349, 350, 358) but not in primary macrophages (319, 320). These results were in conformity 

with our observations using the NF-kB inhibitor clearly indicating that NF-kB did not mediate 

SM-induced cell death in M1 macrophages. 

In summary, my results show that susceptibility of M1 macrophages to SM-induced cell 

death is dependent on IFN-g-mediated differentiation through the JAK-STAT pathway and 

subsequent activation of IRF-1. In addition, SM-induced cell death in M1 macrophages occurs 

through the simultaneous degradation of cIAP-2, RIPK-1 and RIPK-3 through the activation 

of mTORC signaling pathway. Moreover, unlike cancer cells, SM-induced cell death in M1 

macrophages is not regulated by endogenously produced TNF-a and the canonical and non-

canonical NF-kB pathways. The inflammatory M1 macrophages have been implicated in many 

diseases including rheumatoid arthritis, inflammatory bowel disease and multiple sclerosis (5, 

7, 55, 56, 352–355). Selective induction of cell death in M1 macrophages by agents blocking 
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the IAPs and/or RIPK-1/3 would have potential therapeutic benefits in regard to macrophage 

associated inflammatory diseases.  

 

  



 

 

202 

5 CONCLUDING REMARKS AND FUTURE DIRECTIONS  

 Primary macrophages once polarized, express different levels of macrophage-specific 

surface markers expression that can be used to differentiate various macrophages subsets in 

vitro. Since the main aim of my research project was to study the effects of the smac mimetics 

(SMs), the inhibitors of IAPs, on the survival or killing of proinflammatory and anti-

inflammatory human macrophages, I, first, generated and phenotypically characterized all four 

polarization states in human macrophages. Each polarization state exhibited a unique surface 

marker profile which can be used to characterize human macrophage populations in 

inflammation and inflammation related disorders and understand disease pathogenesis. 

Subsequently, I studied the role of IAPs in regulating immune responses in primary 

human macrophages and their subsets. I have shown for the first time that blocking IAPs 

signaling pathway by SM-LCL161 selectively induced cell death in proinflammatory M1 

macrophages through both extrinsic and intrinsic pathways. SM-induced cell death in M1 

macrophages is mediated by both apoptosis and necroptosis pathways as blocking caspases by 

a pan-caspase inhibitor (zVAD.fmk) and necroptosis inhibitors (NSA) completely prevented 

SM-induced apoptosis in M1 macrophages. Furthermore, evaluation of apoptosis/necroptosis 

associated proteins in SM-treated macrophages revealed induction in phosphorylation of 

effector proteins including RIPK-1, RIPK-3 and MLKL. The exact molecular mechanism by 

which SM-LCL161 alone induced necroptosis in M1 macrophages in the presence of activated 

caspases most importantly capsase-8 need to be investigated. Moreover, whether apoptosis 

and necroptosis are operative in the same cell or different cells are undergoing different death 

mechanisms independently of each other is not clear and remains to be investigated.  
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In contrast to M1 macrophages, M0 and M2c macrophages experienced cell death 

following simultaneous blockage of the IAPs pathways by SM-LCL161 and the caspase 

pathways by pan-caspase inhibitors, and this cell death was attributed to necroptosis. SM-

LCL161 and zVAD.fmk combined treatment demonstrated induction of RIPK-1, MLKL 

phosphorylation as well as reduction of unphosphorylated RIPK-1, RIPK-3 and MLKL. The 

precise mechanism by which M0/M2c macrophages are resistant to SM-LCL161 alone 

compared to M1 macrophages is not known and needs further investigation. Since M2c 

macrophages are generated following IL-10 stimulation, the role and molecular mechanism by 

which IL-10 leads to induction of necroptosis in M2c macrophages needs further investigation.   

 Macrophage polarization is not an end stage of differentiation as the expression of cell 

surface markers, signaling mediator proteins as well as the susceptibility to SM-induced cell 

death can be modulated by changing the cytokine environment. The M1 macrophage ability to 

undergo SM-induced cell death is transient and this transient status can last as long as these 

cells are exposed to the specific stimuli. Additionally, I have shown that SM-LCL161 effect 

on cell death is conserved across mouse and human M1 macrophage subsets. Thus, mouse 

model can be a useful experimental tool to study the cytocidal effect of SMs on several 

inflammatory diseases. 

Next, I examined the molecular mechanism by which SM-LCL161 induces cell death 

in M1 macrophages. I have demonstrated that selective induction of cell death in SM-treated 

M1 macrophages is independent of endogenously produced TNF-a as well as canonical and 

non-canonical NF-kB pathways. Despite higher levels of endogenous TNF-a in M1 

macrophages compared to M0 and M2c macrophages, SM-LCL161 did not show any direct 

inductive effect on cell death in M1 macrophages or synergistic effect with exogenous rhTNF-
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a on cell death of M0 or M2c macrophages. Moreover, SM-LCL161 did not show activation 

of either canonical or non-canonical NF-κB pathway in human M1 macrophages.  

 The susceptibility of M1 macrophages to SM-induced cell death was attributed to the 

IFN-g-mediated differentiation as blocking its differentiation by inhibiting the IFN-g signaling 

pathway using the Jak inhibitor or silencing of IRF-1 reversed the susceptibility of IFN-g-

stimulated M0 macrophages to SM-induced cell death. IFN-g induces the expression of IRF-1 

in M1 macrophages through JAK/STAT signaling pathway. I observed  upregulation of IRF-

1 in M1 macrophages compared to M0 and M2c macrophages, suggesting that high expression 

of IRF-1 may contribute to SM-induced cell death in M1 macrophages. 

My results show that blocking of  the MAPKs, PI3K or Akt pathway by their respective 

inhibitors either prior to or post-M1 differentiation did not affect SM-induced cell death, thus, 

suggesting that SM-LCL161-induced cell death in M1 macrophages occurs independent of 

MAPKs and PI3K/Akt signaling pathway. I have also demonstrated that selective induction of 

cell death in SM-treated M1 macrophages is mediated by the status of macrophages 

polarization and the mTORC-1/2 pathway. Inhibition of mTORC-1/2 or S6Kinase during M1 

polarization or prior to M1 polarization rescued M1 macrophages from SM-induced cell death. 

Since treatment with Rapamycin, the mTORC-1 inhibitor, prior to M1 polarization completely 

inhibited SM-induced cell death, mTORC-1 was thought to be sufficient enough to mediate 

SM-induced cell death. The results clearly suggested a strong involvement of mTORC-1-S6K 

signaling pathway independent of the PI3K/Akt pathway in regulating SM-induced cell death 

in M1 macrophages possibly by inhibiting IFN-g-induced M1 differentiation. Whether 

Rapamycin inhibited IFN-g-induced M1 differentiation needs to be investigated.   
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However, the mechanism governing SM-induced cell death in polarized M1 

macrophages was quite different than SM-induced cell death observed in M1 macrophages 

during differentiation. My results suggest a differential requirement of mTORC1, mTORC-2 

and S6K in SM-induced cell death occurring in polarized M1 macrophages and the one 

occurring in macrophages prior to M1 differentiation. Interestingly, only Torin when applied 

on differentiated M1 macrophages, was able to consistently and significantly rescue M1 

macrophages from the cytocidal effect of SM-LCL161. Since both Rapamycin, the mTORC-

1 inhibitor and the S6K inhibitors failed to inhibit SM-induced cell death, it was inferred that 

SM-induced cell death in differentiated M1 macrophages is regulated by a distinct mTORC-2 

pathway independent of the mTORC-1-S6K pathway involved in SM-induced cell death in 

M1 macrophages during differentiation.  Further studies are needed to understand the effect of 

Torin on the M1 differentiation process and the precise mechanism of differential involvement 

of mTORC1, mTORC-2 and S6K in SM-induced cell death observed in differentiated M1 

macrophages and the one observed in macrophages prior to M1 differentiation.    

Investigation on the involvement of IAPs in the differential regulation of SM-induced 

cell death in M1, M0 and M2c macrophages revealed that SM-induced cell death in M1 

macrophages is not attributed to the expression levels of IAPs alone and require the 

involvement of other IAP-associated signaling molecules or other members of pro-or anti-

apoptotic family. My results suggested that the anti-apoptotic Bcl2 family members do not 

mediate the differential regulation of SM-induced apoptosis in M0, M2c and M1 macrophages. 

There was no difference in the expression levels of the Bcl-2 family members including Bcl-

2, Mcl-1, Bak, Bcl-xL and other mediator proteins such as FADD, Fas and TRAIL following 

SM-LCL161 treatment in either of M0, M1 or M2c macrophages. However, as expected, the 
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levels of pro-apoptotic Bax were increased whereas that of anti-apoptotic cFLIP were 

decreased in M1 macrophages following SM-LCL161 treatment in contrast to the M0 and M2c 

macrophages wherein their levels were not affected.  

I have shown for the first time that SM-LCL161 alone in the absence of caspase 

inhibitors induced apoptosis as well as necroptosis in M1 macrophages as simultaneous 

addition of inhibitors for both apoptosis and necroptosis completely prevented SM-induced 

cell death. Interestingly, evaluation of IAPs and IAP-associated kinases in M0, M1 and M2c 

macrophages revealed that cIAP-1 and cIAP-2, MLKL, RIPK-1 and RIPK-3 were degraded in 

M1 macrophages following SM-LCL161 treatment. Prior treatment of M1 macrophages with 

Necrostatin-1 or Necrosulfonamide prevented their degradation.  

Investigations on the expression of apoptosis and necroptosis associated kinases in SM-

induced cell death in M1 macrophages suggested that RIPK-1 and RIPK-3 proteins may co-

operate with IAPs in the differential regulation of SM-induced cell death in M0, M2c and M1 

macrophages. As mentioned earlier, cIAP-1 and IAP-2, RIPK-1 and RIPK-3 were degraded in 

M1 macrophages following SM treatment. Prior treatment of M1 macrophages with 

Necrostatin-1 or Necrosulfonamide prevented their degradation. The fact that mTORC 

inhibitor, Torin, restored the expression of cIAP-2 and RIPK-1 and RIPK-3 following SM-

LCL161 treatment further suggested that SM-induced cell death in M1 macrophages is 

regulated by cIAP-2 and RIPK-1/3 through the activation of mTORC1/2. However, the 

involvement of IRF-1 in the regulation and degradation of cIAP-1/2 and the RIPK-1/3 is under 

investigation. The precise mechanism by which mTORC1/2 and IRF-1 regulate the expression 

of cIAP-2 and RIPK-1/3 is not clear at present and is being investigated.  
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My results also show that SM-induced cell death in M1 macrophages is also regulated 

by the JAK-STAT pathway. The relationship between the JAK-STAT pathway and the 

mTORC-1/2 pathway in the regulation of SM-induced cell death is not clear. Whether these 

two pathways cross talk with each other or run parallel and independent of each other is under 

investigation.  

In summary, the results show that survival of human macrophages is critically linked to 

the activation / blockage of the IAPs pathways and differentiation towards either the pro-

inflammatory state by IFN-g or the anti-inflammatory state by IL-10. My results suggest that 

agents blocking the IAPs and/or caspases can be exploited therapeutically to address 

inflammation-related disorders. Inflammatory M1 macrophages have been implicated in many 

diseases including rheumatoid arthritis, inflammatory bowel disease and multiple sclerosis, 

whereas anti-inflammatory M2 macrophages have been associated with lepromatous leprosy, 

Whipples disease and chronic rhinosinusitis. Since SM-LCL161 effect on cell death is 

conserved across mouse and human M1 macrophage subsets, mouse model can be a useful 

experimental tool to study the cytocidal effect of SMs on several inflammatory diseases. 

  



 

 

208 

6 REFERENCES 

1.  Nathan C. 2008. Metchnikoff’s Legacy in 2008. Nat Immunol 9:695–698. 
2.  Tauber AI. 2003. Metchnikoff and the phagocytosis theory. Nature Reviews Molecular 

Cell Biology 4:897–901. 
3.  Stefater JA, Ren S, Lang RA, Duffield JS. 2011. Metchnikoff’s policemen: macrophages 

in development, homeostasis and regeneration. Trends in Molecular Medicine 17:743–
752. 

4.  Mosser DM, Edwards JP. 2008. Exploring the full spectrum of macrophage activation. 
Nat Rev Immunol 8:958–969. 

5.  Shapouri-Moghaddam A, Mohammadian S, Vazini H, Taghadosi M, Esmaeili S-A, 
Mardani F, Seifi B, Mohammadi A, Afshari JT, Sahebkar A. 2018. Macrophage 
plasticity, polarization, and function in health and disease. J Cell Physiol 233:6425–
6440. 

6.  de Sousa JR, Da Costa Vasconcelos PF, Quaresma JAS. 2019. Functional aspects, 
phenotypic heterogeneity, and tissue immune response of macrophages in infectious 
diseases. Infect Drug Resist 12:2589–2611. 

7.  Sica A, Mantovani A. 2012. Macrophage plasticity and polarization: in vivo veritas. J 
Clin Invest 122:787–795. 

8.  Guilliams M, Mildner A, Yona S. 2018. Developmental and Functional Heterogeneity of 
Monocytes. Immunity 49:595–613. 

9.  Gordon S, Taylor PR. 2005. Monocyte and macrophage heterogeneity. Nat Rev Immunol 
5:953–964. 

10.  Italiani P, Boraschi D. 2014. From Monocytes to M1/M2 Macrophages: Phenotypical vs. 
Functional Differentiation. Front Immunol 5. 

11.  Varol C, Mildner A, Jung S. 2015. Macrophages: Development and Tissue 
Specialization. Annu Rev Immunol 33:643–675. 

12.  van Furth R, Cohn ZA. 1968. THE ORIGIN AND KINETICS OF MONONUCLEAR 
PHAGOCYTES. J Exp Med 128:415–435. 

13.  Lichanska AM, Hume DA. 2000. Origins and functions of phagocytes in the embryo. 
Experimental Hematology 28:601–611. 

14.  Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, Mehler MF, Conway SJ, 
Ng LG, Stanley ER, Samokhvalov IM, Merad M. 2010. Fate Mapping Analysis Reveals 
That Adult Microglia Derive from Primitive Macrophages. Science 330:841–845. 

15.  Epelman S, Lavine KJ, Randolph GJ. 2014. Origin and Functions of Tissue Macrophages. 
Immunity 41:21–35. 

16.  Hashimoto D, Chow A, Noizat C, Teo P, Beasley MB, Leboeuf M, Becker CD, See P, 
Price J, Lucas D, Greter M, Mortha A, Boyer SW, Forsberg EC, Tanaka M, van Rooijen 
N, García-Sastre A, Stanley ER, Ginhoux F, Frenette PS, Merad M. 2013. Tissue-
Resident Macrophages Self-Maintain Locally throughout Adult Life with Minimal 
Contribution from Circulating Monocytes. Immunity 38:792–804. 

17.  Ajami B, Bennett JL, Krieger C, Tetzlaff W, Fabio M.V.Rossi. 2007. Local self-renewal 
can sustain CNS microglia maintenance and function throughout adult life. Nature 
Neuroscience 10:1538–1543. 



 

 

209 

18.  van Furth R, Diesselhoff-den Dulk MM. 1984. Dual origin of mouse spleen macrophages. 
J Exp Med 160:1273–1283. 

19.  Alliot F, Godin I, Pessac B. 1999. Microglia derive from progenitors, originating from 
the yolk sac, and which proliferate in the brain. Developmental Brain Research 
117:145–152. 

20.  Guilliams M, De Kleer I, Henri S, Post S, Vanhoutte L, De Prijck S, Deswarte K, 
Malissen B, Hammad H, Lambrecht BN. 2013. Alveolar macrophages develop from 
fetal monocytes that differentiate into long-lived cells in the first week of life via GM-
CSF. J Exp Med 210:1977–1992. 

21.  Hoeffel G, Wang Y, Greter M, See P, Teo P, Malleret B, Leboeuf M, Low D, Oller G, 
Almeida F, Choy SHY, Grisotto M, Renia L, Conway SJ, Stanley ER, Chan JKY, Ng 
LG, Samokhvalov IM, Merad M, Ginhoux F. 2012. Adult Langerhans cells derive 
predominantly from embryonic fetal liver monocytes with a minor contribution of yolk 
sac–derived macrophages. J Exp Med 209:1167–1181. 

22.  Schulz C, Perdiguero EG, Chorro L, Szabo-Rogers H, Cagnard N, Kierdorf K, Prinz M, 
Wu B, Jacobsen SEW, Pollard JW, Frampton J, Liu KJ, Geissmann F. 2012. A Lineage 
of Myeloid Cells Independent of Myb and Hematopoietic Stem Cells. Science 336:86–
90. 

23.  Murray PJ, Wynn TA. 2011. Protective and pathogenic functions of macrophage subsets. 
Nat Rev Immunol 11:723–737. 

24.  Arora S, Dev K, Agarwal B, Das P, Syed MA. 2018. Macrophages: Their role, activation 
and polarization in pulmonary diseases. Immunobiology 223:383–396. 

25.  Yamasaki K, van Eeden SF. 2018. Lung Macrophage Phenotypes and Functional 
Responses: Role in the Pathogenesis of COPD. Int J Mol Sci 19. 

26.  London A, Cohen M, Schwartz M. 2013. Microglia and monocyte-derived macrophages: 
functionally distinct populations that act in concert in CNS plasticity and repair. Front 
Cell Neurosci 7. 

27.  Tremblay M-È. 2011. The role of microglia at synapses in the healthy CNS: novel 
insights from recent imaging studies. Neuron Glia Biology 7:67–76. 

28.  Sierra A, Encinas JM, Deudero JJP, Chancey JH, Enikolopov G, Overstreet-Wadiche LS, 
Tsirka SE, Maletic-Savatic M. 2010. Microglia Shape Adult Hippocampal 
Neurogenesis through Apoptosis-Coupled Phagocytosis. Cell Stem Cell 7:483–495. 

29.  Ziv Y, Ron N, Butovsky O, Landa G, Sudai E, Greenberg N, Cohen H, Kipnis J, Schwartz 
M. 2006. Immune cells contribute to the maintenance of neurogenesis and spatial 
learning abilities in adulthood. Nature Neuroscience 9:268–275. 

30.  Gordon S, Plüddemann A. 2017. Tissue macrophages: heterogeneity and functions. BMC 
Biol 15:53. 

31.  Zannetti C, Roblot G, Charrier E, Ainouze M, Tout I, Briat F, Isorce N, Faure-Dupuy S, 
Michelet M, Marotel M, Kati S, Schulz TF, Rivoire M, Traverse-Glehen A, Luangsay 
S, Alatiff O, Henry T, Walzer T, Durantel D, Hasan U. 2016. Characterization of the 
Inflammasome in Human Kupffer Cells in Response to Synthetic Agonists and 
Pathogens. The Journal of Immunology 197:356–367. 

32.  Willekens FLA, Werre JM, Kruijt JK, Roerdinkholder-Stoelwinder B, Groenen-Döpp 
YAM, van den Bos AG, Bosman GJCGM, van Berkel TJC. 2005. Liver Kupffer cells 



 

 

210 

rapidly remove red blood cell–derived vesicles from the circulation by scavenger 
receptors. Blood 105:2141–2145. 

33.  Teitelbaum SL, Ross FP. 2003. Genetic regulation of osteoclast development and 
function. Nature Reviews Genetics 4:638–649. 

34.  Ortega N, Wang K, Ferrara N, Werb Z, Vu TH. 2010. Complementary interplay between 
matrix metalloproteinase-9, vascular endothelial growth factor and osteoclast function 
drives endochondral bone formation. Disease Models & Mechanisms 3:224–235. 

35.  Joeris T, Müller-Luda K, Agace WW, Mowat AM. 2017. Diversity and functions of 
intestinal mononuclear phagocytes. 4. Mucosal Immunology 10:845–864. 

36.  Bain CC, Scott CL, Uronen-Hansson H, Gudjonsson S, Jansson O, Grip O, Guilliams M, 
Malissen B, Agace WW, Mowat AM. 2013. Resident and pro-inflammatory 
macrophages in the colon represent alternative context-dependent fates of the same 
Ly6C hi monocyte precursors. 3. Mucosal Immunology 6:498–510. 

37.  Mowat AM, Scott CL, Bain CC. 2017. Barrier-tissue macrophages: functional adaptation 
to environmental challenges. 11. Nature Medicine 23:1258–1270. 

38.  Yanez DA, Lacher RK, Vidyarthi A, Colegio OR. 2017. The role of macrophages in skin 
homeostasis. Pflugers Arch - Eur J Physiol 469:455–463. 

39.  Minutti CM, Knipper JA, Allen JE, Zaiss DMW. 2017. Tissue-specific contribution of 
macrophages to wound healing. Seminars in Cell & Developmental Biology 61:3–11. 

40.  Davies LC, Jenkins SJ, Allen JE, Taylor PR. 2013. Tissue-resident macrophages. Nature 
Immunology 14:986–995. 

41.  Novak ML, Koh TJ. 2013. Macrophage phenotypes during tissue repair. Journal of 
Leukocyte Biology 93:875–881. 

42.  Martinez FO, Gordon S. 2014. The M1 and M2 paradigm of macrophage activation: time 
for reassessment. F1000 Prime Rep 6. 

43.  Iqbal S, Kumar A. 2015. Characterization of In vitro Generated Human Polarized 
Macrophages. J Clin Cell Immunol 06.06 

44.  Martinez FO, Gordon S, Locati M, Mantovani A. 2006. Transcriptional Profiling of the 
Human Monocyte-to-Macrophage Differentiation and Polarization: New Molecules and 
Patterns of Gene Expression. The Journal of Immunology 177:7303–7311. 

45.  Mills CD, Kincaid K, Alt JM, Heilman MJ, Hill AM. 2000. M-1/M-2 Macrophages and 
the Th1/Th2 Paradigm. J Immunol 164:6166–6173. 

46.  Rath M, MÃ¼ller I, Kropf P, Closs EI, Munder M. 2014. Metabolism via Arginase or 
Nitric Oxide Synthase: Two Competing Arginine Pathways in Macrophages. Front 
Immunol 5. 

47.  Galván-Peña S, O’Neill LAJ. 2014. Metabolic Reprograming in Macrophage 
Polarization. Front Immunol 5. 

48.  Biswas SK, Mantovani A. 2012. Orchestration of Metabolism by Macrophages. Cell 
Metabolism 15:432–437. 

49.  Bogdan C, Röllinghoff M, Diefenbach A. 2000. Reactive oxygen and reactive nitrogen 
intermediates in innate and specific immunity. Current Opinion in Immunology 12:64–
76. 

50.  Benoit M, Desnues B, Mege J-L. 2008. Macrophage Polarization in Bacterial Infections. 
The Journal of Immunology 181:3733–3739. 



 

 

211 

51.  Parisi L, Gini E, Baci D, Tremolati M, Fanuli M, Bassani B, Farronato G, Bruno A, 
Mortara L. 2018. Macrophage Polarization in Chronic Inflammatory Diseases: Killers 
or Builders? Journal of Immunology Research 2018:1–25. 

52.  Yao Y, Xu X-H, Jin L. 2019. Macrophage Polarization in Physiological and Pathological 
Pregnancy. Front Immunol 10. 

53.  Bögels M, Braster R, Nijland PG, Gül N, Luijtgaarden W van de, Fijneman RJA, Meijer 
GA, Jimenez CR, Beelen RHJ, Egmond M van. 2012. Carcinoma origin dictates 
differential skewing of monocyte function. OncoImmunology 1:798–809. 

54.  Zhang X, Mosser DM. 2008. Macrophage activation by endogenous danger signals. The 
Journal of Pathology 214:161–178. 

55.  Szekanecz Z, Koch AE. 2007. Macrophages and their products in rheumatoid arthritis: 
Current Opinion in Rheumatology 19:289–295. 

56.  Fukui S, Iwamoto N, Takatani A, Igawa T, Shimizu T, Umeda M, Nishino A, Horai Y, 
Hirai Y, Koga T, Kawashiri S, Tamai M, Ichinose K, Nakamura H, Origuchi T, 
Masuyama R, Kosai K, Yanagihara K, Kawakami A. 2018. M1 and M2 Monocytes in 
Rheumatoid Arthritis: A Contribution of Imbalance of M1/M2 Monocytes to 
Osteoclastogenesis. Front Immunol 8. 

57.  Atri C, Guerfali FZ, Laouini D. 2018. Role of Human Macrophage Polarization in 
Inflammation during Infectious Diseases. 6. International Journal of Molecular Sciences 
19:1801. 

58.  Ren Y, Khan FA, Pandupuspitasari NS, Zhang S. 2017. Immune evasion strategies of 
pathogens in macrophages: the potential for limiting pathogen transmission. Curr Issues 
Mol Biol 21:21–40. 

59.  Nandan D, Reiner NE. 1995. Attenuation of gamma interferon-induced tyrosine 
phosphorylation in mononuclear phagocytes infected with Leishmania donovani: 
selective inhibition of signaling through Janus kinases and Stat1. Infect Immun 
63:4495–4500. 

60.  Pai RK, Convery M, Hamilton TA, Boom WH, Harding CV. 2003. Inhibition of IFN-γ-
Induced Class II Transactivator Expression by a 19-kDa Lipoprotein from 
Mycobacterium tuberculosis: A Potential Mechanism for Immune Evasion. The Journal 
of Immunology 171:175–184. 

61.  Ting L-M, Kim AC, Cattamanchi A, Ernst JD. 1999. Mycobacterium tuberculosis 
Inhibits IFN-γ Transcriptional Responses Without Inhibiting Activation of STAT1. The 
Journal of Immunology 163:3898–3906. 

62.  Reales‐Calderón JA, Aguilera‐Montilla N, Corbí ÁL, Molero G, Gil C. 2014. Proteomic 
characterization of human proinflammatory M1 and anti-inflammatory M2 
macrophages and their response to Candida albicans. PROTEOMICS 14:1503–1518. 

63.  Wagener J, MacCallum DM, Brown GD, Gow NAR. 2017. Candida albicans Chitin 
Increases Arginase-1 Activity in Human Macrophages, with an Impact on Macrophage 
Antimicrobial Functions. mBio 8. 

64.  Quiding-Järbrink M, Raghavan S, Sundquist M. 2010. Enhanced M1 Macrophage 
Polarization in Human Helicobacter pylori-Associated Atrophic Gastritis and in 
Vaccinated Mice. PLoS One 5. 

65.  Mège J-L, Mehraj V, Capo C. 2011. Macrophage polarization and bacterial infections: 
Current Opinion in Infectious Diseases 24:230–234. 



 

 

212 

66.  Berry MPR, Graham CM, McNab FW, Xu Z, Bloch SAA, Oni T, Wilkinson KA, 
Banchereau R, Skinner J, Wilkinson RJ, Quinn C, Blankenship D, Dhawan R, Cush JJ, 
Mejias A, Ramilo O, Kon OM, Pascual V, Banchereau J, Chaussabel D, O’Garra A. 
2010. An Interferon-Inducible Neutrophil-Driven Blood Transcriptional Signature in 
Human Tuberculosis. Nature 466:973–977. 

67.  Thompson LJ, Dunstan SJ, Dolecek C, Perkins T, House D, Dougan G, Hue NT, La TTP, 
Du DC, Phuong LT, Dung NT, Hien TT, Farrar JJ, Monack D, Lynn DJ, Popper SJ, 
Falkow S. 2009. Transcriptional response in the peripheral blood of patients infected 
with Salmonella enterica serovar Typhi. 52. PNAS 106:22433–22438. 

68.  Rőszer T. 2015. Understanding the Mysterious M2 Macrophage through Activation 
Markers and Effector Mechanisms. Mediators of Inflammation 2015:e816460. 

69.  Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, Gordon S, Hamilton 
JA, Ivashkiv LB, Lawrence T, Locati M, Mantovani A, Martinez FO, Mege J-L, Mosser 
DM, Natoli G, Saeij JP, Schultze JL, Shirey KA, Sica A, Suttles J, Udalova I, 
van Ginderachter JA, Vogel SN, Wynn TA. 2014. Macrophage Activation and 
Polarization: Nomenclature and Experimental Guidelines. Immunity 41:14–20. 

70.  Pauleau A-L, Rutschman R, Lang R, Pernis A, Watowich SS, Murray PJ. 2004. 
Enhancer-Mediated Control of Macrophage-Specific Arginase I Expression. The 
Journal of Immunology 172:7565–7573. 

71.  Cheng H, Wang Z, Fu L, Xu T. 2019. Macrophage Polarization in the Development and 
Progression of Ovarian Cancers: An Overview. Front Oncol 9:421. 

72.  Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. 2004. The chemokine 
system in diverse forms of macrophage activation and polarization. Trends in 
Immunology 25:677–686. 

73.  Martinez FO, Helming L, Gordon S. 2009. Alternative Activation of Macrophages: An 
Immunologic Functional Perspective. Annu Rev Immunol 27:451–483. 

74.  Lang R, Patel D, Morris JJ, Rutschman RL, Murray PJ. 2002. Shaping Gene Expression 
in Activated and Resting Primary Macrophages by IL-10. The Journal of Immunology 
169:2253–2263. 

75.  Hutchins AP, Diez D, Miranda-Saavedra D. 2013. The IL-10/STAT3-mediated anti-
inflammatory response: recent developments and future challenges. Brief Funct 
Genomics 12:489–498. 

76.  Gordon S. 2003. Alternative activation of macrophages. Nat Rev Immunol 3:23–35. 
77.  Whyte CS, Bishop ET, Rückerl D, Gaspar‐Pereira S, Barker RN, Allen JE, Rees AJ, 

Wilson HM. 2011. Suppressor of cytokine signaling (SOCS)1 is a key determinant of 
differential macrophage activation and function. Journal of Leukocyte Biology 90:845–
854. 

78.  Liu Y, Stewart KN, Bishop E, Marek CJ, Kluth DC, Rees AJ, Wilson HM. 2008. Unique 
Expression of Suppressor of Cytokine Signaling 3 Is Essential for Classical Macrophage 
Activation in Rodents In Vitro and In Vivo. The Journal of Immunology 180:6270–
6278. 

79.  Arnold CE, Whyte CS, Gordon P, Barker RN, Rees AJ, Wilson HM. 2014. A critical role 
for suppressor of cytokine signalling 3 in promoting M1 macrophage activation and 
function in vitro and in vivo. Immunology 141:96–110. 



 

 

213 

80.  Odegaard JI, Ricardo-Gonzalez RR, Goforth MH, Morel CR, Subramanian V, Mukundan 
L, Eagle AR, Vats D, Brombacher F, Ferrante AW, Chawla A. 2007. Macrophage-
specific PPARγ controls alternative activation and improves insulin resistance. Nature 
447:1116–1120. 

81.  Kang K, Reilly SM, Karabacak V, Gangl MR, Fitzgerald K, Hatano B, Lee C-H. 2008. 
Adipocyte-Derived Th2 Cytokines and Myeloid PPARδ Regulate Macrophage 
Polarization and Insulin Sensitivity. Cell Metabolism 7:485–495. 

82.  Bouhlel MA, Derudas B, Rigamonti E, Dièvart R, Brozek J, Haulon S, Zawadzki C, Jude 
B, Torpier G, Marx N, Staels B, Chinetti-Gbaguidi G. 2007. PPARγ Activation Primes 
Human Monocytes into Alternative M2 Macrophages with Anti-inflammatory 
Properties. Cell Metabolism 6:137–143. 

83.  Udalova IA, Krausgruber T, Smallie T, Blazek K, Lockstone H, Sahgal N, Azabin S, 
Feldmann M, Hussell T. 2011. IRF5 promotes inflammatory macrophage polarization 
and Th1/Th17 response. Nature Immunology https://doi.org/10.1038/ni.1990. 

84.  Pello OM, De Pizzol M, Mirolo M, Soucek L, Zammataro L, Amabile A, Doni A, 
Nebuloni M, Swigart LB, Evan GI, Mantovani A, Locati M. 2012. Role of c-MYC in 
alternative activation of human macrophages and tumor-associated macrophage 
biology. Blood 119:411–421. 

85.  Satoh T, Takeuchi O, Vandenbon A, Yasuda K, Tanaka Y, Kumagai Y, Miyake T, 
Matsushita K, Okazaki T, Saitoh T, Honma K, Matsuyama T, Yui K, Tsujimura T, 
Standley DM, Nakanishi K, Nakai K, Akira S. 2010. The Jmjd3-Irf4 axis regulates M2 
macrophage polarization and host responses against helminth infection. Nature 
Immunology 11:936–944. 

86.  Chistiakov DA, Bobryshev YV, Nikiforov NG, Elizova NV, Sobenin IA, Orekhov AN. 
2015. Macrophage phenotypic plasticity in atherosclerosis: The associated features and 
the peculiarities of the expression of inflammatory genes. International Journal of 
Cardiology 184:436–445. 

87.  Mantovani A, Sozzani S, Locati M, Allavena P, Sica A. 2002. Macrophage polarization: 
tumor-associated macrophages as a paradigm for polarized M2 mononuclear 
phagocytes. Trends in Immunology 23:549–555. 

88.  Duluc D, Delneste Y, Tan F, Moles M-P, Grimaud L, Lenoir J, Preisser L, Anegon I, 
Catala L, Ifrah N, Descamps P, Gamelin E, Gascan H, Hebbar M, Jeannin P. 2007. 
Tumor-associated leukemia inhibitory factor and IL-6 skew monocyte differentiation 
into tumor-associated macrophage-like cells. Blood 110:4319–4330. 

89.  Martinez FO, Sica A, Mantovani A, Locati M. 2008. Macrophage activation and 
polarization. Frontiers in bioscience : a journal and virtual library 13:453–461. 

90.  Stein M, Keshav S, Harris N, Gordon S. 1992. Interleukin 4 potently enhances murine 
macrophage mannose receptor activity: a marker of alternative immunologic 
macrophage activation. Journal of Experimental Medicine 176:287–292. 

91.  Doyle AG, Herbein G, Montaner LJ, Minty AJ, Caput D, Ferrara P, Gordon S. 1994. 
Interleukin‐13 alters the activation state of murine macrophages in vitro: Comparison 
with interleukin‐4 and interferon‐γ. European Journal of Immunology 24:1441–1445. 

92.  Mueller TD, Zhang J-L, Sebald W, Duschl A. 2002. Structure, binding, and antagonists 
in the IL-4/IL-13 receptor system. Biochimica et Biophysica Acta (BBA) - Molecular 
Cell Research 1592:237–250. 



 

 

214 

93.  Cordeiro-da-Silva A, Tavares J, Araújo N, Cerqueira F, Tomás A, Kong Thoo Lin P, 
Ouaissi A. 2004. Immunological alterations induced by polyamine derivatives on 
murine splenocytes and human mononuclear cells. International Immunopharmacology 
4:547–556. 

94.  Raes G, Bergh RV den, Baetselier PD, Ghassabeh GH. 2005. Arginase-1 and Ym1 Are 
Markers for Murine, but Not Human, Alternatively Activated Myeloid Cells. The 
Journal of Immunology 174:6561–6562. 

95.  Edwards JP, Zhang X, Frauwirth KA, Mosser DM. 2006. Biochemical and functional 
characterization of three activated macrophage populations. Journal of Leukocyte 
Biology 80:1298–1307. 

96.  Montoya D, Cruz D, Teles RMB, Lee DJ, Ochoa MT, Krutzik SR, Chun R, Schenk M, 
Zhang X, Ferguson BG, Burdick AE, Sarno EN, Rea TH, Hewison M, Adams JS, Cheng 
G, Modlin RL. 2009. Divergence of Macrophage Phagocytic and Antimicrobial 
Programs in Leprosy. Cell Host & Microbe 6:343–353. 

97.  Krysko O, Holtappels G, Zhang N, Kubica M, Deswarte K, Derycke L, Claeys S, 
Hammad H, Brusselle GG, Vandenabeele P, Krysko DV, Bachert C. 2011. Alternatively 
activated macrophages and impaired phagocytosis of S. aureus in chronic rhinosinusitis. 
Allergy 66:396–403. 

98.  Moos V, Schmidt C, Geelhaar A, Kunkel D, Allers K, Schinnerling K, Loddenkemper C, 
Fenollar F, Moter A, Raoult D, Ignatius R, Schneider T. 2010. Impaired Immune 
Functions of Monocytes and Macrophages in Whipple’s Disease. Gastroenterology 
138:210–220. 

99.  Müller U, Stenzel W, Köhler G, Werner C, Polte T, Hansen G, Schütze N, Straubinger 
RK, Blessing M, McKenzie ANJ, Brombacher F, Alber G. 2007. IL-13 Induces Disease-
Promoting Type 2 Cytokines, Alternatively Activated Macrophages and Allergic 
Inflammation during Pulmonary Infection of Mice with Cryptococcus neoformans. The 
Journal of Immunology 179:5367–5377. 

100.  Kawakami K, Hossain Qureshi M, Zhang T, Koguchi Y, Xie Q, Kurimoto M, Saito A. 
1999. Interleukin-4 Weakens Host Resistance to Pulmonary and Disseminated 
Cryptococcal Infection Caused by Combined Treatment with Interferon-γ-Inducing 
Cytokines. Cellular Immunology 197:55–61. 

101.  Hölscher C, Arendse B, Schwegmann A, Myburgh E, Brombacher F. 2006. Impairment 
of Alternative Macrophage Activation Delays Cutaneous Leishmaniasis in Nonhealing 
BALB/c Mice. The Journal of Immunology 176:1115–1121. 

102.  Anderson CF, Mosser DM. 2002. Cutting Edge: Biasing Immune Responses by Directing 
Antigen to Macrophage Fcγ Receptors. The Journal of Immunology 168:3697–3701. 

103.  Wang L, Zhang S, Wu H, Rong X, Guo J. 2019. M2b macrophage polarization and its 
roles in diseases. Journal of Leukocyte Biology 106:345–358. 

104.  Lefèvre L, Lugo-Villarino G, Meunier E, Valentin A, Olagnier D, Authier H, Duval C, 
Dardenne C, Bernad J, Lemesre JL, Auwerx J, Neyrolles O, Pipy B, Coste A. 2013. The 
C-type Lectin Receptors Dectin-1, MR, and SIGNR3 Contribute Both Positively and 
Negatively to the Macrophage Response to Leishmania infantum. Immunity 38:1038–
1049. 

105.  Filardy AA, Pires DR, Nunes MP, Takiya CM, Freire-de-Lima CG, Ribeiro-Gomes FL, 
DosReis GA. 2010. Proinflammatory Clearance of Apoptotic Neutrophils Induces an 



 

 

215 

IL-12lowIL-10high Regulatory Phenotype in Macrophages. The Journal of 
Immunology 185:2044–2050. 

106.  Ohama H, Asai A, Ito I, Suzuki S, Kobayashi M, Higuchi K, Suzuki F. 2015. M2b 
Macrophage Elimination and Improved Resistance of Mice with Chronic Alcohol 
Consumption to Opportunistic Infections. The American Journal of Pathology 185:420–
431. 

107.  Bogdan C, Paik J, Vodovotz Y, Nathan C. 1992. Contrasting mechanisms for suppression 
of macrophage cytokine release by transforming growth factor-beta and interleukin-10. 
J Biol Chem 267:23301–23308. 

108.  Zizzo G, Hilliard BA, Monestier M, Cohen PL. 2012. Efficient Clearance of Early 
Apoptotic Cells by Human Macrophages Requires M2c Polarization and MerTK 
Induction. The Journal of Immunology 189:3508–3520. 

109.  Avdic S, Cao JZ, McSharry BP, Clancy LE, Brown R, Steain M, Gottlieb DJ, Abendroth 
A, Slobedman B. 2013. Human Cytomegalovirus Interleukin-10 Polarizes Monocytes 
toward a Deactivated M2c Phenotype To Repress Host Immune Responses. Journal of 
Virology 87:10273–10282. 

110.  Li W, Katz BP, Spinola SM. 2012. Haemophilus ducreyi-Induced Interleukin-10 
Promotes a Mixed M1 and M2 Activation Program in Human Macrophages. Infection 
and Immunity 80:4426–4434. 

111.  Lu J, Cao Q, Zheng D, Sun Y, Wang C, Yu X, Wang Y, Lee VWS, Zheng G, Tan TK, 
Wang X, Alexander SI, Harris DCH, Wang Y. 2013. Discrete functions of M2a and 
M2c macrophage subsets determine their relative efficacy in treating chronic kidney 
disease. Kidney International; London 84:745–55. 

112.  Anders H-J, Ryu M. 2011. Renal microenvironments and macrophage phenotypes 
determine progression or resolution of renal inflammation and fibrosis. Kidney 
International 80:915–925. 

113.  Duluc D, Corvaisier M, Blanchard S, Catala L, Descamps P, Gamelin E, Ponsoda S, 
Delneste Y, Hebbar M, Jeannin P. 2009. Interferon-γ reverses the immunosuppressive 
and protumoral properties and prevents the generation of human tumor-associated 
macrophages. International Journal of Cancer 125:367–373. 

114.  Liberale L, Dallegri F, Montecucco F, Carbone F. 2017. Pathophysiological relevance of 
macrophage subsets in atherogenesis. Thromb Haemost 26:7–18. 

115.  Bingle L, Brown NJ, Lewis CE. 2002. The role of tumour-associated macrophages in 
tumour progression: implications for new anticancer therapies. The Journal of 
Pathology 196:254–265. 

116.  Condeelis J, Pollard JW. 2006. Macrophages: Obligate Partners for Tumor Cell 
Migration, Invasion, and Metastasis. Cell 124:263–266. 

117.  Schoppmann SF, Horvat R, Birner P. 2002. Lymphatic vessels and lymphangiogenesis 
in female cancer: Mechanisms, clinical impact and possible implications for anti-
lymphangiogenic therapies (Review). Oncology Reports 9:455–460. 

118.  Vicari AP, Caux C. 2002. Chemokines in cancer. Cytokine & Growth Factor Reviews 
13:143–154. 

119.  Gocheva V, Wang H-W, Gadea BB, Shree T, Hunter KE, Garfall AL, Berman T, Joyce 
JA. 2010. IL-4 induces cathepsin protease activity in tumor-associated macrophages to 
promote cancer growth and invasion. Genes Dev 24:241–255. 



 

 

216 

120.  Koren-Gluzer M, Rosenblat M, Hayek T. 2015. Paraoxonase 2 Induces a Phenotypic 
Switch in Macrophage Polarization Favoring an M2 Anti-Inflammatory State. Int J 
Endocrinol 2015. 

121.  Porcheray F, Viaud S, Rimaniol A-C, Leone C, Samah B, Dereuddre-Bosquet N, 
Dormont D, Gras G. 2005. Macrophage activation switching: an asset for the resolution 
of inflammation. Clin Exp Immunol 0:051006055454001. 

122.  Stienstra R, Duval C, Keshtkar S, Laak J van der, Kersten S, Müller M. 2008. Peroxisome 
Proliferator-activated Receptor γ Activation Promotes Infiltration of Alternatively 
Activated Macrophages into Adipose Tissue. J Biol Chem 283:22620–22627. 

123.  Fujita E, Shimizu A, Masuda Y, Kuwahara N, Arai T, Nagasaka S, Aki K, Mii A, Natori 
Y, Iino Y, Katayama Y, Fukuda Y. 2010. Statin Attenuates Experimental Anti-
Glomerular Basement Membrane Glomerulonephritis Together with the Augmentation 
of Alternatively Activated Macrophages. Am J Pathol 177:1143–1154. 

124.  Coscia M, Quaglino E, Iezzi M, Curcio C, Pantaleoni F, Riganti C, Holen I, Mönkkönen 
H, Boccadoro M, Forni G, Musiani P, Bosia A, Cavallo F, Massaia M. 2010. Zoledronic 
acid repolarizes tumour-associated macrophages and inhibits mammary carcinogenesis 
by targeting the mevalonate pathway. Journal of Cellular and Molecular Medicine 
14:2803–2815. 

125.  Fulda S, Vucic D. 2012. Targeting IAP proteins for therapeutic intervention in cancer. 
Nat Rev Drug Discov 11:109–124. 

126.  Nagata S. 2018. Apoptosis and Clearance of Apoptotic Cells. Annu Rev Immunol 
36:489–517. 

127.  Thompson HJ, Strange R, Schedin PJ. 1992. Apoptosis in the genesis and prevention of 
cancer. Cancer Epidemiology and Prevention Biomarkers 1:597–602. 

128.  Voss AK, Strasser A. 2020. The essentials of developmental apoptosis. F1000Res 9:148. 
129.  Bergmann O, Zdunek S, Felker A, Salehpour M, Alkass K, Bernard S, Sjostrom SL, 

Szewczykowska M, Jackowska T, dos Remedios C, Malm T, Andrä M, Jashari R, 
Nyengaard JR, Possnert G, Jovinge S, Druid H, Frisén J. 2015. Dynamics of Cell 
Generation and Turnover in the Human Heart. Cell 161:1566–1575. 

130.  Vicencio JM, Galluzzi L, Tajeddine N, Ortiz C, Criollo A, Tasdemir E, Morselli E, Ben 
Younes A, Maiuri MC, Lavandero S, Kroemer G. 2008. Senescence, Apoptosis or 
Autophagy? Gerontology 54:92–99. 

131.  Labbé K, Saleh M. 2008. Cell death in the host response to infection. 9. Cell Death & 
Differentiation 15:1339–1349. 

132.  D’Arcy MS. 2019. Cell death: a review of the major forms of apoptosis, necrosis and 
autophagy. Cell Biology International 43:582–592. 

133.  Lockshin RA, Zakeri Z. 2004. Apoptosis, autophagy, and more. The international journal 
of biochemistry & cell biology 36:2405–2419. 

134.  Singh R, Letai A, Sarosiek K. 2019. Regulation of apoptosis in health and disease: the 
balancing act of BCL-2 family proteins. Nat Rev Mol Cell Biol 20:175–193. 

135.  McIlwain DR, Berger T, Mak TW. 2013. Caspase Functions in Cell Death and Disease. 
Cold Spring Harbor Perspectives in Biology 5:a008656–a008656. 

136.  Alnemri ES, Livingston DJ, Nicholson DW, Salvesen G, Thornberry NA, Wong WW, 
Yuan J. 1996. Human ICE/CED-3 Protease Nomenclature. Cell 87:171. 



 

 

217 

137.  Crawford ED, Wells JA. 2011. Caspase Substrates and Cellular Remodeling. Annual 
Review of Biochemistry 80:1055–1087. 

138.  Grilo AL, Mantalaris A. 2019. Apoptosis: A mammalian cell bioprocessing perspective. 
Biotechnology Advances 37:459–475. 

139.  Warren CFA, Wong-Brown MW, Bowden NA. 2019. BCL-2 family isoforms in 
apoptosis and cancer. 3. Cell Death & Disease 10:1–12. 

140.  Ke N, Godzik A, Reed JC. 2001. Bcl-B, a novel Bcl-2 family member that differentially 
binds and regulates Bax and Bak. Journal of biological chemistry 276:12481–12484. 

141.  Reyna DE, Garner TP, Lopez A, Kopp F, Choudhary GS, Sridharan A, Narayanagari S-
R, Mitchell K, Dong B, Bartholdy BA, Walensky LD, Verma A, Steidl U, Gavathiotis 
E. 2017. Direct Activation of BAX by BTSA1 Overcomes Apoptosis Resistance in 
Acute Myeloid Leukemia. Cancer Cell 32:490-505.e10. 

142.  Bajwa N, Liao C, Nikolovska-Coleska Z. 2012. Inhibitors of the anti-apoptotic Bcl-2 
proteins: a patent review. Expert Opin Ther Pat 22:37–55. 

143.  Elmore S. 2007. Apoptosis: A Review of Programmed Cell Death. Toxicol Pathol 
35:495–516. 

144.  Brenner D, Mak TW. 2009. Mitochondrial cell death effectors. Current Opinion in Cell 
Biology 21:871–877. 

145.  Czabotar PE, Lessene G, Strasser A, Adams JM. 2014. Control of apoptosis by the BCL-
2 protein family: implications for physiology and therapy. Nat Rev Mol Cell Biol 15:49–
63. 

146.  Cain K, Bratton SB, Cohen GM. 2002. The Apaf-1 apoptosome: a large caspase-
activating complex. Biochimie 84:203–214. 

147.  Shi Y. 2006. Mechanical aspects of apoptosome assembly. Current Opinion in Cell 
Biology 18:677–684. 

148.  Acehan D, Jiang X, Morgan DG, Heuser JE, Wang X, Akey CW. 2002. Three-
Dimensional Structure of the Apoptosome: Implications for Assembly, Procaspase-9 
Binding, and Activation. Molecular Cell 9:423–432. 

149.  Bossen C, Ingold K, Tardivel A, Bodmer J-L, Gaide O, Hertig S, Ambrose C, Tschopp 
J, Schneider P. 2006. Interactions of Tumor Necrosis Factor (TNF) and TNF Receptor 
Family Members in the Mouse and Human. J Biol Chem 281:13964–13971. 

150.  Ashkenazi A, Salvesen G. 2014. Regulated Cell Death: Signaling and Mechanisms. Annu 
Rev Cell Dev Biol 30:337–356. 

151.  Walczak H. 2013. Death Receptor-Ligand Systems in Cancer, Cell Death, and 
Inflammation. Cold Spring Harbor Perspectives in Biology 5:a008698–a008698. 

152.  Strasser A, Jost PJ, Nagata S. 2009. The Many Roles of FAS Receptor Signaling in the 
Immune System. Immunity 30:180–192. 

153.  Samraj AK, Keil E, Ueffing N, Schulze-Osthoff K, Schmitz I. 2006. Loss of Caspase-9 
Provides Genetic Evidence for the Type I/II Concept of CD95-mediated Apoptosis. J 
Biol Chem 281:29652–29659. 

154.  Spencer SL, Gaudet S, Albeck JG, Burke JM, Sorger PK. 2009. Non-genetic origins of 
cell-to-cell variability in TRAIL-induced apoptosis. Nature 459:428–432. 

155.  Vucic D, Dixit VM, Wertz IE. 2011. Ubiquitylation in apoptosis: a post-translational 
modification at the edge of life and death. Nature reviews Molecular cell biology 
12:439–452. 



 

 

218 

156.  Korsmeyer SJ, Wei MC, Saito M, Weiler S, Oh KJ, Schlesinger PH. 2000. Pro-apoptotic 
cascade activates BID, which oligomerizes BAK or BAX into pores that result in the 
release of cytochrome c. 12. Cell Death & Differentiation 7:1166–1173. 

157.  Li H, Zhu H, Xu C, Yuan J. 1998. Cleavage of BID by Caspase 8 Mediates the 
Mitochondrial Damage in the Fas Pathway of Apoptosis. Cell 94:491–501. 

158.  Hsu H, Huang J, Shu H-B, Baichwal V, Goeddel DV. 1996. TNF-Dependent Recruitment 
of the Protein Kinase RIP to the TNF Receptor-1 Signaling Complex. Immunity 4:387–
396. 

159.  Hsu H, Xiong J, Goeddel DV. 1995. The TNF receptor 1-associated protein TRADD 
signals cell death and NF-κB activation. Cell 81:495–504. 

160.  Bertrand MJM, Milutinovic S, Dickson KM, Ho WC, Boudreault A, Durkin J, Gillard 
JW, Jaquith JB, Morris SJ, Barker PA. 2008. cIAP1 and cIAP2 Facilitate Cancer Cell 
Survival by Functioning as E3 Ligases that Promote RIP1 Ubiquitination. Molecular 
Cell 30:689–700. 

161.  Wang L, Du F, Wang X. 2008. TNF-α Induces Two Distinct Caspase-8 Activation 
Pathways. Cell 133:693–703. 

162.  Li H, Lin X. 2008. Positive and negative signaling components involved in TNFα-
induced NF-κB activation. Cytokine 41:1–8. 

163.  Koff J, Ramachandiran S, Bernal-Mizrachi L. 2015. A Time to Kill: Targeting Apoptosis 
in Cancer. IJMS 16:2942–2955. 

164.  Boatright KM, Salvesen GS. 2003. Mechanisms of caspase activation. Current Opinion 
in Cell Biology 15:725–731. 

165.  Gyrd-Hansen M, Meier P. 2010. IAPs: from caspase inhibitors to modulators of NF-κB, 
inflammation and cancer. Nat Rev Cancer 10:561–574. 

166.  W Owens T. 2013. Inhibitor of Apoptosis Proteins: Promising Targets for Cancer 
Therapy. J Carcinogene Mutagene S14. 

167.  Verhagen AM, Kratina TK, Hawkins CJ, Silke J, Ekert PG, Vaux DL. 2007. 
Identification of mammalian mitochondrial proteins that interact with IAPs via N-
terminal IAP binding motifs. Cell Death & Differentiation 14:348–357. 

168.  Berthelet J, Dubrez L. 2013. Regulation of Apoptosis by Inhibitors of Apoptosis (IAPs). 
Cells 2:163–187. 

169.  Beug ST, Cheung HH, LaCasse EC, Korneluk RG. 2012. Modulation of immune 
signalling by inhibitors of apoptosis. Trends in Immunology 33:535–545. 

170.  Sharma S, Kaufmann T, Biswas S. 2017. Impact of inhibitor of apoptosis proteins on 
immune modulation and inflammation. Immunology & Cell Biology 95:236–243. 

171.  Srinivasula SM, Hegde R, Saleh A, Datta P, Shiozaki E, Chai J, Lee R-A, Robbins PD, 
Fernandes-Alnemri T, Shi Y, Alnemri ES. 2001. A conserved XIAP-interaction motif 
in caspase-9 and Smac/DIABLO regulates caspase activity and apoptosis. 6824. Nature 
410:112–116. 

172.  Chai J, Shiozaki E, Srinivasula SM, Wu Q, Dataa P, Alnemri ES, Shi Y. 2001. Structural 
Basis of Caspase-7 Inhibition by XIAP. Cell 104:769–780. 

173.  Silke J, Ekert PG, Day CL, Hawkins CJ, Baca M, Chew J, Pakusch M, Verhagen AM, 
Vaux DL. 2001. Direct inhibition of caspase 3 is dispensable for the anti-apoptotic 
activity of XIAP. EMBO J 20:3114–3123. 



 

 

219 

174.  Mace PD, Smits C, Vaux DL, Silke J, Day CL. 2010. Asymmetric Recruitment of cIAPs 
by TRAF2. Journal of Molecular Biology 400:8–15. 

175.  Lu M, Lin S-C, Huang Y, Kang YJ, Rich R, Lo Y-C, Myszka D, Han J, Wu H. 2007. 
XIAP Induces NF-κB Activation via the BIR1/TAB1 Interaction and BIR1 
Dimerization. Molecular Cell 26:689–702. 

176.  Zhuang M, Guan S, Wang H, Burlingame AL, Wells JA. 2013. Substrates of IAP 
Ubiquitin Ligases Identified with a Designed Orthogonal E3 Ligase, the NEDDylator. 
Molecular Cell 49:273–282. 

177.  Hao Y, Sekine K, Kawabata A, Nakamura H, Ishioka T, Ohata H, Katayama R, 
Hashimoto C, Zhang X, Noda T, Tsuruo T, Naito M. 2004. Apollon ubiquitinates 
SMAC and caspase-9, and has an essential cytoprotection function. Nature Cell Biology 
6:849–860. 

178.  Gyrd-Hansen M, Darding M, Miasari M, Santoro MM, Zender L, Xue W, Tenev T, da 
Fonseca PCA, Zvelebil M, Bujnicki JM, Lowe S, Silke J, Meier P. 2008. IAPs contain 
an evolutionarily conserved ubiquitin-binding domain that regulates NF-κB as well as 
cell survival and oncogenesis. 11. Nature Cell Biology 10:1309–1317. 

179.  Mace PD, Shirley S, Day CL. 2010. Assembling the building blocks: structure and 
function of inhibitor of apoptosis proteins. 1. Cell Death & Differentiation 17:46–53. 

180.  Martin SJ. 2001. Dealing the CARDs between life and death. Trends in Cell Biology 
11:188–189. 

181.  Jeyaprakash AA, Klein UR, Lindner D, Ebert J, Nigg EA, Conti E. 2007. Structure of a 
Survivin–Borealin–INCENP Core Complex Reveals How Chromosomal Passengers 
Travel Together. Cell 131:271–285. 

182.  Inohara N, Nuñez G. 2003. NODs: intracellular proteins involved in inflammation and 
apoptosis. 5. Nature Reviews Immunology 3:371–382. 

183.  Eckelman BP, Salvesen GS, Scott FL. 2006. Human inhibitor of apoptosis proteins: why 
XIAP is the black sheep of the family. EMBO Rep 7:988–994. 

184.  Deveraux QL, Roy N, Stennicke HR, Van Arsdale T, Zhou Q, Srinivasula SM, Alnemri 
ES, Salvesen GS, Reed JC. 1998. IAPs block apoptotic events induced by caspase-8 and 
cytochrome c by direct inhibition of distinct caspases. EMBO J 17:2215–2223. 

185.  Eckelman BP, Salvesen GS. 2006. The Human Anti-apoptotic Proteins cIAP1 and cIAP2 
Bind but Do Not Inhibit Caspases. J Biol Chem 281:3254–3260. 

186.  Tenev T, Zachariou A, Wilson R, Ditzel M, Meier P. 2005. IAPs are functionally non-
equivalent and regulate effector caspases through distinct mechanisms. Nature Cell 
Biology 7:70–77. 

187.  Choi YE, Butterworth M, Malladi S, Duckett CS, Cohen GM, Bratton SB. 2009. The E3 
Ubiquitin Ligase cIAP1 Binds and Ubiquitinates Caspase-3 and -7  via Unique 
Mechanisms at Distinct Steps in Their  Processing. J Biol Chem 284:12772–12782. 

188.  Huang H, Joazeiro CAP, Bonfoco E, Kamada S, Leverson JD, Hunter T. 2000. The 
Inhibitor of Apoptosis, cIAP2, Functions as a Ubiquitin-Protein Ligase and Promotes in 
VitroMonoubiquitination of Caspases 3 and 7. J Biol Chem 275:26661–26664. 

189.  Tenev T, Bianchi K, Darding M, Broemer M, Langlais C, Wallberg F, Zachariou A, 
Lopez J, MacFarlane M, Cain K, Meier P. 2011. The Ripoptosome, a Signaling Platform 
that Assembles in Response to Genotoxic Stress and Loss of IAPs. Molecular Cell 
43:432–448. 



 

 

220 

190.  Feoktistova M, Geserick P, Kellert B, Dimitrova DP, Langlais C, Hupe M, Cain K, 
MacFarlane M, Häcker G, Leverkus M. 2011. cIAPs Block Ripoptosome Formation, a 
RIP1/Caspase-8 Containing Intracellular Cell Death Complex Differentially Regulated 
by cFLIP Isoforms. Molecular Cell 43:449–463. 

191.  Bai L, Smith DC, Wang S. 2014. Small-molecule SMAC mimetics as new cancer 
therapeutics. Pharmacology and Therapeutics 144:82–95. 

192.  Pan P, Cai Z, Zhuang C, Chen X, Chai Y. 2019. Methodology of drug screening and 
target identification for new necroptosis inhibitors. J Pharm Anal 9:71–76. 

193.  Lawrence T. 2009. The Nuclear Factor NF-κB Pathway in Inflammation. Cold Spring 
Harb Perspect Biol 1:a001651. 

194.  Israel A. 2010. The IKK Complex, a Central Regulator of NF- B Activation. Cold Spring 
Harbor Perspectives in Biology 2:a000158–a000158. 

195.  Hoffmann A, Baltimore D. 2006. Circuitry of nuclear factor κB signaling. Immunological 
Reviews 210:171–186. 

196.  Dynek JN, Goncharov T, Dueber EC, Fedorova AV, Izrael-Tomasevic A, Phu L, 
Helgason E, Fairbrother WJ, Deshayes K, Kirkpatrick DS, Vucic D. 2010. c-IAP1 and 
UbcH5 promote K11-linked polyubiquitination of RIP1 in TNF signalling. The EMBO 
Journal 29:4198–4209. 

197.  Mahoney DJ, Cheung HH, Mrad RL, Plenchette S, Simard C, Enwere E, Arora V, Mak 
TW, Lacasse EC, Waring J, Korneluk RG. 2008. Both cIAP1 and cIAP2 regulate TNFα-
mediated NF-κB activation. PNAS 105:11778–11783. 

198.  Scheidereit C. 2006. IκB kinase complexes: gateways to NF-κB activation and 
transcription. Oncogene 25:6685–6705. 

199.  Tokunaga F, Sakata S, Saeki Y, Satomi Y, Kirisako T, Kamei K, Nakagawa T, Kato M, 
Murata S, Yamaoka S, Yamamoto M, Akira S, Takao T, Tanaka K, Iwai K. 2009. 
Involvement of linear polyubiquitylation of NEMO in NF-κB activation. Nature Cell 
Biology 11:123–132. 

200.  Wang C, Deng L, Hong M, Akkaraju GR, Inoue J-I, Chen ZJ. 2001. TAK1 is a ubiquitin-
dependent kinase of MKK and IKK. Nature 412:348. 

201.  Zhao Y, Conze DB, Hanover JA, Ashwell JD. 2007. Tumor Necrosis Factor Receptor 2 
Signaling Induces Selective c-IAP1-dependent ASK1 Ubiquitination and Terminates 
Mitogen-activated Protein Kinase Signaling. J Biol Chem 282:7777–7782. 

202.  Varfolomeev E, Blankenship JW, Wayson SM, Fedorova AV, Kayagaki N, Garg P, 
Zobel K, Dynek JN, Elliott LO, Wallweber HJA, Flygare JA, Fairbrother WJ, Deshayes 
K, Dixit VM, Vucic D. 2007. IAP Antagonists Induce Autoubiquitination of c-IAPs, 
NF-κB Activation, and TNFα-Dependent Apoptosis. Cell 131:669–681. 

203.  Xiao G, Harhaj EW, Sun S-C. 2001. NF-κB-Inducing Kinase Regulates the Processing 
of NF-κB2 p100. Molecular Cell 7:401–409. 

204.  Dejardin E. 2006. The alternative NF-κB pathway from biochemistry to biology: Pitfalls 
and promises for future drug development. Biochemical Pharmacology 72:1161–1179. 

205.  Sun S-C. 2017. The non-canonical NF-κB pathway in immunity and inflammation. 
Nature Reviews Immunology 17:545–558. 

206.  LaCasse EC, Mahoney DJ, Cheung HH, Plenchette S, Baird S, Korneluk RG. 2008. IAP-
targeted therapies for cancer. Oncogene 27:6252–6275. 



 

 

221 

207.  Du C, Fang M, Li Y, Li L, Wang X. 2000. Smac, a Mitochondrial Protein that Promotes 
Cytochrome c–Dependent Caspase Activation by Eliminating IAP Inhibition. Cell 
102:33–42. 

208.  Verhagen AM, Ekert PG, Pakusch M, Silke J, Connolly LM, Reid GE, Moritz RL, 
Simpson RJ, Vaux DL. 2000. Identification of DIABLO, a Mammalian Protein that 
Promotes Apoptosis by Binding to and Antagonizing IAP Proteins. Cell 102:43–53. 

209.  Liu Z, Sun C, Olejniczak ET, Meadows RP, Betz SF, Oost T, Herrmann J, Wu JC, Fesik 
SW. 2000. Structural basis for binding of Smac/DIABLO to the XIAP BIR3 domain. 
Nature 408:1004–1008. 

210.  Cong H, Xu L, Wu Y, Qu Z, Bian T, Zhang W, Xing C, Zhuang C. 2019. Inhibitor of 
Apoptosis Protein (IAP) Antagonists in Anticancer Agent Discovery: Current Status 
and Perspectives. J Med Chem 62:5750–5772. 

211.  Huang Y, Rich RL, Myszka DG, Wu H. 2003. Requirement of Both the Second and Third 
BIR Domains for the Relief of X-linked Inhibitor of Apoptosis Protein (XIAP)-
mediated Caspase Inhibition by Smac. J Biol Chem 278:49517–49522. 

212.  Yang Q-H, Du C. 2004. Smac/DIABLO Selectively Reduces the Levels of c-IAP1 and 
c-IAP2 but Not That of XIAP and Livin in HeLa Cells. J Biol Chem 279:16963–16970. 

213.  Wang S. 2011. Design of small-molecule Smac mimetics as IAP antagonists. Curr Top 
Microbiol Immunol 348:89–113. 

214.  Fulda S. 2015. Smac mimetics as IAP antagonists. Seminars in Cell & Developmental 
Biology 39:132–138. 

215.  Fulda S. 2015. Promises and Challenges of Smac Mimetics as Cancer Therapeutics. Clin 
Cancer Res 21:5030–5036. 

216.  Probst BL, Liu L, Ramesh V, Li L, Sun H, Minna JD, Wang L. 2010. Smac mimetics 
increase cancer cell response to chemotherapeutics in a TNF- α- dependent manner. 10. 
Cell Death & Differentiation 17:1645–1654. 

217.  Wagner L, Marschall V, Karl S, Cristofanon S, Zobel K, Deshayes K, Vucic D, Debatin 
K-M, Fulda S. 2013. Smac mimetic sensitizes glioblastoma cells to Temozolomide-
induced apoptosis in a RIP1- and NF-κB-dependent manner. Oncogene 32:988–997. 

218.  Boddu P, Carter BZ, Verstovsek S, Pemmaraju N. 2019. SMAC mimetics as potential 
cancer therapeutics in myeloid malignancies. British Journal of Haematology 185:219–
231. 

219.  Zhao X-Y, Wang X-Y, Wei Q-Y, Xu Y-M, Lau ATY. 2020. Potency and Selectivity of 
SMAC/DIABLO Mimetics in Solid Tumor Therapy. 4. Cells 9:1012. 

220.  Elsayed NMY, Abou El Ella DA, Serya RAT, Abouzid KAM. 2015. Targeting apoptotic 
machinery as approach for anticancer therapy: Smac mimetics as anticancer agents. 
Future Journal of Pharmaceutical Sciences 1:16–21. 

221.  Lu J, Bai L, Sun H, Nikolovska-Coleska Z, McEachern D, Qiu S, Miller RS, Yi H, 
Shangary S, Sun Y, Meagher JL, Stuckey JA, Wang S. 2008. SM-164: A Novel, 
Bivalent Smac Mimetic That Induces Apoptosis and Tumor Regression by Concurrent 
Removal of the Blockade of cIAP-1/2 and XIAP. Cancer Res 68:9384–9393. 

222.  Degterev A, Zhihong Huang, Boyce M, Yaqiao Li, Jagtap P, Noboru Mizushima, Cuny 
GD, Mitchison TJ, Moskowitz MA, Junying Yuan. 2005. Chemical inhibitor of 
nonapoptotic cell death with therapeutic potential for ischemic brain injury. Nature 
Chemical Biology 1:112–119. 



 

 

222 

223.  Christofferson DE, Yuan J. 2010. Necroptosis as an alternative form of programmed cell 
death. Current Opinion in Cell Biology 22:263–268. 

224.  Linkermann A, Green DR. 2014. Necroptosis. N Engl J Med 370:455–465. 
225.  Shan B, Pan H, Najafov A, Yuan J. 2018. Necroptosis in development and diseases. 5–6. 

Genes Dev 32:327–340. 
226.  Feng S, Yang Y, Mei Y, Ma L, Zhu D, Hoti N, Castanares M, Wu M. 2007. Cleavage of 

RIP3 inactivates its caspase-independent apoptosis pathway by removal of kinase 
domain. Cellular Signalling 19:2056–2067. 

227.  Lin Y, Devin A, Rodriguez Y, Liu Z. 1999. Cleavage of the death domain kinase RIP by 
Caspase-8 prompts TNF-induced apoptosis. Genes Dev 13:2514–2526. 

228.  Lawlor KE, Khan N, Mildenhall A, Gerlic M, Croker BA, D’Cruz AA, Hall C, Kaur 
Spall S, Anderton H, Masters SL, Rashidi M, Wicks IP, Alexander WS, Mitsuuchi Y, 
Benetatos CA, Condon SM, Wong WW-L, Silke J, Vaux DL, Vince JE. 2015. RIPK3 
promotes cell death and NLRP3 inflammasome activation in the absence of MLKL. 1. 
Nature Communications 6:1–19. 

229.  Taylor RC, Cullen SP, Martin SJ. 2008. Apoptosis: controlled demolition at the cellular 
level. Nature reviews Molecular cell biology 9:231–241. 

230.  Li J, McQuade T, Siemer AB, Napetschnig J, Moriwaki K, Hsiao Y-S, Damko E, Moquin 
D, Walz T, McDermott A, Chan FK-M, Wu H. 2012. The RIP1/RIP3 Necrosome Forms 
a Functional Amyloid Signaling Complex Required for Programmed Necrosis. Cell 
150:339–350. 

231.  Sun X, Yin J, Starovasnik MA, Fairbrother WJ, Dixit VM. 2002. Identification of a Novel 
Homotypic Interaction Motif Required for the Phosphorylation of Receptor-interacting 
Protein (RIP) by RIP3. J Biol Chem 277:9505–9511. 

232.  Kaiser WJ, Offermann MK. 2005. Apoptosis Induced by the Toll-Like Receptor Adaptor 
TRIF Is Dependent on Its Receptor Interacting Protein Homotypic Interaction Motif. 
The Journal of Immunology 174:4942–4952. 

233.  Rebsamen M, Heinz LX, Meylan E, Michallet M-C, Schroder K, Hofmann K, Vazquez 
J, Benedict CA, Tschopp J. 2009. DAI/ZBP1 recruits RIP1 and RIP3 through RIP 
homotypic interaction motifs to activate NF-κB. EMBO Rep 10:916–922. 

234.  Meng H, Liu Z, Li X, Wang H, Jin T, Wu G, Shan B, Christofferson DE, Qi C, Yu Q, Li 
Y, Yuan J. 2018. Death-domain dimerization-mediated activation of RIPK1 controls 
necroptosis and RIPK1-dependent apoptosis. Proc Natl Acad Sci USA 115:E2001–
E2009. 

235.  Grootjans S, Vanden Berghe T, Vandenabeele P. 2017. Initiation and execution 
mechanisms of necroptosis: an overview. Cell Death Differ 24:1184–1195. 

236.  Festjens N, Vanden Berghe T, Cornelis S, Vandenabeele P. 2007. RIP1, a kinase on the 
crossroads of a cell’s decision to live or die. 3. Cell Death & Differentiation 14:400–
410. 

237.  Sun L, Wang H, Wang Z, He S, Chen S, Liao D, Wang L, Yan J, Liu W, Lei X, Wang 
X. 2012. Mixed Lineage Kinase Domain-like Protein Mediates Necrosis Signaling 
Downstream of RIP3 Kinase. Cell 148:213–227. 

238.  Murphy JM, Czabotar PE, Hildebrand JM, Lucet IS, Zhang J-G, Alvarez-Diaz S, Lewis 
R, Lalaoui N, Metcalf D, Webb AI, Young SN, Varghese LN, Tannahill GM, Hatchell 
EC, Majewski IJ, Okamoto T, Dobson RCJ, Hilton DJ, Babon JJ, Nicola NA, Strasser 



 

 

223 

A, Silke J, Alexander WS. 2013. The Pseudokinase MLKL Mediates Necroptosis via a 
Molecular Switch Mechanism. Immunity 39:443–453. 

239.  Hildebrand JM, Tanzer MC, Lucet IS, Young SN, Spall SK, Sharma P, Pierotti C, Garnier 
J-M, Dobson RCJ, Webb AI, Tripaydonis A, Babon JJ, Mulcair MD, Scanlon MJ, 
Alexander WS, Wilks AF, Czabotar PE, Lessene G, Murphy JM, Silke J. 2014. 
Activation of the pseudokinase MLKL unleashes the four-helix bundle domain to 
induce membrane localization and necroptotic cell death. Proc Natl Acad Sci U S A 
111:15072–15077. 

240.  Weinlich R, Oberst A, Beere HM, Green DR. 2017. Necroptosis in development, 
inflammation and disease. 2. Nature Reviews Molecular Cell Biology 18:127–136. 

241.  Cook WD, Moujalled DM, Ralph TJ, Lock P, Young SN, Murphy JM, Vaux DL. 2014. 
RIPK1- and RIPK3-induced cell death mode is determined by target availability. 10. 
Cell Death & Differentiation 21:1600–1612. 

242.  Berghe TV, Linkermann A, Jouan-Lanhouet S, Walczak H, Vandenabeele P. 2014. 
Regulated necrosis: the expanding network of non-apoptotic cell death pathways. Nat 
Rev Mol Cell Biol 15:135–147. 

243.  Wang H, Sun L, Su L, Rizo J, Liu L, Wang L-F, Wang F-S, Wang X. 2014. Mixed 
Lineage Kinase Domain-like Protein MLKL Causes Necrotic Membrane Disruption 
upon Phosphorylation by RIP3. Molecular Cell 54:133–146. 

244.  Chen X, Li W, Ren J, Huang D, He W, Song Y, Yang C, Li W, Zheng X, Chen P, Han J. 
2014. Translocation of mixed lineage kinase domain-like protein to plasma membrane 
leads to necrotic cell death. Cell Res 24:105–121. 

245.  Galluzzi L, Kepp O, Chan FK-M, Kroemer G. 2017. Necroptosis: Mechanisms and 
Relevance to Disease. Annu Rev Pathol Mech Dis 12:103–130. 

246.  Vandenabeele P, Galluzzi L, Vanden Berghe T, Kroemer G. 2010. Molecular 
mechanisms of necroptosis: an ordered cellular explosion. Nat Rev Mol Cell Biol 
11:700–714. 

247.  Gaiha GD, McKim KJ, Woods M, Pertel T, Rohrbach J, Barteneva N, Chin CR, Liu D, 
Soghoian DZ, Cesa K, Wilton S, Waring MT, Chicoine A, Doering T, Wherry EJ, 
Kaufmann DE, Lichterfeld M, Brass AL, Walker BD. 2014. Dysfunctional HIV-
Specific CD8+ T Cell Proliferation Is Associated with Increased Caspase-8 Activity and 
Mediated by Necroptosis. Immunity 41:1001–1012. 

248.  Ofengeim D, Ito Y, Najafov A, Zhang Y, Shan B, DeWitt JP, Ye J, Zhang X, Chang A, 
Vakifahmetoglu-Norberg H, Geng J, Py B, Zhou W, Amin P, Lima JB, Qi C, Yu Q, 
Trapp B, Yuan J. 2015. Activation of Necroptosis in Multiple Sclerosis. Cell Reports 
10:1836–1849. 

249.  Caccamo A, Branca C, Piras IS, Ferreira E, Huentelman MJ, Liang WS, Readhead B, 
Dudley JT, Spangenberg EE, Green KN, Belfiore R, Winslow W, Oddo S. 2017. 
Necroptosis activation in Alzheimer’s disease. 9. Nature Neuroscience 20:1236–1246. 

250.  Pierdomenico M, Negroni A, Stronati L, Vitali R, Prete E, Bertin J, Gough PJ, Aloi M, 
Cucchiara S. 2014. Necroptosis is active in children with inflammatory bowel disease 
and contributes to heighten intestinal inflammation. American Journal of 
Gastroenterology 109:279–287. 



 

 

224 

251.  Lee SH, Kwon J ye, Kim S-Y, Jung K, Cho M-L. 2017. Interferon-gamma regulates 
inflammatory cell death by targeting necroptosis in experimental autoimmune arthritis. 
1. Scientific Reports 7:1–9. 

252.  Iannielli A, Bido S, Folladori L, Segnali A, Cancellieri C, Maresca A, Massimino L, 
Rubio A, Morabito G, Caporali L, Tagliavini F, Musumeci O, Gregato G, Bezard E, 
Carelli V, Tiranti V, Broccoli V. 2018. Pharmacological Inhibition of Necroptosis 
Protects from Dopaminergic Neuronal Cell Death in Parkinson’s Disease Models. Cell 
Reports 22:2066–2079. 

253.  Cho Y, Challa S, Moquin D, Genga R, Ray TD, Guildford M, Chan FK-M. 2009. 
Phosphorylation-Driven Assembly of the RIP1-RIP3 Complex Regulates Programmed 
Necrosis and Virus-Induced Inflammation. Cell 137:1112–1123. 

254.  Moriwaki K, Balaji S, McQuade T, Malhotra N, Kang J, Chan FK-M. 2014. The 
Necroptosis Adaptor RIPK3 Promotes Injury-Induced Cytokine Expression and Tissue 
Repair. Immunity 41:567–578. 

255.  Upton JW, Kaiser WJ, Mocarski ES. 2010. Virus Inhibition of RIP3-Dependent Necrosis. 
Cell Host & Microbe 7:302–313. 

256.  Isaacs A, Lindenmann J, Andrewes CH. 1957. Virus interference. I. The interferon. 
Proceedings of the Royal Society of London Series B - Biological Sciences 147:258–
267. 

257.  Schroder K, Hertzog PJ, Ravasi T, Hume DA. 2004. Interferon-γ: an overview of signals, 
mechanisms and functions. Journal of Leukocyte Biology 75:163–189. 

258.  Bhat MY, Solanki HS, Advani J, Khan AA, Keshava Prasad TS, Gowda H, Thiyagarajan 
S, Chatterjee A. 2018. Comprehensive network map of interferon gamma signaling. J 
Cell Commun Signal 12:745–751. 

259.  Rawlings JS. 2004. The JAK/STAT signaling pathway. Journal of Cell Science 
117:1281–1283. 

260.  Green DS, Young HA, Valencia JC. 2017. Current prospects of type II interferon γ 
signaling and autoimmunity. J Biol Chem 292:13925–13933. 

261.  Zaidi MR, Merlino G. 2011. The Two Faces of Interferon- in Cancer. Clinical Cancer 
Research 17:6118–6124. 

262.  Huang S, Hendriks W, Althage A, Hemmi S, Bluethmann H, Kamijo R, Vilček J, 
Zinkernagel RM, Aguet M. 1993. Immune Response in Mice That Lack the Interferon-
γ Receptor. Science 259:1742–1745. 

263.  Pearl JE, Saunders B, Ehlers S, Orme IM, Cooper AM. 2001. Inflammation and 
Lymphocyte Activation during Mycobacterial Infection in the Interferon-γ-Deficient 
Mouse. Cellular Immunology 211:43–50. 

264.  Buchmeier NA, Schreiber RD. 1985. Requirement of Endogenous Interferon-γ 
Production for Resolution of Listeria monocytogenes Infection. Proceedings of the 
National Academy of Sciences of the United States of America 82:7404–7408. 

265.  Suzuki Y, Orellana MA, Schreiber RD, Remington JS. 1988. Interferon-gamma: the 
major mediator of resistance against Toxoplasma gondii. Science 240:516–518. 

266.  Jouanguy E, Lamhamedi-Cherradi S, Lammas D, Dorman SE, Fondanèche M-C, Dupuis 
S, Döffinger R, Altare F, Girdlestone J, Emile J-F, Ducoulombier H, Edgar D, Clarke J, 
Oxelius V-A, Brai M, Novelli V, Heyne K, Fischer A, Holland SM, Kumararatne DS, 
Schreiber RD, Casanova J-L. 1999. A human IFNGR1 small deletion hotspot associated 



 

 

225 

with dominant susceptibility to mycobacterial infection. 4. Nature Genetics 21:370–
378. 

267.  Newport MJ, Huxley CM, Huston S, Hawrylowicz CM, Oostra BA, Williamson R, Levin 
M. 1996. A Mutation in the Interferon-γ –Receptor Gene and Susceptibility to 
Mycobacterial Infection. New England Journal of Medicine 335:1941–1949. 

268.  Pierre-Audigier C, Jouanguy E, Lamhamedi S, Altare F, Rauzier J, Vincent V, Canioni 
D, Emile J-F, Fischer A, Blanche S, Gaillard J-L, Casanova J-L. 1997. Fatal 
Disseminated Mycobacterium smegmatis Infection in a Child with Inherited Interferon 
γ Receptor Deficiency. Clin Infect Dis 24:982–984. 

269.  Detjen KM, Farwig K, Welzel M, Wiedenmann B, Rosewicz S. 2001. Interferon gamma 
inhibits growth of human pancreatic carcinoma cells via caspase-1 dependent induction 
of apoptosis. Gut 49:251–262. 

270.  Knuth A-K, Rösler S, Schenk B, Kowald L, van Wijk SJL, Fulda S. 2019. Interferons 
Transcriptionally Up-Regulate MLKL Expression in Cancer Cells. Neoplasia 21:74–81. 

271.  Chen J, Kuroki S, Someda M, Yonehara S. 2019. Interferon-γ induces the cell surface 
exposure of phosphatidylserine by activating the protein MLKL in the absence of 
caspase-8 activity. J Biol Chem 294:11994–12006. 

272.  Cekay MJ, Roesler S, Frank T, Knuth A-K, Eckhardt I, Fulda S. 2017. Smac mimetics 
and type II interferon synergistically induce necroptosis in various cancer cell lines. 
Cancer Letters 410:228–237. 

273.  Hao Q, Tang H. 2018. Interferon-γ and Smac mimetics synergize to induce apoptosis of 
lung cancer cells in a TNFα-independent manner. Cancer Cell Int 18:84. 

274.  Yeung MC, Liu J, Lau AS. 1996. An essential role for the interferon-inducible, double-
stranded RNA-activated protein kinase PKR in the tumor necrosis factor-induced 
apoptosis in U937 cells. PNAS 93:12451–12455. 

275.  Donzé O, Dostie J, Sonenberg N. 1999. Regulatable Expression of the Interferon-Induced 
Double-Stranded RNA Dependent Protein Kinase PKR Induces Apoptosis and Fas 
Receptor Expression. Virology 256:322–329. 

276.  Thapa RJ, Nogusa S, Chen P, Maki JL, Lerro A, Andrake M, Rall GF, Degterev A, 
Balachandran S. 2013. Interferon-induced RIP1/RIP3-mediated necrosis requires PKR 
and is licensed by FADD and caspases. Proceedings of the National Academy of 
Sciences 110:E3109–E3118. 

277.  Meyer O. 2009. Interferons and autoimmune disorders. Joint Bone Spine 76:464–473. 
278.  Miller CHT, Maher SG, Young HA. 2009. Clinical Use of Interferon-γ. Ann N Y Acad 

Sci 1182:69–79. 
279.  Laplante M, Sabatini DM. 2012. mTOR Signaling in Growth Control and Disease. Cell 

149:274–293. 
280.  Wataya-Kaneda M. 2015. Mammalian target of rapamycin and tuberous sclerosis 

complex. Journal of Dermatological Science 79:93–100. 
281.  Hara K, Maruki Y, Long X, Yoshino K, Oshiro N, Hidayat S, Tokunaga C, Avruch J, 

Yonezawa K. 2002. Raptor, a Binding Partner of Target of Rapamycin (TOR), Mediates 
TOR Action. Cell 110:177–189. 

282.  Dos D. Sarbassov, Ali SM, Kim D-H, Guertin DA, Latek RR, Erdjument-Bromage H, 
Tempst P, Sabatini DM. 2004. Rictor, a Novel Binding Partner of mTOR, Defines a 



 

 

226 

Rapamycin-Insensitive and Raptor-Independent Pathway that Regulates the 
Cytoskeleton. Current Biology 14:1296–1302. 

283.  Alessi DR, James SR, Downes CP, Holmes AB, Gaffney PRJ, Reese CB, Cohen P. 1997. 
Characterization of a 3-phosphoinositide-dependent protein kinase which 
phosphorylates and activates protein kinase Bα. Current Biology 7:261–269. 

284.  Song G, Ouyang G, Bao S. 2005. The activation of Akt/PKB signaling pathway and cell 
survival. J Cellular Mol Med 9:59–71. 

285.  Sarbassov DD, Guertin DA, Ali SM, Sabatini DM. 2005. Phosphorylation and Regulation 
of Akt/PKB by the Rictor-mTOR Complex. Science 307:1098–1101. 

286.  Inoki K, Li Y, Xu T, Guan K-L. 2003. Rheb GTPase is a direct target of TSC2 GAP 
activity and regulates mTOR signaling. Genes Dev 17:1829–1834. 

287.  Byles V, Covarrubias AJ, Ben-Sahra I, Lamming DW, Sabatini DM, Manning BD, Horng 
T. 2013. The TSC-mTOR pathway regulates macrophage polarization. Nat Commun 
4:2834. 

288.  Kang S, Kumanogoh A. 2020. The spectrum of macrophage activation by 
immunometabolism. International Immunology dxaa017. 

289.  Dienstmann R, Rodon J, Serra V, Tabernero J. 2014. Picking the Point of Inhibition: A 
Comparative Review of PI3K/AKT/mTOR Pathway Inhibitors. Mol Cancer Ther 
13:1021–1031. 

290.  Ma XM, Blenis J. 2009. Molecular mechanisms of mTOR-mediated translational control. 
5. Nature Reviews Molecular Cell Biology 10:307–318. 

291.  Shahbazian D, Roux PP, Mieulet V, Cohen MS, Raught B, Taunton J, Hershey JW, 
Blenis J, Pende M, Sonenberg N. 2006. The mTOR/PI3K and MAPK pathways 
converge on eIF4B to control its phosphorylation and activity. The EMBO Journal 
25:2781–2791. 

292.  Gaubitz C, Prouteau M, Kusmider B, Loewith R. 2016. TORC2 Structure and Function. 
Trends in Biochemical Sciences 41:532–545. 

293.  Takei N, Nawa H. 2014. mTOR signaling and its roles in normal and abnormal brain 
development. Front Mol Neurosci 7. 

294.  Covarrubias AJ, Aksoylar HI, Yu J, Snyder NW, Worth AJ, Iyer SS, Wang J, Ben-Sahra 
I, Byles V, Polynne-Stapornkul T, Espinosa EC, Lamming D, Manning BD, Zhang Y, 
Blair IA, Horng T. 2016. Akt-mTORC1 signaling regulates Acly to integrate metabolic 
input to control of macrophage activation. eLife 5:e11612. 

295.  Vergadi E, Ieronymaki E, Lyroni K, Vaporidi K, Tsatsanis C. 2017. Akt Signaling 
Pathway in Macrophage Activation and M1/M2 Polarization. The Journal of 
Immunology 198:1006–1014. 

296.  Fukao T, Koyasu S. 2003. PI3K and negative regulation of TLR signaling. Trends in 
Immunology 24:358–363. 

297.  Troutman TD, Bazan JF, Pasare C. 2012. Toll-like receptors, signaling adapters and 
regulation of the pro-inflammatory response by PI3K. Cell Cycle 11:3559–3567. 

298.  Androulidaki A, Iliopoulos D, Arranz A, Doxaki C, Schworer S, Zacharioudaki V, 
Margioris AN, Tsichlis PN, Tsatsanis C. 2009. The Kinase Akt1 Controls Macrophage 
Response to Lipopolysaccharide by Regulating MicroRNAs. Immunity 31:220–231. 

299.  Kuijl C, Savage NDL, Marsman M, Tuin AW, Janssen L, Egan DA, Ketema M, van den 
Nieuwendijk R, van den Eeden SJF, Geluk A, Poot A, van der Marel G, Beijersbergen 



 

 

227 

RL, Overkleeft H, Ottenhoff THM, Neefjes J. 2007. Intracellular bacterial growth is 
controlled by a kinase network around PKB/AKT1. 7170. Nature 450:725–730. 

300.  Luyendyk JP, Schabbauer GA, Tencati M, Holscher T, Pawlinski R, Mackman N. 2008. 
Genetic Analysis of the Role of the PI3K-Akt Pathway in Lipopolysaccharide-Induced 
Cytokine and Tissue Factor Gene Expression in Monocytes/Macrophages. The Journal 
of Immunology 180:4218–4226. 

301.  Díaz-Guerra MJM, Castrillo A, Martín-Sanz P, Boscá L. 1999. Negative Regulation by 
Phosphatidylinositol 3-Kinase of Inducible Nitric Oxide Synthase Expression in 
Macrophages. The Journal of Immunology 162:6184–6190. 

302.  Gong D, Shi W, Yi S, Chen H, Groffen J, Heisterkamp N. 2012. TGFβ signaling plays a 
critical role in promoting alternative macrophage activation. BMC Immunology 13:31. 

303.  Pengal RA, Ganesan LP, Wei G, Fang H, Ostrowski MC, Tridandapani S. 2006. 
Lipopolysaccharide-induced production of interleukin-10 is promoted by the 
serine/threonine kinase Akt. Molecular Immunology 43:1557–1564. 

304.  Rückerl D, Jenkins SJ, Laqtom NN, Gallagher IJ, Sutherland TE, Duncan S, Buck AH, 
Allen JE. 2012. Induction of IL-4Rα–dependent microRNAs identifies PI3K/Akt 
signaling as essential for IL-4–driven murine macrophage proliferation in vivo. Blood 
120:2307–2316. 

305.  Rathinaswamy MK, Burke JE. 2020. Class I phosphoinositide 3-kinase (PI3K) regulatory 
subunits and their roles in signaling and disease. Advances in Biological Regulation 
75:100657. 

306.  Fordham JB, Naqvi AR, Nares S. 2015. miR-24 Regulates Macrophage Polarization and 
Plasticity. J Clin Cell Immunol 6. 

307.  Sakai K, Suzuki H, Oda H, Akaike T, Azuma Y, Murakami T, Sugi K, Ito T, Ichinose H, 
Koyasu S, Shirai M. 2006. Phosphoinositide 3-Kinase in Nitric Oxide Synthesis in 
Macrophage CRITICAL DIMERIZATION OF INDUCIBLE NITRIC-OXIDE 
SYNTHASE. J Biol Chem 281:17736–17742. 

308.  Arranz A, Doxaki C, Vergadi E, Torre YM de la, Vaporidi K, Lagoudaki ED, Ieronymaki 
E, Androulidaki A, Venihaki M, Margioris AN, Stathopoulos EN, Tsichlis PN, 
Tsatsanis C. 2012. Akt1 and Akt2 protein kinases differentially contribute to 
macrophage polarization. PNAS 109:9517–9522. 

309.  Nandan D, Oliveira CC de, Moeenrezakhanlou A, Lopez M, Silverman JM, Subek J, 
Reiner NE. 2012. Myeloid Cell IL-10 Production in Response to Leishmania Involves 
Inactivation of Glycogen Synthase Kinase-3β Downstream of Phosphatidylinositol-3 
Kinase. The Journal of Immunology 188:367–378. 

310.  Fang C, Yu J, Luo Y, Chen S, Wang W, Zhao C, Sun Z, Wu W, Guo W, Han Z, Hu X, 
Liao F, Feng X. 2015. Tsc1 is a Critical Regulator of Macrophage Survival and 
Function. CPB 36:1406–1418. 

311.  Weichhart T, Costantino G, Poglitsch M, Rosner M, Zeyda M, Stuhlmeier KM, Kolbe T, 
Stulnig TM, Hörl WH, Hengstschläger M, Müller M, Säemann MD. 2008. The TSC-
mTOR Signaling Pathway Regulates the Innate Inflammatory Response. Immunity 
29:565–577. 

312.  Mercalli A, Calavita I, Dugnani E, Citro A, Cantarelli E, Nano R, Melzi R, Maffi P, 
Secchi A, Sordi V, Piemonti L. 2013. Rapamycin unbalances the polarization of human 
macrophages to M1. Immunology 140:179–190. 



 

 

228 

313.  Yang C-S, Song C-H, Lee J-S, Jung S-B, Oh J-H, Park J, Kim H-J, Park J-K, Paik T-H, 
Jo E-K. 2006. Intracellular network of phosphatidylinositol 3-kinase, mammalian target 
of the rapamycin/70 kDa ribosomal S6 kinase 1, and mitogen-activated protein kinases 
pathways for regulating mycobacteria-induced IL-23 expression in human 
macrophages. Cellular Microbiology 8:1158–1171. 

314.  Kumar A, Das S, Mandal A, Verma S, Abhishek K, Kumar A, Kumar V, Ghosh AK, Das 
P. 2018. Leishmania infection activates host mTOR for its survival by M2 macrophage 
polarization. Parasite Immunology 40:e12586. 

315.  Festuccia WT, Pouliot P, Bakan I, Sabatini DM, Laplante M. 2014. Myeloid-Specific 
Rictor Deletion Induces M1 Macrophage Polarization and Potentiates In Vivo Pro-
Inflammatory Response to Lipopolysaccharide. PLoS One 9. 

316.  Haloul M, Oliveira ERA, Kader M, Wells JZ, Tominello TR, El Andaloussi A, Yates CC, 
Ismail N. 2019. mTORC1-mediated polarization of M1 macrophages and their 
accumulation in the liver correlate with immunopathology in fatal ehrlichiosis. 1. 
Scientific Reports 9:14050. 

317.  Busca A, Saxena M, Kryworuchko M, Kumar A. 2009. Anti-Apoptotic Genes in the 
Survival of Monocytic Cells During Infection. CG 10:306–317. 

318.  Fernández Larrosa PN, Croci DO, Riva DA, Bibini M, Luzzi R, Saracco M, Mersich SE, 
Rabinovich GA, Peralta LM. 2008. Apoptosis resistance in HIV-1 persistently-infected 
cells is independent of active viral replication and involves modulation of the apoptotic 
mitochondrial pathway. Retrovirology 5:19. 

319.  Busca A, Saxena M, Kumar A. 2012. Critical Role for Antiapoptotic Bcl-xL and Mcl-1 
in Human Macrophage Survival and Cellular IAP1/2 (cIAP1/2) in Resistance to HIV-
Vpr-induced Apoptosis. J Biol Chem 287:15118–15133. 

320.  Saxena M, Busca A, Pandey S, Kryworuchko M, Kumar A. 2011. CpG Protects Human 
Monocytic Cells against HIV-Vpr–Induced Apoptosis by Cellular Inhibitor of 
Apoptosis-2 through the Calcium-Activated JNK Pathway in a TLR9-Independent 
Manner. JI 187:5865–5878. 

321.  Busca A, Saxena M, Iqbal S, Angel J, Kumar A. 2014. PI3K/Akt regulates survival 
during differentiation of human macrophages by maintaining NF-κB-dependent 
expression of antiapoptotic Bcl-xL. Journal of Leukocyte Biology 96:1011–1022. 

322.  Müller-Sienerth N, Dietz L, Holtz P, Kapp M, Grigoleit GU, Schmuck C, Wajant H, 
Siegmund D. 2011. SMAC Mimetic BV6 Induces Cell Death in Monocytes and 
Maturation of Monocyte-Derived Dendritic Cells. PLoS One 6. 

323.  Saxena M, Busca A, Holcik M, Kumar A. 2016. Bacterial DNA Protects Monocytic Cells 
against HIV-Vpr–Induced Mitochondrial Membrane Depolarization. The Journal of 
Immunology 196:3754–3767. 

324.  Busca A, Konarski Y, Gajanayaka N, O’Hara S, Angel J, Kozlowski M, Kumar A. 2018. 
cIAP1/2–TRAF2–SHP-1–Src–MyD88 Complex Regulates Lipopolysaccharide-
Induced IL-27 Production through NF-κB Activation in Human Macrophages. The 
Journal of Immunology 200:1593–1606. 

325.  Weischenfeldt J, Porse B. 2008. Bone Marrow-Derived Macrophages (BMM): Isolation 
and Applications. Cold Spring Harbor Protocols 2008:pdb.prot5080-pdb.prot5080. 



 

 

229 

326.  Ahmed D, Roy D, Jaworski A, Edwards A, Abizaid A, Kumar A, Golshani A, Cassol E. 
2019. Differential remodeling of the electron transport chain is required to support 
TLR3 and TLR4 signaling and cytokine production in macrophages. Sci Rep 9:18801. 

327.  Aquaro S, Caliò R, Balzarini J, Bellocchi MC, Garaci E, Perno CF. 2002. Macrophages 
and HIV infection: therapeutical approaches toward this strategic virus reservoir. 
Antiviral Research 55:209–225. 

328.  Aquaro S, Bagnarelli P, Guenci T, De Luca A, Clementi M, Balestra E, Caliò R, Perno 
C-F. 2002. Long-term survival and virus production in human primary macrophages 
infected by human immunodeficiency virus. J Med Virol 68:479–488. 

329.  Jaguin M, Houlbert N, Fardel O, Lecureur V. 2013. Polarization profiles of human M-
CSF-generated macrophages and comparison of M1-markers in classically activated 
macrophages from GM-CSF and M-CSF origin. Cellular Immunology 281:51–61. 

330.  Lolmede K, Campana L, Vezzoli M, Bosurgi L, Tonlorenzi R, Clementi E, Bianchi ME, 
Cossu G, Manfredi AA, Brunelli S, Rovere‐Querini P. 2009. Inflammatory and 
alternatively activated human macrophages attract vessel-associated stem cells, relying 
on separate HMGB1- and MMP-9-dependent pathways. Journal of Leukocyte Biology 
85:779–787. 

331.  Zeyda M, Farmer D, Todoric J, Aszmann O, Speiser M, Györi G, Zlabinger GJ, Stulnig 
TM. 2007. Human adipose tissue macrophages are of an anti-inflammatory phenotype 
but capable of excessive pro-inflammatory mediator production. 9. International Journal 
of Obesity 31:1420–1428. 

332.  Morón-Calvente V, Romero-Pinedo S, Toribio-Castelló S, Plaza-Díaz J, Abadía-Molina 
AC, Rojas-Barros DI, Beug ST, LaCasse EC, MacKenzie A, Korneluk R, Abadía-
Molina F. 2018. Inhibitor of apoptosis proteins, NAIP, cIAP1 and cIAP2 expression 
during macrophage differentiation and M1/M2 polarization. PLoS ONE 13:e0193643. 

333.  Chen K-F, Lin J-P, Shiau C-W, Tai W-T, Liu C-Y, Yu H-C, Chen P-J, Cheng A-L. 2012. 
Inhibition of Bcl-2 improves effect of LCL161, a SMAC mimetic, in hepatocellular 
carcinoma cells. Biochemical Pharmacology 84:268–277. 

334.  Zhou Z, Han V, Han J. 2012. New components of the necroptotic pathway. 11. Protein 
Cell 3:811–817. 

335.  Hermans MAW, Schrijver B, van Holten-Neelen CCPA, Gerth van Wijk R, van Hagen 
PM, van Daele PLA, Dik WA. 2018. The JAK1/JAK2- inhibitor ruxolitinib inhibits 
mast cell degranulation and cytokine release. Clin Exp Allergy 48:1412–1420. 

336.  Brumatti G, Ma C, Lalaoui N, Nguyen N-Y, Navarro M, Tanzer MC, Richmond J, Ghisi 
M, Salmon JM, Silke N, Pomilio G, Glaser SP, Valle E de, Gugasyan R, Gurthridge 
MA, Condon SM, Johnstone RW, Lock R, Salvesen G, Wei A, Vaux DL, Ekert PG, 
Silke J. 2016. The caspase-8 inhibitor emricasan combines with the SMAC mimetic 
birinapant to induce necroptosis and treat acute myeloid leukemia. Science 
Translational Medicine 8:339ra69-339ra69. 

337.  Jin G, Lan Y, Han F, Sun Y, Liu Z, Zhang M, Liu X, Zhang X, Hu J, Liu H. 2016. Smac 
mimetic-induced caspase-independent necroptosis requires RIP1 in breast cancer. 
Molecular medicine reports 13:359–366. 

338.  Safferthal C, Rohde K, Fulda S. 2017. Therapeutic targeting of necroptosis by Smac 
mimetic bypasses apoptosis resistance in acute myeloid leukemia cells. Oncogene 
36:1487–1502. 



 

 

230 

339.  Hannes S, Abhari BA, Fulda S. 2016. Smac mimetic triggers necroptosis in pancreatic 
carcinoma cells when caspase activation is blocked. Cancer Letters 380:31–38. 

340.  Thompson CB. 1995. Distinct roles for the costimulatory ligands B7-1 and B7-2 in T 
helper cell differentiation? Cell 81:979–982. 

341.  Foster-Cuevas M, Wright GJ, Puklavec MJ, Brown MH, Barclay AN. 2004. Human 
Herpesvirus 8 K14 Protein Mimics CD200 in Down-Regulating Macrophage Activation 
through CD200 Receptor. Journal of Virology 78:7667–7676. 

342.  Foster-Cuevas M, Westerholt T, Ahmed M, Brown MH, Barclay AN, Voigt S. 2011. 
Cytomegalovirus e127 Protein Interacts with the Inhibitory CD200 Receptor. Journal of 
Virology 85:6055–6059. 

343.  Cameron CM, Barrett JW, Liu L, Lucas AR, McFadden G. 2005. Myxoma Virus M141R 
Expresses a Viral CD200 (vOX-2) That Is Responsible for Down-Regulation of 
Macrophage and T-Cell Activation In Vivo. Journal of Virology 79:6052–6067. 

344.  Etzerodt A, Moestrup SK. 2012. CD163 and Inflammation: Biological, Diagnostic, and 
Therapeutic Aspects. Antioxidants & Redox Signaling 18:2352–2363. 

345.  Moestrup S, Møller H. 2004. CD163: a regulated hemoglobin scavenger receptor with a 
role in the anti‐inflammatory response. Annals of Medicine 36:347–354. 

346.  Van Gorp H, Delputte PL, Nauwynck HJ. 2010. Scavenger receptor CD163, a Jack-of-
all-trades and potential target for cell-directed therapy. Molecular Immunology 
47:1650–1660. 

347.  Kim OY, Monsel A, Bertrand M, Coriat P, Cavaillon J-M, Adib-Conquy M. 2010. 
Differential down-regulation of HLA-DR on monocyte subpopulations during systemic 
inflammation. Crit Care 14:R61. 

348.  Runckel K, Barth MJ, Mavis C, Gu JJ, Hernandez-Ilizaliturri FJ. 2018. The SMAC 
mimetic LCL-161 displays antitumor activity in preclinical models of rituximab-
resistant B-cell lymphoma. Blood Adv 2:3516–3525. 

349.  Welsh K, Milutinovic S, Ardecky RJ, Gonzalez-Lopez M, Ganji SR, Teriete P, Finlay D, 
Riedl S, Matsuzawa S, Pinilla C, Houghten R, Vuori K, Reed JC, Cosford NDP. 2016. 
Characterization of Potent SMAC Mimetics that Sensitize Cancer Cells to TNF Family-
Induced Apoptosis. PLoS One 11. 

350.  Petersen SL, Wang L, Yalcin-Chin A, Li L, Peyton M, Minna J, Harran P, Wang X. 2007. 
Autocrine TNFα Signaling Renders Human Cancer Cells Susceptible to Smac-Mimetic-
Induced Apoptosis. Cancer Cell 12:445–456. 

351.  Brenner D, Blaser H, Mak TW. 2015. Regulation of tumour necrosis factor signalling: 
live or let die. Nat Rev Immunol 15:362–374. 

352.  Jiang Z, Jiang JX, Zhang G-X. 2014. Macrophages: A double-edged sword in 
experimental autoimmune encephalomyelitis. Immunology Letters 160:17–22. 

353.  Wynn TA, Chawla A, Pollard JW. 2013. Macrophage biology in development, 
homeostasis and disease. Nature 496:445–455. 

354.  Cuda CM, Pope RM, Perlman H. 2016. The inflammatory role of phagocyte apoptotic 
pathways in rheumatic diseases. Nat Rev Rheumatol 12:543–558. 

355.  Udalova IA, Mantovani A, Feldmann M. 2016. Macrophage heterogeneity in the context 
of rheumatoid arthritis. Nature Reviews Rheumatology 12:472–485. 

356.  Biswas SK, Chittezhath M, Shalova IN, Lim J-Y. 2012. Macrophage polarization and 
plasticity in health and disease. Immunol Res 53:11–24. 



 

 

231 

357.  Cassetta L, Cassol E, Poli G. 2011. Macrophage Polarization in Health and Disease. 
ScientificWorldJournal 11:2391–2402. 

358.  Li L, Thomas RM, Suzuki H, De Brabander JK, Wang X, Harran PG. 2004. A Small 
Molecule Smac Mimic Potentiates TRAIL- and TNFα-Mediated Cell Death. Science 
305:1471–1474. 

359.  Vince JE, Wong WW, Khan N, Feltham R, Chau D, Ahmed AU, Benetatos CA, 
Chunduru SK, Condon SM, McKinlay M, Brink R, Leverkus M, Tergaonkar V, 
Schneider P, Callus BA, Koentgen F, Vaux DL, Silke J. 2007. IAP antagonists target 
cIAP1 to induce TNFalpha-dependent apoptosis. Cell 131:682–693. 

360.  Grabinger T, Bode KJ, Demgenski J, Seitz C, Delgado ME, Kostadinova F, Reinhold C, 
Etemadi N, Wilhelm S, Schweinlin M, Hänggi K, Knop J, Hauck C, Walles H, Silke J, 
Wajant H, Nachbur U, W. Wei-Lynn W, Brunner T. 2017. Inhibitor of Apoptosis 
Protein-1 Regulates Tumor Necrosis Factor–Mediated Destruction of Intestinal 
Epithelial Cells. Gastroenterology 152:867–879. 

361.  Michie J, Kearney CJ, Hawkins ED, Silke J, Oliaro J. 2020. The Immuno-Modulatory 
Effects of Inhibitor of Apoptosis Protein Antagonists in Cancer Immunotherapy. Cells 
9. 

362.  Varfolomeev E, Goncharov T, Maecker H, Zobel K, Kömüves LG, Deshayes K, Vucic 
D. 2012. Cellular Inhibitors of Apoptosis Are Global Regulators of NF-κB and MAPK 
Activation by Members of the TNF Family of Receptors. Sci Signal 5:ra22–ra22. 

363.  Sun S-C. 2011. Non-canonical NF-κB signaling pathway. Cell Res 21:71–85. 
364.  Senftleben U, Cao Y, Xiao G, Greten FR, Krähn G, Bonizzi G, Chen Y, Hu Y, Fong A, 

Sun S-C, Karin M. 2001. Activation by IKKα of a Second, Evolutionary Conserved, 
NF-κB Signaling Pathway. Science 293:1495–1499. 

365.  Li P, Du Q, Cao Z, Guo Z, Evankovich J, Yan W, Chang Y, Shao L, Stolz DB, Tsung A, 
Geller DA. 2012. Interferon-gamma induces autophagy with growth inhibition and cell 
death in human hepatocellular carcinoma (HCC) cells through interferon-regulatory 
factor-1 (IRF-1). Cancer Lett 314:213–222. 

366.  Tamura T, Yanai H, Savitsky D, Taniguchi T. 2008. The IRF Family Transcription 
Factors in Immunity and Oncogenesis. Annu Rev Immunol 26:535–584. 

367.  Lee SB, Esteban M. 1994. The Interferon-induced Double-Stranded RNA-Activated 
Protein Kinase Induces Apoptosis. Virology 199:491–496. 

368.  Jammi NV, Whitby LR, Beal PA. 2003. Small molecule inhibitors of the RNA-dependent 
protein kinase. Biochemical and Biophysical Research Communications 308:50–57. 

369.  Balachandran S, Kim CN, Yeh WC, Mak TW, Bhalla K, Barber GN. 1998. Activation of 
the dsRNA-dependent protein kinase, PKR, induces apoptosis through FADD-mediated 
death signaling. EMBO J 17:6888–6902. 

370.  Watanabe T, Ninomiya H, Saitou T, Takanezawa S, Yamamoto S, Imai Y, Yoshida O, 
Kawakami R, Hirooka M, Abe M, Imamura T, Hiasa Y. 2020. Therapeutic effects of 
the PKR inhibitor C16 suppressing tumor proliferation and angiogenesis in 
hepatocellular carcinoma in vitro and in vivo. 1. Scientific Reports 10:5133. 

371.  Shappley RKH, Spentzas T. 2014. Differential Role of Rapamycin and Torin/KU63794 
in Inflammatory Response of 264.7 RAW Macrophages Stimulated by CA-MRSA. Int 
J Inflam 2014. 



 

 

232 

372.  Saxton RA, Sabatini DM. 2017. mTOR Signaling in Growth, Metabolism, and Disease. 
Cell 168:960–976. 

373.  Laplante M, Sabatini DM. 2009. mTOR signaling at a glance. Journal of Cell Science 
122:3589–3594. 

374.  Dong C, Davis RJ, Flavell RA. 2002. MAP kinases in the immune response. Annual 
review of immunology 20:55–72. 

375.  Liu Y, Shepherd EG, Nelin LD. 2007. MAPK phosphatases—regulating the immune 
response. Nature Reviews Immunology 7:202–212. 

376.  Arthur JSC, Ley SC. 2013. Mitogen-activated protein kinases in innate immunity. 9. 
Nature Reviews Immunology 13:679–692. 

377.  Kwon H-W. 2018. Inhibitory Effects of PD98059, SB203580, and SP600125 on α- and 
δ-granule Release and Intracellular Ca2+ Levels in Human Platelets. Biomed Sci Letters 
24:253–262. 

378.  Wu H, Tschopp J, Lin S-C. 2007. Smac Mimetics and TNFα: A Dangerous Liaison? Cell 
131:655–658. 

379.  Greer RM, Peyton M, Larsen JE, Girard L, Xie Y, Gazdar AF, Harran P, Wang L, 
Brekken RA, Wang X, Minna JD. 2011. SMAC Mimetic (JP1201) Sensitizes Non–
Small Cell Lung Cancers to Multiple Chemotherapy Agents in an IAP-Dependent but 
TNF-α–Independent Manner. 24. Cancer Res 71:7640–7648. 

380.  Allensworth JL, Sauer SJ, Lyerly HK, Morse MA, Devi GR. 2013. Smac mimetic 
Birinapant induces apoptosis and enhances TRAIL potency in inflammatory breast 
cancer cells in an IAP-dependent and TNF-α-independent mechanism. Breast Cancer 
Res Treat 137:359–371. 

381.  MacEwan DJ. 2002. TNF ligands and receptors – a matter of life and death. Br J 
Pharmacol 135:855–875. 

382.  Parameswaran N, Patial S. 2010. Tumor Necrosis Factor-α Signaling in Macrophages. 
Crit Rev Eukaryot Gene Expr 20:87–103. 

383.  Shankaran V, Ikeda H, Bruce AT, White JM, Swanson PE, Old LJ, Schreiber RD. 2001. 
IFNgamma and lymphocytes prevent primary tumour development and shape tumour 
immunogenicity. Nature 410:1107–1111. 

384.  Foster N, Hulme SD, Barrow PA. 2003. Induction of antimicrobial pathways during 
early-phase immune response to Salmonella spp. in murine macrophages: gamma 
interferon (IFN-gamma) and upregulation of IFN-gamma receptor alpha expression are 
required for NADPH phagocytic oxidase gp91-stimulated oxidative burst and control 
of virulent Salmonella spp. Infect Immun 71:4733–4741. 

385.  Alspach E, Lussier DM, Schreiber RD. 2019. Interferon γ and Its Important Roles in 
Promoting and Inhibiting Spontaneous and Therapeutic Cancer Immunity. Cold Spring 
Harb Perspect Biol 11:a028480. 

386.  Ivashkiv LB. 2018. IFNγ: signalling, epigenetics and roles in immunity, metabolism, 
disease and cancer immunotherapy. 9. Nature Reviews Immunology 18:545–558. 

387.  Nguyen H, Ramana CV, Bayes J, Stark GR. 2001. Roles of Phosphatidylinositol 3-
Kinase in Interferon-γ-dependent Phosphorylation of STAT1 on Serine 727 and 
Activation of Gene Expression. J Biol Chem 276:33361–33368. 

388.  Tang M, Tian L, Luo G, Yu X. 2018. Interferon-Gamma-Mediated Osteoimmunology. 
Front Immunol 9. 



 

 

233 

389.  Pasparakis M, Vandenabeele P. 2015. Necroptosis and its role in inflammation. 7534. 
Nature 517:311–320. 

  



 

 

234 

CURRICULUM VITAE 

HAMZA ALI 
 
Education: 
 
2014-Present PhD Candidate. Department of Microbiology and Immunology  
 University of Ottawa, Ottawa, Canada 
 Supervisor: Dr. Ashok Kumar. 
 

2009- 2012 M.Sc. Student. Department of Microbiology and Immunology  
 University of Ottawa, Ottawa, Canada 
 Thesis Title: “Growth and Biofilm Formation of Bacteria Isolated from 

Contaminated Platelet Units” 
 Supervisor: Dr. Sandra Ramirez-Arcos 
 

2003-2007 B.Sc. Student. Faculty of Applied Medical Sciences 
 King Abdulaziz University, Jeddah, Saudi Arabia 
Thesis Title:  “The Effect of Smoking on the Concentration of Secretory IgA” 
 Grade: Very Good, GPA 80.70% 
 
Work Experience:  
 
2014- Present Student - Researcher, Children Hospital of East Ontario, and 

Department of Microbiology and Immunology. 
University of Ottawa, Ottawa, Canada 

 

Ø Involved in studying and conducting experiments to selectively induce 
killing of HIV infected macrophages by targeting the apoptosis 
machinery using SMAC and PI3K inhibitors. 

2007- 2014      Teaching Assistant, Bacteriology Department, Faculty of Applied 
Medical Sciences. 

Taibah University, Medina, Saudi Arabia  
 

Ø Courses taught: 
•  Bacteriology/Microbiology, for third year Faculty of Applied Health 

Sciences students 
•  Laboratory Instrumentation, for third year Faculty of Applied Health 

Sciences students 
2009- 2012  Student - Researcher, Canadian Blood Services, and Department of 

Microbiology and Immunology,  
University of Ottawa, Ottawa, Canada 
 

Ø Involved in studying and conducting experiments on biofilm formation of 
different staphylococcus species in platelet concentrates 

Ø The research had an emphasis on the analysis and identification of 29 
coagulase-negative staphylococcus isolates 



 

 

235 

Publications: 
 

1- Hamza Ali, Ramon Caballero, Simon Dong, Niranjala Gajnayaka, Duale Ahmed, Salma 
Iqbal, Edana Cassol, and Ashok Kumar. 2021. Selective killing of proinflammatory 
human M1 macrophages by SMAC mimetics and anti-inflammatory M2 macrophages by 
SMAC mimetics and caspase inhibitors. Journal of Leukocyte Biology DOI: 10.1002/ 
JLB.4A0220-114RR. 

2- Salma Iqbal, Ananda Mookerjee, Niranjala Gajnayaka, Hamza Ali, Faria Ahmed, Angela 
M Crawley and Ashok Kumar 2020. IFN-γ enhances Toll-like receptors-2, -3 and -4- 
mediated synthesis of IFN-γ in human M1 macrophages through the activation of S6K1-
S6 pathway. Submitted J. Immunology. 

3- Simon X.M. Dong, Frederick S. Vizeacoumar, Kalpana K. Bhanumathy, Nezeka 
Alli, Cristina Gonzalez-Lopez, Niranjala Gajanayaka, Ramon Caballero, Hamza Ali, 
Franco J. Vizeacoumar, and Ashok Kumar 2020. A genome-wide screen identified novel 
gene targets to selectively induce the apoptosis of HIV infected macrophages. Submitted 
Molecular Systems Biology.  

4- Hamza Ali, Simon Dong, Niranjala Gajnayaka, Ramon Caballero, Edana Cassol, 
Jonathan Angel and Ashok Kumar. 2021. Selective induction of cell death in human M1 
macrophages by Smac mimetics is mediated by cIAP-2 and RIPK-1/3 through the 
activation of mTORC. Submitted J. Immunology. 

5- Pearl, D., Katsumura, S., Amiri, M., Tabatabaei, N., Zhang, X., Vinette, V., Ali, H.,... & 
Robichaud, N. (2020). 4E-BP–Dependent Translational Control of Irf8 Mediates Adipose 
Tissue Macrophage Inflammatory Response. The Journal of Immunology, 204(9), 2392-
2400. 

6- Dong, S. X. M., Caballero, R., Ali, H., Roy, D. L. F., Cassol, E., & Kumar, A. (2020). 
Transfection of hard-to-transfect primary human macrophages with Bax siRNA to reverse 
Resveratrol-induced apoptosis. RNA biology, 17(6), 755-764. 

7- Caballero, R. E. H., Dong, S. X. M., Gajanayaka, N., Ali, H., Cassol, E., Cameron, W., 
Korneluk, R., Tremblay, M. and Angel, J., Kumar, A. (2019). Inhibitor of apoptosis, IAP, 
genes play a critical role in the survival of HIV-infected macrophages. BioRxiv, 543017. 

8- Ali H., Rood I.G., de Korte D, Ramírez-Arcos S. (2012) Strict anaerobic Staphylococcus 
saccharolyticus isolates recovered from contaminated platelet concentrates fail to 
multiply during platelet storage. Transfusion, 52(4):916-7. 

9- Greco-Stewart V, Ali H., Kumaran D, Kalab M, Rood IG, de Korte D, Ramírez-Arcos S. 
(2013 Apr 4). Biofilm Formation by Staphylococcus capitis strains isolated from 
contaminated platelet concentrates. J Med Microbiol. 2013. [Epub ahead of print]. 
PMID:23558135 

10- Ali H., Greco-Stewart VS, Jacobs MR, Yomtovian RA, Rood IG, de Korte D, Ramírez-
Arcos S.(2014). Growth dynamics and biofilm formation of S. epidermidis strains isolated 
from contaminated platelet units. J Med Microbiol. 2014 Jun;63(Pt 6):884-
91.PMID:24667769  



 

 

236 

 

Oral and Poster Presentations: 
 
2018 Ali, H., Caballero, R., Gajanayaka, N., Dong, S., Iqbal, S., Kumar, A., “Involvement of 

IAPs Pathway in Survival of Human Macrophages Subsets”. BMI Department Seminar 
day 
University of Ottawa, ON (Oral Presentation) 

 

2017 Ali, H., Caballero, R., Gajanayaka, N., Dong, S., Iqbal, S., Kumar, A., “Involvement of 
IAPs Pathway in Survival of Human Macrophages Subsets”. BMI Department poster 
day 
University of Ottawa, ON (Poster Presentation) 

 

2016 Ali, H., Caballero, R., Gajanayaka, N., Dong, S., Iqbal, S., Kumar, A., “The Cellular 
Mechanisms of SMAC Treatment on Different Polarized Macrophage Subsets”. BMI 
Department Seminar day 
University of Ottawa, ON (Oral Presentation) 

 

2015 Ali, H., Iqbal, S., Kumar, A., “selective induction of apoptosis in macrophages 
subsets”. BMI Department poster day 
University of Ottawa, ON (Poster Presentation) 

 

2010 Ali, H., Uzicanin, S., Jacobs, M., Yomtovian, R., Rood, I., de Korte, D., and Ramirez-
Arcos, S., “Characterization of coagulase negative staphylococci isolated from 
contaminated platelet concentrates”.  
31th Meeting of the Canadian Society for Transfusion Medicine. Vancouver, BC. May 
13-16, 2010 (Oral Presentation) 

 

2009   Ali, H., Uzicanin, S., Jacobs, M., Yomtovian, R., Rood, I., de Korte, D., and Ramirez-
Arcos, S., “Growth and Biofilm Formation of Bacteria Isolated from Contaminated 
Platelet Units”. BMI Department poster day 
University of Ottawa, ON (Poster Presentation) 

 

 
Awards and Scholarships: 
 
2008-Present Full scholarship for graduate studies (MSc/PhD), offered by Taibah 

University, Madinah, Saudi Arabia. 
 

2007 First poster award, Second Microbiology Symposium, King Abdulaziz 
University, Saudi Arabia. $500 

 

2006-2007 Academic excellence award, Faculty of Applied Medical Sciences, King 
Abdulaziz University, Saudi Arabia 

 

2005-2006 Best microbiologist student, Microbiology Laboratory, King Abdulaziz 
University Hospital, Saudi Arabia. $1500 

  
  



 

 

237 

7 RIGHTS AND PERMISSION 

Figure1.1 : Macrophage polarization and main functions. 

 

  

9/21/2020 University of Ottawa | Université d'Ottawa Mail - 回复：Request for permission to use figures in thesis

https://mail.google.com/mail/u/1?ik=39db30b7b1&view=pt&search=all&permthid=thread-f%3A1678481732309002809%7Cmsg-f%3A1678491646485016144&sim… 1/1

Hamza Ali 

Request for permission to use figures in thesis
1 message

Mon, Sep 21, 2020 at 8:25 PM
To: Hamza Ali 

It's OK. Thank you for your interesting.

Best wishes,
Xiang-Hong Xu

--------  --------
Request for permission to use figures in thesis

Hamza Ali 

Dear Dr. Xiang-Hong Xu and Dr. Liping Jin

 I am writing to request permission to use two figures of your 2019 frontiers in Immunology review paper "
Macrophage Polarization in Physiological and Pathological Pregnancy " in my PhD thesis.

 The figures are: Figure 1 and Figure 2, that summarize the common and different characteristics of
macrophages. These figures will help my readers and examiners understand the background information of my
research.

Thank you

 Best regards,

 Hamza Ali
 PhD Candidate,
Microbiology and Immunology department 
 University of Ottawa
 Ottawa, ON, Canada



 

 

238 

Figure 1.2: The intrinsic and extrinsic pathways of apoptosis. 
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Figure 1.3: IAPs members and structures. 
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Figure 1.4: Schematic representative of the effect of IAPs. 
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Figure 1.5: Canonical and non-canonical NF-kB pathway. 
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Figure 1.6: Initiation of necroptosis pathway. 
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Figure1.7: IFN-g Signaling. 
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Figure1.8: PI3K/Akt/TSC/mTOR pathway. 
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Abstract
The inflammatory and anti-inflammatory M!s have been implicated in many diseases including

rheumatoid arthritis, multiple sclerosis, and leprosy. Recent studies suggest targeting M! func-

tion and activation may represent a potential target to treat these diseases. Herein, we investi-

gated theeffect of secondmitochondria-derivedactivatorof caspases (SMAC)mimetics (SMs), the

inhibitors of apoptosis (IAPs) proteins, on the killing of humanpro- and anti-inflammatoryM! sub-

sets.We have shown previously that humanmonocytes are highly susceptible whereas differenti-

atedM!s (M0) are highly resistant to the cytocidal abilities of SMs. To determine whether human

M! subsets are resistant to the cytotoxic effects of SMs, we show thatM1M!s are highly suscep-
tible to SM-induced cell death whereas M2a, M2b, and M2c differentiated subsets are resistant,

with M2c being the most resistant. SM-induced cell death in M1 M!s was mediated by apopto-

sis as well as necroptosis, activated both extrinsic and intrinsic pathways of apoptosis, and was

attributed to the IFN-"-mediated differentiation. In contrast, M2c and M0 M!s experienced cell

death throughnecroptosis following simultaneousblockageof the IAPsand the caspasepathways.

Overall, the results suggest that survival of humanM!s is critically linked to the activation of the
IAPs pathways. Moreover, agents blocking the cellular IAP1/2 and/or caspases can be exploited

therapeutically to address inflammation-related diseases.

K EYWORD S

apoptosis, humanM! subsets, inhibitors of apoptosis, necroptosis

Abbreviations: Bak, Bcl-2 homologous antagonist/killer; Bcl-2, B cell lymphoma 2; BMDM,

bonemarrow derivedM!s; cIAP1/2, cellular inhibitor of apoptosis protein 1/2; FADD,
Fas-associated protein with death domain; Fas, Fas cell surface death receptor; HIV, human

immunodeficiency virus; JAK, Janus Kinase;MDMs, monocyte-derivedM!s; MLKL, mixed

lineage kinase domain-like protein; NIK, NF-#B-inducing kinase; NSA, necrosulfonamide; PI,

propidium iodide; PPAR" , peroxisome proliferator-activated receptor-" ; RIPK-1/3,
receptor-interacting protein kinase-1/3; RUX, Ruxolitinib; SM, Smacmimetic; Smac, second

mitochondrial activator of caspases; TNFR, TNF receptor; TRADD, TNFR-associated death

protein; TRAF2, TNF receptor-associated factor-2; TRAIL, TNF-related apoptosis inducing

ligand; xIAP, X-chromosome-linked IAP; YOYO-1, 1,1!-[1,3-propanediylbis[(dimethylimino)-

3,1-propanediyl]]-bis[4-[(3-methyl-2(3H)-benzoxazolylidene)methyl]]-quinolinum

tetraiodide; zVAD.fmk, Carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone.

1 INTRODUCTION

M!s, a heterogeneous population of innate myeloid cells, play a key

role in innate immunity and in the pathogenesis of several chronic

and inflammatory diseases.1,2 At the tissue level, M!s are exposed

to different exogenous and endogenous factors including cytokines,

chemokines, andmicrobial by-products that allow them to functionally

polarize and express distinct surface markers, and cytokines.2–4 In

general, M!s can be activated to adopt two opposite polarized states,
the “classically activated” M1 and the “alternatively activated” M2

M!s.1,5 M1 M!s are induced by intracellular pathogens, bacterial cell

wall components such as LPS, IFN-" , or TNF-$.3,5 These M!s have a

J Leukoc Biol. 2021;1–18. c!2021 Society for Leukocyte Biology 1www.jleukbio.org
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high capacity to present Ag, produce nitric oxide or reactive oxygen

intermediates, and secrete high levels of pro-inflammatory cytokines

such as, IL-12, IL-23,TNF-!, IL-6, and IL-1" .3,6,7 In contrast, M2 M#s
exhibit anti-inflammatory phenotype, generated following stimulation

with IL-4, IL-13, IL-10, or TGF-" , and play a key role in wound heal-

ing, and tissue repair.8–10 The M2 M#s can be further subclassified

into M2a, M2b, and M2c subsets, depending on their functions,

cytokine and chemokine profiles, and relative expression of surface

receptors.6,11,12 M2a subset can be generated following treatment

with IL-4 and/or IL-13, M2b subset can be induced by stimulation with

immune complexes and TLR-agonists or IL-1 receptor ligands,6,12,13

whereas M2c subset can be induced by glucocorticoids and/or IL-

10.6,12,14 M2a and M2c subsets are anti-inflammatory, whereas M2b

secrete both pro- and anti-inflammatory cytokines.6,12–14

Recent evidence obtained by microarray data and conventional

approaches employed in in vivo studies show that M1 polar-

ization signature is associated with bacterial infections including

typhoid fever, tuberculoid leprosy, active tuberculosis, and Helicobac-

ter pylori gastritis,7,15–18 and chronic autoimmune and inflamma-

tory diseases such as rheumatoid arthritis, atherosclerosis, type-2

diabetes, and cancer.9,19 In contrast, M2 subset is associated with

lepromatous leprosy, Whipples disease, chronic rhinosinusitis, and

allergic diseases.7,16,20–22 Recently, targeting M#s has been sug-

gested to be a potential therapeutic strategy such as recruitment

of M2 M#s, inducing a class switch from M1 to M2 subsets and

downregulation of pro-inflammatory pathways within the M# sub-

sets to control cancer, chronic infections, autoimmune, and allergic

diseases.3,23,24 Several clinically approved therapeutic agents such

as peroxisome proliferator-activated receptor-$ (PPAR$) inhibitors,
statins, and zolendronic acid have been shown to impact the functional

status of murine M#s.3,25–27 Therefore, it is of utmost importance to

identify agents that specifically target M1 and/or M2M#s as a poten-
tial therapeutic strategy to control diseases associated with pro- and

anti-inflammatory phenotype.

During myeloid differentiation, M#s develop resistance to spon-

taneous and induced apoptosis that is crucial to maintain survival

of M#s during the immune response against various pathogens.28,29

Infection of M#s may enhance their viability and modulate the

surrounding environment by over-expression of proinflammatory

cytokines.30–32 The mechanism underlying enhanced resistance of

M#s may relate to the differential expression of pro- and anti-

apoptotic genes/proteins including Bcl-2 and inhibitors of apoptosis

(IAPs) familymembers.29,32,33 The IAP family encompasses xIAP, cellu-

lar IAPs (cIAP-1), and cIAP-2 that tightly regulates cell survival down-

stream of TNF receptor-1 (TNFR1) and other death receptors.34,35

The role of IAP family members has been studied by employing

second mitochondria-derived activator of caspases (SMAC) mimetics

(SMs).36,37 SMs are small molecule antagonists of SMAC, which com-

petitively inhibit SMAC-cIAP-1/2 interaction and thus repress anti-

apoptotic functions of IAP proteins.36,37 We have described the role

of IAPs in the CpG-induced protection of M#s to HIV-Vpr-induced

apoptosis.32,33 Moreover, cIAP-2 down-regulation by siRNAs and SMs

sensitizedM#s toVpr-induced apoptosis.32,33,38 However, we andoth-

ers have shown that SMs do not exhibit any apoptotic effect on differ-

entiated normal M#s.32,39 Herein, we investigated the effect of SM-

LCL161, a monovalent form of SMs, on normal human proinflamma-

toryM1M#s and anti-inflammatoryM#sM2a,M2b, andM2c subsets.

2 MATERIALS AND METHODS

2.1 Generation of humanmonocyte derivedM!s
subsets andmouse bonemarrow derivedM!s in vitro

Blood was collected from healthy donors in heparinized 60 mL

syringes. Monocyte-derived M#s (MDMs; M0) were generated and

differentiated as previously described.6,32 Briefly, PBMCs were

collected by density gradient centrifugation using LymphoprepTM at

1600 rpm for 45 min (Stem Cell technologies, Vancouver, BC, CA).

PBMCs were suspended in serum-free media (Iscove’s Modified

DMEM 1X; Wisent Inc., QC, CA) at a concentration of 2.5 ! 106

cells/mL/well into 12 well polystyrene plates (Thermo Scientific,

Rochester, NY, USA). Cells were cultured for 3 h to facilitate the

adherence of monocyte to the plate surface, whereas non-adherent

cells were washed off. To generate MDMs (M0), adherent cells were

cultured for 7 days in complete media supplemented with 10% FBS

(Sigma-Aldrich, St. Louis, MO, USA), 1% penicillin, and streptomycin

(R&D Systems, Minneapolis, MN, USA) along with 10 ng/mL of human

recombinant M-CSF (R&D Systems). On day 4, cells were washed and

fresh complete media withM-CSF was added. On day 8, purity of M#s
was assessed by measuring CD14+ expression by flow cytometry. M0

M#s thus generated contained <2% T cells, B cells, and NK cells. The

M0 M#s were washed and M# subsets were generated by adding the

following cytokines in the fresh complete media for 48 h as previously

described.6 M1 subsets were generated using IFN-$ (20 ng/mL;

Thermo Scientific, Rochester, NY, USA), IL-4 (20 ng/mL; R&D Systems)

was used to generate M2a M#s, LPS (1 µg/mL; Sigma-Aldrich) and

IL-1" (10 ng/mL; R&D Systems) was used to generate M2b M#s
whereas IL-10 (10 ng/mL; R&D Systems) was used to generate M2c

M#s. For repolarization studies, M1 andM2cM#s were washed twice
with serum-free media and rested for 48 h. M1 were then treated

with IL-10 and M2c M#s were treated with IFN-$ for another 48 h to

generateM1 toM2c andM2c toM1 repolarizedM#s, respectively.
Bone-marrow derived M#s (BMDM) were isolated and cultured

based on a previously described protocol.40 Briefly, cells were cultured

in sterile Petri dishes (5 ! 106 cells/dish) with a complete media

(DMEM + 10% FBS + 1% penicillin and streptomycin) in the presence

of 15% L929 conditioned medium that contains murine M-CSF and

incubated for 10 days. On day 3, 10 mL of complete fresh media

were added, and cells were left to adhere to the surface of Petri

dish. On day 10, cells were detached using cold PBS, counted, and

centrifuged at 1200 rpm for 10 min. Cells were then resuspended in

12-well polystyrene plate at a concentration of 0.5 ! 106 cells/well

and incubated overnight. Next, cells were washed with PBS and left

untreated or treated with mouse recombinant IFN-$ (20 ng/ml; Stem

Cell technologies), or mouse recombinant IL-10 (10 ng/mL; Stem Cell

technologies) in a completemedia for 48 h.



 

 

248 

  

ALI ET AL. 3

2.2 Cell surfacemarker analysis by flow cytometry

The polarized and re-polarized M!s were washed twice with PBS

and the cells were dislodged using 500 µL of AccutaseTM (Stem Cell

technologies) for 45 min at 37!C. Cells were then collected and cen-

trifuged at 2000 rpm for 5min, followed by 2 timeswashwith PBS. The

cells were incubated with human FcR blocking buffer (Milteny Biotec

Inc. Auburn, CA,USA) for 20 min at 4!C followed by staining using

PE-conjugated Abs for CD14 (Cat# 347497), CD80 (Cat# 557227),

CD86 (Cat# 560958), CD163 (Cat# 333618), CD200R (Cat# 329305),

and HLA-DR(Cat# 361708), (BD Biosciences, San Jose, CA, USA) for

1 h at 4!C in the dark as previously described.6 The cells were washed

with PBS and centrifuged to remove any excess Abs. Next, 200 µL of
PBS were added to each tube and the fluorescence was measured

using PE (CD14, CD200R, and CD80), FITC (CD86 and CD163), and

PE/Cy7 (HLA-DR) channels in Flow cytometer-BD LSRFortessaTM

cell analyzer (BD Life Sciences, Mississauga, ON, CA). All samples

tested where compared to M0 samples. The histograms and the mean

fluorescence intensity (MFI) were analyzed and plotted using FlowJo

Software version 10.0.7 (BD Biosciences, San Jose, CA, USA) and

GraphPad Prism 5.0 software (San Diego, CA, USA).

2.3 Cytokine quantification

The concentrations of pro- and anti-inflammatory cytokines in cul-

ture supernatants were quantified using multiplexing immunobead

assays: IL-1" , IL-6, IL-10, IL-12p70, IFN-# , and TNF-$ were assayed

using the Human Cytokine Panel A Kit, whereas IL-23 was assayed

using the Human Cytokine Panel 2 Kit (Milliplex R!, Millipore Sigma).

The assays were performed as per the manufacturer’s instructions.

Briefly, cytokines standards were prepared in a series of dilutions

to generate standard curves. Fifty microliters of the resuspended

standard cytokine or culture supernatantwere pipetted and incubated

for 30 min at room temperature with a mixture of beads having

specificity for each cytokine. The beads were washed several times

with wash buffer. Biotinylated secondary Ab mixture was added

and incubated for 30 minutes, washed 3 times and finally incubated

with streptavidin-conjugated R-PE. Beads were washed 3 times and

resuspended in 125 µL assay buffer, acquired and analyzed using the

BioRad Luminex machine and BioPlexManager software (Bio-Rad

Laboratories, Hercules, CA, USA).

2.4 Signaling pathway inhibitors

SM-LCL161 was purchased from Active Biochem Ltd. (Kowloon, Hong

Kong) diluted in DMSO and stored at -20!C before use. On the day of

the experiment, cells were washed with serum-free media and differ-

ent concentrations of SM-LCL161 (0.5 µM or 1 µM) were added or as

indicated. The caspase inhibitor (zVAD.fmk;Cat#A1902), the receptor-

interacting protein kinase 1 (RIPK-1) inhibitor (Necrostatin-1; Nec-

1, Cat#A4213), and the JAK inhibitor (Ruxolitinib; RUX, Cat#A3012)

were purchased from ApexBio (Houston, TX, USA), and the mixed lin-

eage kinase domain-like protein (MLKL) inhibitor (Necrosulfonamide;

NSA, Cat#5025) was purchased fromR&D systems.

2.5 Determination of cell death and caspase-8
activity by flow cytometry

Cell death was determined by intracellular propidium iodide (PI) stain-

ing as described previously.32 Briefly, cells were gently scraped and

transferred along with the supernatant containing dead cells. Cells

were centrifuged at 2200 rpm for 5 min, supernatants were removed,

and cells were washed with 500 µL PBS, centrifuged, and followed by

removal of supernatant. Methanol (350 µL) was added to each pellet

and incubated for 15 min at 4!C in the dark. Cells were centrifuged

again and washed before adding a mixture of 25 µL PI solution (Sigma-

Aldrich) and 25 µL RNAse (Roche Diagnostics, Laval, QC, CA) to each

pellet followed by incubation for 1 h at 4!C in the dark. Cells were

washed to remove excessive PI and 300 µL of PBSwas added.
Caspase-8wasdeterminedbyusing caspase-8 (active) FITCstaining

kit (Abcam Inc., Toronto, ON, CA, Cat # AB65614) as per the manufac-

turer’s protocol. Briefly, M!s were treated with SM-LCL161 followed

by addition of caspase-8 reagent (FITC-IETD-FMK) for 1 h at 37!C.

Cells were centrifuged and washed before analyzing by flow cytome-

try using FL-1 channel. Cell death and caspase-8 activity was assessed

by flow cytometry using a BD LSRFortessaTM X20 flow cytometer. The

histogramswere plotted using FlowJo version 10.0.7 software.

2.6 Determination of cell death and caspase-3/7
activity by IncuCyteTM Zoom

Kinetic live cell imagingwas carriedoutwith exogenousYOYO-1 iodide

(ThermoFisher Scientific Cat #Y3601) or caspase-3/7 reagent (ESSEN

Bioscience, MI, USA, Cat# 4440) and monitored using IncuCyteTM

Zoom (ESSEN Bioscience). The caspase 3/7 reagent directly binds to

cells undergoing apoptosis by intrinsic and extrinsic pathways. The

instrument allows visualization of the fluorescent signals and quanti-

fies the intensity of signal/cell, whereas the cells are still in culture at

37!C. The IncuCyteTM live cell imaging was taken every 2 h for 48 h.

2.7 Western blot analysis

Western immunoblotting was performed as described previously.32

Briefly, total cell proteinswere subjected toSDS-PAGEand transferred

onto a polyvinylidene difluoride membrane (Bio-Rad Laboratories,

Mississauga, ON, CA). Membranes were treated with the following

primary Abs: rabbit anti-caspase-9 (Cat# 9502), anti-caspase-8 (Cat#

9746), anti-caspase-3 (Cat# 9662), anti-PARP (Cat# 9532), anti-

cFLIP (Cat# 56343), anti-Fas (Cat# 4233), anti-TRAIL (Cat# 3219),

anti-pJAK-1 (Cat# 3331), anti-cIAP-1 (Cat# 7065), anti-cIAP-2 (Cat#

3130), anti-Mcl-1 (Cat# 5453), anti-Bax (Cat# 2772), anti-Bak (Cat#

6947), anti-FADD (Cat# 2782), anti-RIPK-1 (Cat# 4926), anti-pRIPK-1

(Cat# 65746), anti-RIPK-3 (Cat# 13526) anti-MLKL (Cat# 14993),

and anti-pMLKL (Cat# 91689), Abs, all purchased from Cell Signaling

Technology (Danvers, MA, USA). Membranes were then washed and

probed with goat secondary Abs conjugated to HRP for 1 h (Bio-Rad

Laboratories). For total loading proteins, membranes were restriped

and probed with either anti-"-Actin (Cat# 8457) or anti-GAPDH
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(Cat# 2118) Abs (Cell Signaling Technology). Protein bands were

visualized using the AmershamECLwestern blotting detection system

(GEHealthcare Buckinghamshire, UK) and GeneSnap software.

2.8 Statistical analysis

Bar graphs were generated using the GraphPad Prism 5.0 software

(SanDiego, CA, USA). Datawere compared between the 2 groups from

all experiments using Mann-Whitney test and values with P < 0.05

were considered to be statistically significant. Data are presented in

graphical form asmean± SD.

2.9 Ethics statement

Healthy participants involved in the study gave informed written con-

sent and the protocol for obtaining blood sampleswas approved by the

ReviewEthicsBoardof theOttawaGeneralHospital and theChildren’s

Hospital of Eastern Ontario, Ottawa, ON, Canada. All animal proce-

dureswere approved by theCarletonUniversity Animal CareCommit-

tee andwere conducted in accordancewith the guidelines provided by

the Canadian Council for Animal Care.

3 RESULTS

3.1 HumanM! subsets differentially express
distinct cell surfacemarkers and pro- and
anti-inflammatory cytokines

TheM! subsets were characterized by analyzing the expression of cell

surface markers that are generally present on M!s and are involved

in their activation including CD80, CD86, HLA-DR, CD14, CD163, and

CD200R.6,41–43 M0M!s expressed all the abovemarkers. The expres-

sion of surface markers on M! subsets was defined by setting the

expression levels in unpolarized M0 M!s as the base line. The sur-

face markers expressed at substantially high levels compared to the

M0 M! subsets were designated as “high” and selected as character-

istic for that M! subset. Thus, M1 M!s differentially expressed high

levels of CD80, CD86, and HLA-DR compared to theM0M!s (Fig. 1A)
andwere designated asCD80high, CD86high, andHLA-DRhigh. Similarly,

M2a M!s were defined as CD86high, CD200Rhigh, and HLA-DRhigh;

M2bM!s were defined as CD14high and CD80high; whereas M2cM!s
were characterized as CD14high, and CD163high (Fig. 1A). Overall, M!
subsets could be distinguished by the differential up-regulation of

these surfacemarkers.

The expression of cytokines namely IL-1" , IL-6, IL-10, IL-12p70,
IFN-# , and TNF-$ by the above M! subsets was determined follow-

ing their stimulation with LPS. The results show that M1 M!s pro-

duced significantly high levels of pro-inflammatory IFN-# , IL-23, IL-
12p70, and TNF-$ and significantly low levels of anti-inflammatory

IL-10 (Fig. 1B). M2c subset on the other hand primarily produced

significantly high levels of IL-10 and significantly low levels of pro-

inflammatory IFN-# , IL-23, IL-12p70, and TNF-$. M2b produced both

pro-inflammatory IL-6, IL-1" , TNF-$, and anti-inflammatory IL-10

cytokines. However, M2b did not produce IFN-# , IL-12p70, and IL-23.

M2a M!s as expected did not produce any of the pro-inflammatory

IFN-# , IL-1" , IL-23, IL-12p70 and produced high levels of anti-

inflammatory IL-10 compared to that produced by M1 M!s (Fig. 1B).
Overall, phenotypic and functional characterization of the human M!
subsets suggest that M1 M!s are pro-inflammatory whereas and

M2c M!s are anti-inflammatory in nature and confirm our previous

observations.6

3.2 Blocking IAPs signaling pathway by SM-LCL161
selectively causes cell death in humanM1M!s,
whereasM2M!s are resistant to SM-induced
cell death

We have previously shown that human monocytes are highly sus-

ceptible to the apoptotic effects of SMs whereas differentiated M!s
(MDMs;M0) are resistant.29,32 To determine whether humanM! sub-

sets namely M1, M2a, M2b, and M2c generated in vitro from M0 are

also resistant to the SM-induced cell death, we first determined the

involvement of IAPs signaling pathway on the cell survival of different

humanM! subsets by using IAPs antagonist, SM-LCL161. TheM! sub-

sets M0, M1, M2a, M2b, andM2c were treated with different concen-

trations of SM-LCL161 for 48 h followed by analysis of cell death by

intracellular PI staining and flow cytometry. The dose of SM-LCL161

was selected based on previous studies.44,45 The results show thatM1

is the most susceptible subset to SM-induced cell death at all con-

centrations (Fig. 2A-D). In contrast, M2c was the most resistant sub-

set and did not show increased cell death after SM-LCL161 treatment

at any concentration. Therefore, M1, M2c in addition to the unpolar-

izedM0were selected for further investigations. Using the automated

IncuCyteTM-YOYO-1 staining, we confirmed that M1 is highly sensi-

tive to SM-induced cell death. SM-induced cell death in M1 cells was

detectable as early as 10 h and reached a peak by 20 h following treat-

ment with all the concentrations of SM-LCL161 (Fig. 3). In contrast,

M2c subsets did not show increased levels of cell death at any time and

at any concentration until 48 h post-SM-LCL161 treatment. Further-

more, M1 cells treated with SM-LCL161 exhibited increased level of

YOYO-1 fluorescent intensity compared toM2cM!s (Fig. 3 left panel).
However, M0 M!s exhibited scattered levels of YOYO-1 staining per-

haps becauseM0M!s are heterogeneous and contain population of all
subsets includingM1M!s.

Next, we determined whether there is any association between the

levels of IAP proteins expressed in various subsets and SM-induced

cell death. Although SM-LCL161 caused selective cell death in M1

M!s, SM-LCL161causeddegradationof both cIAP-1 and cIAP-2 inM0,

M1, and M2c subsets and as early as 5 h after SM-LCL161 treatment

(Fig. 4A andB). The untreatedM0, andM2cM!s expressed similar lev-

els of cIAP-1 and c-IAP-2, whereas untreated M1 M!s expressed sig-

nificantly high levels of cIAP-1 and cIAP-2 compared to M0 and M2c

M!s (Fig. 4A andB) suggesting the lack of association between the lev-

els of IAP proteins expressed in various subsets and SM-induced cell

death. In addition, the effect of SM-LCL161 on cIAP-1 and cIAP-2 was
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F IGURE 1 Phenotypic (A) and functional
(B) characterization of undifferentiated M0
and polarized M1, M2a, M2b and M2c M!s.
(A) MDMs (M0) were polarized using indicated
stimuli for 2 days: IFN-" (20 ng/mL) forM1M!s,
IL-4 (20 ng/mL) for M2a M!s, LPS (1 µg/mL)
and IL-1# (10 ng/mL) for M2b M!s and IL-10
(10 ng/mL) for M2c M!s. Polarized M!s were
stained with Abs against the mentioned cell sur-
face molecules and fluorescence was measured
by flowcytometry. Themean fluorescence inten-
sity (MFI) values were obtained using FACSDiva
software. The number (n) of different donors
for analysis of CD14, CD80, and CD163 were
4 each, for CD86 and CD200 were 5 each and
HLA-DR were 3. The results shown are mean
± SD. (B) Cytokines levels in the supernatants
were measured using multiplexing immunobead
assays as described in Section 2. Cytokines pro-
duction by various subsets was reported as per-
centage of highest level of cytokines produced
byM1M!s for IFN-" , IL-12p70, IL-23, and TNF-
$, M2c M!s for IL-10 and M2b for IL-1# and IL-
6. The number (n) of different donors for anal-
ysis of IFN-" , IL-1# , and IL-23 were 4 each and
for TNF-$, IL-10, IL-6, and IL-12p70were3 each.
The results shown aremean± SD

specific as it did not impact other pro-apoptotic proteins, Fas, TRAIL,

and Bak, and anti-apoptotic protein, Mcl-1 or the adaptor protein,

FADD. (Fig. 4C, Supplementary Fig. 1). However, SM-LCL161 treat-

ment at 1 µMconcentration resulted in up-regulation of pro-apoptotic

protein Bax and down-regulation of the anti-apoptotic protein cFLIP

expression in M1 M!s but not in M0 and M2c M!s compared to

untreatedM!s (Fig. 4C).

3.3 SM-induced cell death inM1M!s is mediated by
both extrinsic and intrinsic pathways of apoptosis

Apoptosis involves proteolytic processing and activation of caspases,

the key effector molecules of apoptosis pathway.46 The extrinsic

pathway of apoptosis is mediated by the activation of caspase-8

while the intrinsic pathway is mediated by caspase-9, both of which

activate caspases-3/7 leading to apoptosis.46,47 To determine whether

SM-LCL161 induced cell death is regulated by the intrinsic or the

extrinsic pathways of apoptosis, we measured the activation of

caspase-3/7, -8, and -9 in SM-treated M! subsets. M1, M0, and M2c

M!s were treated with either 0.5 µM or 1 µM of SM-LCL161 for 48 h

followed by analysis of caspase-8, -9, and -3/7 by flow cytometry,

immunoblotting, and IncuCyteTM Live cell imaging, respectively. There

was a significant increase in caspase-3/7 activities in M1 M!s upon
treatment with 0.5 µM of SM-LCL161 compared to M0 and M2c M!

subsets asmeasured by the IncuCyteTM live imaging (Fig. 5A). Increase

in caspase-3/7 activities in M1 M!s upon treatment with 1 µM of

SM-LCL161 is shown in Supplementary Fig. 2. This increase in caspase

3/7 activity inM1M!swas detected as early as 4 h and reached a peak
by 10 h post SM-LCL161 treatment (Fig. 5A). Moreover, this induction

was reduced in a dose-dependent manner after treatment with a

pan-caspase inhibitor, zVAD.fmk (carbobenzoxy-valyl-alanyl-aspartyl-

[O-methyl]-fluoromethylketone) at 10 and 20 µM concentrations

(Fig. 5A and Supplementary Fig. 2). The caspase-3/7 expression was

poorly detected in the presence or absence of SM-LCL161 in both

M0 and M2c M!s. The caspase-8 activity was assessed by measuring

its cleavage activity by flow cytometry. M1 M!s treated with either

0.5 µMor 1 µMof SM-LCL161 revealed significantly higher caspase-8

activity compared to the untreated cells, whereas SM-treated M0 or

M2c M!s did not show cleavage activity following SM-LCL161 treat-

ment and their levels were similar to the untreated M!s (Fig. 5B). The
representative flow histogram showing caspase-8 activity in M0, M1,

and M2c subsets is shown (Supplementary Fig. 3). Staurosporine was

used as a positive control to induce caspase-8 activity in all 3 subsets.

For caspase-9, the Western immunoblots showed increase in cleaved

caspase-9 bands upon treatment with 0.5 and 1 µM of SM-LCL161

in M1 M!s (Fig. 5C). These results suggest the involvement of both

intrinsic and extrinsic apoptosis pathways in SM-induced apoptosis

inM1M!s.
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F IGURE 1 Continued

3.4 SM-induced cell death inM1M!s involves both
apoptosis and necroptosis pathways

To confirm that SM-induced cell death was associated with caspase

activation, we examined whether blocking these caspases would

inhibit SM-induced apoptosis. For this, M1 M!s were pretreated with
either 10 or 20 µM of zVAD.fmk, for 1 h followed by treatment with

either 0.5 or 1 µM of SM-LCL161. Evaluation of apoptosis by intracel-

lular PI staining and flow cytometry revealed that zVAD.fmk alone did

not cause an increase in cell death. M1 M!s treated with SM-LCL161

demonstrated an increased cell death as expected. SM-induced cell

death was significantly reduced upon combined treatment with either

concentrations of zVAD.fmk (Fig. 6A). Although blocking apoptosis by

zVAD.fmk treatment significantly reduced SM-induced apoptosis, it

reduced cell death by approximately 50% suggesting that the residual

cell death seen inM1M!s after blocking caspases might be due to cell

deathmechanisms other than apoptosis.

Another key pathwaybywhich cells die is by necroptosis. Necropto-

sis is a programmed form of necrosis, or inflammatory cell death.48,49

We surmised that the residual SM-induced cell death seen following

caspase inhibition may be due to necroptosis pathway. Necroptosis

has been examined by chemical inhibitors, Necrostatin-1 and Necro-

sulfonamide (NSA). Necrostain-1 targets the receptor-interacting pro-

tein kinase 1 (RIPK-1) activity, whereas NSA targets the mixed lineage

kinase domain-like protein (MLKL).50,51 To understand the involve-

ment of necroptosis, M1 M!s were treated with different concentra-

tionsof necrostatin-1 (0.5or1µM;Fig. 6B) orNSA (0.5 to7µM;Fig. 6C)

for 1 h prior to treatment with 0.5 µM or 1 µM of SM-LCL161. After

48 h, cell death was assessed by intracellular PI staining/flow cytom-

etry. Both Necrostatin-1 and NSA significantly reversed SM-induced
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F IGURE 2 M1 and M2c are the most
sensitive and resistant M!s subsets to SM-
LCL161-induced cell death, respectively. M0,
M1, M2a, M2b, and M2c M! subsets were
(A) left untreated or treated with SM-LCL161
(SM) (B) 0.2 µM, (C) 0.5 µM, or (D) 1 µM for 48 h.
The percentage cell death was determined by
intracellular PI staining and flow cytometry. The
number (n) of different donors for A were 3 and
for (B), (C), and (D) were 5 each. The results
shown in (A-D) aremean± SD

F IGURE 3 Kinetics of cell death in SM-
treated M0, M1 and M2c M!s as determined
by IncuCyteTM automated machine. Cell death
stain (YOYO-1 iodide) was added to each well
containing M1, M0, or M2c M!s 1 h prior to
SM-LCL161 (SM) treatment. Cells were treated
with SM-LCL161 at concentrations of 0.2 µM,
0.5 µM and 1 µM and incubated in IncuCyteTM

machine for 48 h. Cell death was recorded every
2 h for 48 h. Left panel shows live pictures taken
at 48 h of IncuCyteTM incubation. Green fluo-
rescent (left panels) represents dead cells. The
result shown is a representative of 3 indepen-
dent experiments from 3 different donors
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F IGURE 4 Effect of SM-LCL161 on the
expression of anti-apoptotic and proapoptotic
proteins. (A) Total protein lysates fromM0, M1,
and M2c M!s treated with 0.5 and 1 µM of
SM-LCL161 for 5 h were subjected to West-
ern immunoblotting for the expression of cIAP-1
(62 kDa) and cIAP-2 (70 kDa). (B) Relative pro-
tein expression of cIAP-1, cIAP-2 inM0,M1, and
M2c M!s with or without treatment with SM-
LCL161 (0.5 or 1 µM) for 5 h. The results shown
are a mean ± SD from 6 experiments each. (C)
Total protein lysates from M0, M1, and M2c
M!s treatedwith SM-LCL161 (0.5 and 1 µM) for
5 h andwere subjected toWestern immunoblot-
ting for the expression of Fas (40 kDa), cFLIP
(55 kDa), TRAIL (28 kDa), Bax (20 kDa), andMcl-
1 (40kDa). The immunoblot shown is a represen-
tative of 3 independent experiments from 3 dif-
ferent donors

cell death in M1 M!s in a dose-dependent manner after treatment

with either 0.5 µM or 1 µM of SM-LCL161. Interestingly, similar to

zVAD.fmk, blocking necroptosis pathway by either Necrostatin-1 or

NSA inhibited SM-induced cell death by approximately 50%. There-

fore, we hypothesized that SM-induced cell death in M1 M!s may

be mediated by both apoptosis as well as necroptosis. To determine

whether SM-induced cell death involves both apoptosis and necrop-

tosis, M1 M!s were pretreated with zVAD.fmk and NSA together fol-

lowed by treatment with 0.5 or 1 µM of SM-LCL161. SM-induced

cell death was significantly inhibited and reduced to basal levels upon

combined treatment of M1 M!s with zVAD.fmk and NSA (Fig. 6D).

Treatment with zVAD.fmk or NSA alone in the absence of SM-LCL161

did not affect cell death of M1 M!s (Fig. 6D). These results suggest

the involvement of both apoptosis and necroptosis pathways in SM-

induced cell death in M1 M!s. Moreover, treatment of M1 M!s with
Necrostatin-1 alone (Fig. 6B) or NSA alone even at a very high concen-

tration of 7 µM (Supplementary Fig. 4A) or even combined treatment

with both zVAD.fmk and NSA (4 and 5 µM; Fig. 6D) did not cause an

increase in cell death suggesting that M1 M!s are not more sensitive

to toxic compounds.

RIPK-1, RIPK-3, and MLKL have emerged as the key effectors

molecules in apoptosis and necroptosis.47,52–54 Thus, we also exam-

ined the effect of SM-LCL161on the expression levels ofRIPK-1, RIPK-

3, and MLKL following treatment of M1 M!s with SM-LCL161 in the

presence and absence ofNecrostatin-1 andNSA. The results show that

SM-LCL161 degraded RIPK-1, RIPK-3, and MLKL that was restored
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F IGURE 5 SM-LCL161 activates caspase
3/7, 8, and 9 in M1 M!s. (A) M1, M0, and
M2c subsets were treated with IncuCyteTM-
casp3/7 reagent in the presence or absence of
zVAD.fmk (10 and 20 µM) 1 h prior to treat-
ment with 0.5 µM SM-LCL161 and incubated in
IncuCyteTM machine for 48 h. The caspase-3/7
activity was recorded every 2 h for 48 h. (B)
M0, M1, and M2c M!s were treated with SM-
LCL161 (0.5 µM, 1 µM) and cultured for 10 h
following which caspase-8 reagent was added
for 1 h before assessment of caspase-8 activity.
The result shown is a mean ± SD of 3 indepen-
dent experiments from 3 different donors. (C)
M0, M1, and M2cM!s were treated with either
0.5 or 1 µM of SM-LCL161 for 4, 8, and 16 h.
Total protein lysates were subjected to West-
ern immunoblotting for caspase-9 expression.
The immunoblots show full length and cleaved
caspase-9 (47, 37, and35kDa). The result shown
in (A) and (C) is a representative of 3 indepen-
dent experiments from 3 different donors

following Necrostatin-1 and/or NSA treatment (Fig. 6E). Similarly, SM-

LCL161 induced the phosphorylation of pRIPK-1 and pMLKL that was

dephosphorylated in the presence of Necrostatin-1 andNSA (Fig. 6E).

3.5 Reversal ofM0 toM1 differentiation by
blockage of JAK/STAT pathway reverses susceptibility
ofM1M!s to SM-induced apoptosis

JAK/STAT pathway is a principal signaling mechanism for a wide range

of cytokines including IFNs. Activation of JAK leads to the phospho-

rylation of downstream targets including the STATs.55 We determined

if IFN-"-mediated differentiation of M0 into M1 M!s plays a role in

regulating the susceptibility of M1M!s to SM-induced cell death. This

was investigated by blocking JAK activation using JAK inhibitor, Rux-

olitinib (RUX).56 M0 M!s were treated with various concentrations

of RUX for 2 h prior to IFN-" stimulation for 48 h. Cells were treated

with SM-LCL161 for another 48 h followed by themeasurement of cell

death by PI staining and flow cytometry. The results show that JAK

inhibitor reversed susceptibility of M1 M!s to SM-induced cell death

in a dose-dependent manner to levels equivalent to the basal levels

seen in unstimulated M0 M!s (Fig. 7A). The biological activity of RUX
was confirmed by inhibition of IFN-"-induced JAK-1 phosphorylation

(Fig. 7B).

3.6 Blockage of caspases and IAPs signaling
selectively cause cell death inM0 andM2cM!s
through the necroptosis pathway

In contrast to M1 M!s, M0 and M2c M!s did not show a significant

increase in cell death following treatment with SM-LCL161 (Fig. 2).

Blocking of caspases by the pan-caspase inhibitor zVAD.fmk in the

absence of IAPs signaling pathway has been shown to induce cell death

in cancer cells.57–60 To determine if SM-LCL161 can induce cell death

in M0 and M2c cells following blockage of caspase activity, M0 and
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F IGURE 6 SM-inducedcell death inM1M!s
is mediated by apoptosis and necroptosis. M1
M!s were treated with either SM-LCL161 (0.5
µM; left panels in A and B) or SM-LCL161 (1
µM; right panels in A and B) in the presence
or absence of (A) zVAD.fmk (10 µM, or 20 µM),
(B) Nec-1 (0.5 µM, or 1 µM), (C) NSA (0.5 µM
to 7 µM) or (D) a combination of zVAD.fmk
(20 µM), NSA (4 µM or 5 µM) and SM-LCL161.
All chemical inhibitors were added 1 h prior to
SM-LCL161 treatment. Cells were incubated for
48 h. The percentage cell death was determined
by intracellular PI staining and flow cytometry.
The result shown is a mean ± SD of 4 (A), 5 (B),
and 3 (C and D) independent experiments from
independent donors. (E) Total protein lysates
fromM1M!s treated with 1 µM of SM-LCL161
alone or combined treatment with Necrostatin-
1 (1 µM) orNSA (6 µM) for 5 hwere subjected to
Western immunoblotting for the expression of
RIPK-1 (78 kDa), pRIPK-1 (78 kDa), RIPK-3 (46–
62 kDa), MLKL (54 kDa), and pMLKL (54 kDa).
The result shown is a representative of 3 inde-
pendent experiments from 3 different donors

M2c cells were treated with zVAD.fmk for 1 h followed by treatment

with SM-LCL161 for 48 h. SM-LCL161 at concentrations of 0.5 or 1

µM alone did not result in induction of cell death in M0 or M2c M!s
(Fig. 8). Interestingly, upon blocking caspase activities by zVAD.fmk

at both concentrations of 10 or 20 µM, SM-LCL161 treatment at

both concentrations of 0.5 and 1 µM, led to significant increase in

cell death in both M0 (Fig. 8A) and M2c (Fig. 8B) M!s. A represen-

tative histogram showing cell death in M0 and M2c M!s following

combination treatment of SM-LCL161 and zVAD.fmk is shown in the

Supplementary Fig. 4B.

This induction in cell death after blocking caspases might be due

to the activation of necroptosis pathway.57–60 Therefore, it is possi-

ble that blocking of caspases in SM-treated M0 and M2c M!s selec-
tively activates the necroptosis pathway. Similar to SM-treated M1

M!s, Necrostiatin-1 (0.5 or 1 µM) was used to determine necropto-

sis in zVAD.fmk and SM-treatedM0 andM2cM!s. The 2 subsets were
treatedwithNecrostain-1 and zVAD.fmk for 2 h followedby treatment

with SM-LCL161 (Fig. 9: left panel, 0.5 µM; right panel, 1 µM) for 48 h.

Treatment with Necrostatin-1 significantly inhibited SM-LCL161 and

zVAD.fmk-induced cell death in a dose-dependent manner (Fig. 9A

and B). Similar results were obtained following blockage of the

necroptosis pathway by NSA (2 µM) as seen in a representative his-

togram showing reversal of cell death in NSA-treated M0 and M2c

M!s following combination treatment of SM-LCL161 and zVAD.fmk

(Supplementary Fig. 4B).

Similar to the M1 M!s, the effect of SM-LCL161 and zVAD.fmk on

the expression levels of RIPK-1, RIPK-3, and MLKL of M0 and M2c

M!s following treatment with Necrostatin-1 and NSA was evaluated.

The results show that SM-LCL161 and zVAD.fmk combined treatment

inhibitedRIPK-1, RIPK-3, andMLKL expressions thatwas restored fol-

lowing prior treatment with Necrostatin-1 and NSA in M0 and M2c

M!s (Fig. 9C). Similarly, SM-LCL161 and zVAD.fmk induced the phos-

phorylation of pRIPK-1 and pMLKL that was dephosphorylated in the

presence of Necrostatin-1 andNSA in bothM0 andM2cM!s (Fig. 9C).
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F IGURE 7 JAK pathway regulates SM-induced cell death in M1
M!s. (A) M0 M!s were treated with various concentrations of JAK
inhibitor (Rux), for 2 h prior to stimulation with IFN-" for 48 h. Cells
were then treated with SM-LCL161 (1 µM) for another 48 h. The %cell
death was determined by intracellular PI staining and flow cytome-
try. The result shown is a mean ± SD of 3 independent experiments
from 3 different donors. (B) M0 M!s were treated with various con-
centrations of Rux for 2 h prior to stimulation with IFN-" for 30 min.
Total protein lysates were analyzed for pJAK-1 (130 kDa) by Western
immunoblotting. The result shown is a representative of 3 independent
experiments from 3 different donors

3.7 Human andmouseM1 andM2c M!s behave
similarly with respect to sensitivity toward
SM-induced cell death

To investigate weather mouse M1 and M2c M!s would behave in a

manner similar to human M!s with respect to the SM-induced cell

death, mouse BMDMs were cultured for 10 days followed by stim-

ulation with either mouse rIFN-" or rIL-10 for 48 h for the genera-

tion of M1 and M2c M!s, respectively. M1 and M2c mouse MDMs

were treated with different concentrations of SM-LCL161 for another

48 h followed by assessment of cell death by intracellular PI staining

and flow cytometry. Results show that mouse M1M!s are highly sus-
ceptible whereas M2c M!s are resistant to SM-LCL161-induced cell

death (Fig. 10) suggesting that both human and mouse M1 and M2c

M!s behave similarly with respect to sensitivity toward SM-induced

cell death.

3.8 M1 andM2cM!s are plastic and repolarization
ofM1 intoM2c and ofM2c intoM1 subset reverses
the effects of SM-LCL161 on cell death, expression of
cell surfacemarkers, cytokines, and the effectors of
the apoptosis pathway

Plasticity is one of the characteristic features of M!s.3 Therefore, we
hypothesized that repolarization of M1 into M2c M!s and M2c into

M1 M!s would reverse the effect of SM-LCL161-induced cell death.

For this, M1 M!s were rested for 48 h followed by stimulation with

F IGURE 8 SM-LCL161 induces cell death in M0 andM2c following blockage of caspases. (A) M0 and (B) M2c M! subsets were treated with
either SM-LCL161 (0.5 µM; left panels) or SM-LCL161 (1 µM; right panels) in the presence or absence of 10 µM, or 20 µMzVAD.fmk. The inhibitor
zVAD.fmk was added 1 h prior to SM-LCL161 treatment. Cells were then incubated for 48 h. The percentage cell death was determined by intra-
cellular PI staining and flow cytometry. The result shown in (A) and (B) are amean± SD of 4 independent experiments from 4 different donors
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F IGURE 9 SM-induced cell death inM0 and
M2C cells following caspase blockage is medi-
ated by necroptosis. (A) M0 and (B) M2c M!s
were treated with either SM-LCL161 (0.5 µM;
left panels) or SM-LCL161 (1 µM; right panels)
in the presence or absence of 20 µM zVAD.fmk
and/or Nec-1 (0.5 µM or 1 µM). The inhibitors
were added 1 h prior to SM-LCL161 treatment.
Cells were then incubated for 48 h. The per-
centage cell death was determined by intracel-
lular PI staining and flow cytometry. The results
shown in (A) and (B) are mean ± SD of 4 and 3
independent experiments fromdifferent donors,
respectively. (C) Total protein lysates from M0
and M2c M!s treated with 1 µM of SM-LCL161
and 20 µM zVAD.fmk or combined treatment
with Necrostatin-1 1 µM or NSA 6 µM for 5 h
were subjected to Western immunoblotting for
the expression of RIPK-1 (78 kDa), pRIPK-1
(78 kDa), RIPK-3 (46-62 kDa), MLKL (54 kDa),
and pMLKL (54 kDa). The result shown is a rep-
resentative of 3 independent experiments from
3 different donors

IL-10 for 48 h to generate M2c M!s from M1 M!s (M1 > M2c). Sim-

ilarly,M2cM!s were rested for 48 h and then stimulatedwith IFN-" to
generate M1 M!s from M2c M!s (M2c > M1). M1 M!s as expected
were highly susceptible to SM-LCL161-induced cell death. However,

M1M!swhen repolarized intoM2cM!s by IL-10 (M1>M2c) lost that

susceptibility (Fig. 11A). On similar lines, M2c M!s were resistant to

SM-LCL161-induced cell death as expected. However, M2cM!s when
differentiated into M1M!s by IFN-" (M2c >M1) developed suscepti-

bility to SM-LCL161-induced cell death (Fig. 11B).

Subsequently, we determined whether repolarization of M1 into

M2c subset and of M2c into M1 subset reverses the expression of

cell surface markers characteristic for M1 and M2c M!s. As above,
M1 M!s were repolarized into M2c M!s (M1 > M2c) and M2c were

repolarized into M1 M!s (M2c >M1) followed by analysis of cell sur-

facemarkers characteristic forM1 andM2cM!s namely CD14, CD86,

CD163, and HLA-DR. The M2c M!s expressed significantly high lev-

els of CD14 and CD163 and significantly low levels of CD86 and HLA-

DR compared to theM1M!s. Following repolarization ofM2c intoM1

M!s (M2c>M1), repolarizedM1M!s expressed significantly low lev-

els of CD14 andCD163 and significantly high levels of CD86 andHLA-

DR similar to the levels expressed byM1M!s (Fig. 11C). Similarly, M1

M!s expressed significantly high levels of CD86 and HLA-DR and sig-

nificantly low levels of CD163 and CD14 compared to the M2c M!s
(Fig. 11C). Following repolarization of M1 into M2c M!s (M1 >M2c),

repolarized M2c M!s expressed significantly low levels of CD86 and

HLA-DRand significantly high levels of CD163 andCD14 similar to the

levels expressed byM2cM!s (Fig. 11C).
We also determined whether repolarization of M1 into M2c

subset and of M2c into M1 subset reverses the expression of pro-

and anti-inflammatory cytokines following stimulation of M1 and

M2c M!s with LPS. M1 M!s as expected produced significantly high

levels of proinflammatory cytokines IFN-" , IL-6, IL-12p70, TNF-#,
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F IGURE 10 M1mouse BMDMs are highly sensitive whereasM2c
M!s are resistant to SM-induced cell death. BMDMswere stimulated
with mouse rIFN-" (M1) or rIL-10 (M2c) for 48 h. M1 and M2c mouse
BMDMs were treated with 0.2, 0.5, and 1 µM of SM-LCL161 for 48 h.
The percentage cell death was determined by intracellular PI staining
and flowcytometry. The results shownaremean±SDof3 independent
experiments from 3 different BMDMs

and IL-23 compared to the M2c M!s. Repolarization of M1 into M2c

abrogated the production of these inflammatory cytokines that was

equal to the levels produced by M2c M!s (Fig. 11D). Similarly repo-

larization of M2c into M1 significantly enhanced the production of

abovementioned pro-inflammatory cytokines that was equivalent to

the cytokines produced byM1M!s (Fig. 11D). On the other hand,M2c

M!s produced high levels of anti-inflammatory IL-10 compared to

M1M!s. Repolarization of M2c into M1 significantly decreased IL-10

production that was equivalent to that produced byM1M!s. Similarly

repolarization ofM1 intoM2c significantly enhanced IL-10 production

that was equivalent to that produced byM2cM!s (Fig. 11D).
Next, we examined whether repolarization of M1 into M2c subset

and of M2c into M1 subset reverses the expression of caspase-3 and

caspase-8, PARP, RIPK-1, RIPK-3, MLKL, pMLKL, and Bax, the key

effectors molecules of apoptosis and necroptosis pathways, following

treatment with SM-LCL161. As above, M1 M!s were repolarized

into M2c M!s (M1 > M2c) and M2c were repolarized into M1 M!s
(M2c > M1) followed by treatment with SM-LCL161 and analysis

of caspase-3 and caspase-8, PARP, RIPK-1, and RIPK-3 by Western

immunoblotting. Treatmentof repolarizedM1toM2cM!s (M1>M2c)

with SM-LCL161 did not affect the expression of full length or cleaved

caspase-8, caspase-3, or PARP or degradation of RIPK-1, RIPK-3

and MLKL, pMLKL, or Bax (Fig. 11E). Interestingly, treatment of

repolarized M2c to M1M!s (M2c >M1) with SM-LCL161 caused the

degradation of full-length caspase-8, caspase-3, and PARP, accumula-

tion of cleaved caspase-3, caspase-8, pMLKL, andBax, anddegradation

of RIPK-1, RIPK-3, and MLKL (Fig. 11E). Overall, these results suggest

that repolarization of M1 into M2c subset and of M2c into M1 subset

reversed the effect of SM-LCL161 on cell death that was associated

with reversal in the expression of cell surface markers, pro- and

anti-inflammatory cytokines, and the effectors of the cell death

pathways such as caspases, PARP, RIPK-1, and RIPK-3 andMLKL.

4 DISCUSSION

Smacmimetics have been actively studied for their apoptosis-inducing

abilities in cancer cells.61,62 However, the role of IAPs in regulating cell

death in primary cells and in particular primary humanM!s is not well
understood. Humanmonocytes are highly susceptible to the cytotoxic

effects of SMs32 whereas differentiated M!s (M0) develop resistance

to the cytocidal abilities of SMs.29 Whether normal humanM! subsets

are resistant to the SM-induced cytotoxic effects remains unknown.

Herein, we show that polarization of M0 M!s toward M1 state

selectively rendered them highly susceptible to cell death in response

to SM-LCL161 whereas M2a, M2b, and M2c differentiated subsets,

like their parent undifferentiated M0 cells, were resistant, M2c being

the most resistant. Furthermore, SM-induced cell death in M1 M!s
exhibited the characteristics of apoptosis as well as necroptosis and

activated both extrinsic and intrinsic pathways of apoptosis. In con-

trast, M0 andM2cM!s experienced cell death following simultaneous

blockage of the IAPs pathway by SM-LCL161 and the caspase pathway

by the pan-caspase inhibitors, and this cell death was attributed to

necroptosis.

The results on phenotypic and functional characterization confirm

our previous observations thatM1M!s expressedhigh levels ofCD80,
CD86, and HLA-DR and produced high levels of pro-inflammatory

IFN-" , IL-23, IL-12p70, and TNF-#.6 CD80 and CD86 play key roles in

Th1/Th2 cell differentiation and generation of immune responses.63

M2a M!s exhibited higher CD200R expression and produced high

levels of IL-10. CD200-CD200R interactions in endothelial cells

and M!s delivers an inhibitory signal and inhibit their activation.

The viral homologs of CD200, such as herpesvirus 8K14 protein,64

cytomegalovirus e127 protein,65 and myxoma virus M141R66 fol-

lowing interaction with CD200R may inhibit M! function. M2c M!s
also expressed high levels of CD163 that plays a role in preventing

tissue inflammation that may explain the role of M2c in preventing

tissue inflammation.67 M2b and M2c M!s did not produce any of the

pro-inflammatory IFN-" , IL-23, and IL-12p70. These cells character-

istically exhibited low levels of HLA-DR that may also be involved in

dampening the immune responses mediated by stress, such as trauma,

burns, surgery, and sepsis.68 The expression of high levels ofCD14, and

CD80, and production of both pro-inflammatory IL-6, IL-1$ , TNF-#,
and anti-inflammatory IL-10 cytokines on M2b M!s may explain both

pro- and anti-inflammatory nature ofM2bM!s.6,12,69

Initially described in the context of apoptosis as promoting

cell survival, the IAPs proteins serve as key regulators of innate

immune signaling and inflammation.35 The role of IAPs has been

studied by SMs.37,58,61 Several commercially available SMs are in

clinical trials as anticancer agents37 (https://www.cancer.gov/about-

cancer/treatment/clinical-trials/intervention/smac-mimetic-lcl161).

SM-LCL161, a monovalent form of SMs, mimics the AVPI tetrapeptide

binding motif present in natural SMAC.70 SMs following binding to

IAPs promote their proteasomal degradations leading to IAPs down-

regulation and apoptosis particularly in cancer cells.37,58,61,70 We have

previously shown that IAPs play a key role in the resistance of M!s
to HIV-Vpr-induced apoptosis and mitochondrial depolarization.32,33
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F IGURE 11 Repolarization of M1 into
M2c and of M2c into M1 M! subsets reverses
the effect of SMs on cell death, cell sur-
face markers, cytokines expression, and
apoptosis/necroptosis-associated molecules.
M0 M!s were stimulated for 48 h with
(A) IFN-" , or (B) IL-10 to generate M1 and
M2c M!s. Cells were then washed, rested for
48 h, and then restimulated with (A) IL-10, or
(B) IFN-" for another 48 h. Cells were treated
with SM-LCL161 (1 µM) for 48 h following IFN-"
or IL-10 stimulation and after restimulation
with either IL-10 (M1 to M2c) or IFN-" (M2c to
M1). The percentage cell death was determined
by intracellular PI staining and flow cytometry.
(C) Cell surface markers expression on M1,
M2c, M2c >M1 andM1 >M2cM!s. Cells were
stained with Abs against CD14, CD86, CD163,
and HLA-DR cell surface molecules and fluores-
cencewasmeasured by flow cytometry. TheMFI
values were obtained using FlowJo software.
The results shown are mean ± SD of 3 inde-
pendent experiments from 3 different donors.
(D) Cytokines production in M1, M2c > M1,
M2c, and M1 >M2c M!s. M1, M2c >M1, M2c,
and M1 > M2c M!s were stimulated with LPS
for 24 h followed bymeasurement of IFN-" , IL-6,
IL-12p70, IL-23, IL-10, and TNF-#. Cytokines
levels in the supernatants were measured using
multiplexing immunobead assays as described
in Section 2. The results shown are mean ± SD
of 3 independent experiments from 3 different
donors. (E)Total protein lysates from M1 >M2c
and M2c > M1 repolarized M!s treated with
1 µM of SM-LCL161 for 5 h were subjected
to Western immunoblotting for the expres-
sion of caspases-8 (43 and 57 kDa), caspase-3
(19 and 35 kDa), PARP (89 and 116 kDa),
RIPK-1 (78 kDa), RIPK-3 (46-62 kDa), MLKL
(54 kDa), pMLKL (54 kDa), and Bax (20 kDa).
The immunoblot shown is a representative of
3 independent experiments from 3 different
donors

Herein, we show that although SM-LCL161 caused degradation of

IAPs in all M! subsets, M1 M!s only were sensitive to SM-induced

cell death. Furthermore, SM-induced cell death was not attributed

to the relative levels of cIAP-1 and cIAP-2 expressed in M0, M1,

and M2c M!s as M1 M!s expressed highest levels of cIAP-1 and

cIAP-2, yet were highly susceptible to SM-induced cell death. On

similar lines, althoughM2cM!s expressed lowest levels of cIAP-1 and
cIAP-2, yet were highly resistant to the SM-induced cell death. Our

results also show that IAPs-mediated M! survival is determined by

IFN-"-mediated M1 state of differentiation as JAK inhibitor reversed

the susceptibility of M1 M!s to SM-induced cell death. Similarly, the

resistance of M!s to SM-induced apoptosis was attributed to the

IL-10-mediated differentiation toward M2c state. This was confirmed

by reversal of susceptibility to SM-induced cell death following

repolarization ofM1 intoM2c and ofM2c intoM1 subsets.

Our results show that SM-LCL161 induced apoptosis in M1 M!s
through activation and cleavage of caspase-3/7, -8, and -9, and

blockage of caspases by pan-caspase inhibitors significantly reduced

SM-induced cell death. SMs generally induce apoptosis in SM-sensitive

tumor cell lines through the secretion of TNF-# in response to IAPs

ablation and consequently become susceptible to TNF-#-induced
apoptosis.71–73 cIAP-1 and cIAP-2 associate with the TNF-# receptor

complex I to mediate TNF-#-induced activation of the classical NF-$B
pathway35 and at the same time inhibit the alternativeNF-$Bpathway

by promoting constant degradation of NF-$B-inducing kinase (NIK),

the regulatory kinase of noncanonical NF-$B signaling.74 The IAPs

degradation by SMs facilitates TNF-#-stimulated cell death by promot-

ing the assembly of ripoptosome containing the core components of

complex-IIa, comprising of proteins such as non-ubiquitinated RIPK-1,

Fas-associated protein with death domain (FADD), and caspase-8
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resulting in caspase-dependent apoptosis. However, IAPs degradation

by SMs and blockade of caspase activation, especially of caspase-8,

can promote the formation of complex IIb, the necrosome complex

containing RIPK-1, RIPK-3, andMLKL, leading to necroptosis.48,52,74

Since SM-LCL161 treatment up-regulated Bax and caused activa-

tion and cleavage of caspase-9, the molecules involved in the intrinsic

apoptotic pathway, and caspase-8, the caspase responsible for extrin-

sic pathway of apoptosis46,47 suggest that SM-induced apoptosis

involves the activation of both intrinsic and extrinsic pathways in M1

but not inM0 andM2cM!s. The extrinsic pathway is activated via the
release of TNF-" or the activation of Fas.46,47 Since SMs are known to

induce TNF-" production in cancer cells, it is possible that SM-induced

cell death in M1M!s may involve TNF-"/TNF-"R extrinsic pathway in

addition to apoptosis mediated by the intrinsic pathway. SM-LCL161

treatment did not affect the expression of either Fas or TRAIL suggest

that SM-induced apoptosis is not regulated by Fas or TRAIL activation

in M1 M!s despite expressing higher levels of these proteins com-

pared to M0 and M2c. Although Mcl-1 expression was not affected

by SM treatment, the involvement of other members of the Bcl-2

family proteins and the mitochondrial membrane potential, the apical

components in the intrinsic pathway,32,34,37 in SM-induced cell death

remains to be investigated.

The fact that zVAD.fmk, the pan-caspase inhibitor, did not fully

restore cell survival in SM-treatedM1M!s suggested that SM-induced

cell death in M1 M!s may involve other cell death mechanisms most

likely necroptosis, which works as a backup mechanism in certain

cells when apoptosis is inhibited.48 The signaling pathway involved in

necroptosis observed following TNF-" stimulation has been studied.

TNF-" binding to its receptor leads to the recruitment of TNFR-

associated death protein (TRADD) and TNF receptor-associated

factor-2 (TRAF2) and activation of RIPK-1 that recruits RIPK-3

forming the ripoptosome.74,75 Phosphorylation ofMLKL by the ripop-

tosome drives oligomerization of MLKL, causes plasma membrane to

rupture, and eventually leading to necroptosis.76,77 Since necroptosis

inhibitors necrostatin-151 and NSA77 inhibited SM-induced cell death

suggested that SM-induced cell death in M1 M!s is also mediated by

necroptosis. SMs have been shown to trigger necroptosis in various

tumor cell lines including pancreatic,60 acute leukemic,57,59 and breast

cancer58 cell lines in the presence of caspase inhibitors (zVAD.fmk

and/or caspase-8 inhibitors). Similar to the cancer cell lines, M0

and M2c M!s exhibited SM-induced necroptosis in the presence of

zVAD.fmk. This was evident by the degradation of RIPK-1, RIPK-3,

MLKL, and up-regulation of phospho-RIPK-1 and phosphor-MLKL fol-

lowing SM treatment and their prevention by necrostatin-1 and NSA.

In contrast, we show for the first time that SM-LCL161 alone induced

necroptosis inM1M!s in the absence of caspase inhibitors. Moreover,

simultaneous addition of inhibitors for both apoptosis and necroptosis

completely prevented SM-induced cell death. The observation that

SM-induced cell death is mediated by apoptosis and necroptosis was

evident by the degradation of RIPK-1, RIPK-3, caspase-8, and MLKL

in M1 M!s that was prevented by necrostatin-1. Whether both pro-

cesses are operative in the same cell, or different cells are undergoing

different deathmechanisms independently of each other is not clear.

Plasticity is one of the key features ofM!s.3,9,24 M! subsets are not

an end stage of differentiation as their susceptibility to SM-induced

cell death can be modulated by changing the cytokine environment.

M1 M!s lose the susceptibility to SM-induced cell death once these

cells are cultured with IL-10, the stimuli for generating M2c M!s.
Inversely, M2c M!s undergo cell death when stimulated with IFN-# ,
theM1 generating stimulus. In addition, repolarization ofM1 intoM2c

and of M2c into M1 subsets reversed the effect of SM-LCL161 with

respect to expression of cell surface markers, cytokines, and signaling

pathways associated with apoptosis and necroptosis. These observa-

tions suggest that M! repolarization in response to their respective

cytokines impacts their IAPs signaling and their responsiveness to

SM-induced cell death.

In summary, the survival of human M!s is critically linked to the

activation/ blockage of the IAPs pathways and differentiation towards

either the pro-inflammatory state by IFN-# or the anti-inflammatory

state by IL-10. Moreover, selective induction of cell death in M1 M!s
by SM-LCL161 alone or inM0/M2cM!s by SM-LCL161 in conjunction

with caspase inhibitors would have potential therapeutic benefits in

regards toM! associated inflammatory or anti-inflammatory diseases,

respectively, in addition to the existing therapeutic strategies such as

to reprogram M1 M!s or induce subsets switching.3,24 Inflammatory

M1 and anti-inflammatory M2 M!s have been associated with many

diseases including rheumatoid arthritis, inflammatory bowel disease

and multiple sclerosis,7,9,19,78 lepromatous leprosy, Whipples disease,

and chronic rhinosinusitis.16,20,21 It may be pointed out that killing of

cancer cells by SMs in diseases like cancer or alternatively, killing of

M0/M2c M!s by caspase inhibitors and SMs in chronic diseases may

adversely impact their ability to mount an effective innate response

and worsen immune deficiency. Since SM-LCL161 effect on cell death

is conserved across mouse and human M1 M!s, mouse model can

be a useful experimental tool to study the cytocidal effect of SMs on

several inflammatory diseases.
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