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Macrophages play a key role in the immune response destroying pathogens directly or 

releasing mediators which can activate other cells. However, macrophages from aged 

mice present defects in their functional activities due to the aging process that alter the 

immune response. Cellular senescence is characterized by a permanent cell cycle 

arrest and is produced after continuous duplication/reproduction of a cell. The 

accumulation of senescent cells seems to be involved in and is responsible for the 

induction of aging. In this regard, due to the difficulty of working with old mice as a 

source of aged macrophages, in the present study we have considered whether the 

functions of long-lasting cultures of macrophages from young mice resembles to the 

functions found in senescent cells responsible for the aging patterns previously 

described.   For this purpose, we have compared a normal macrophage culture (0 days 

macrophages) and long-period macrophage culture (14 days macrophages) of bone-

marrow derived macrophages from 6-weeks old Balb/c mice. 

Macrophages from 14 days cultures were positive for senescence markers such as 

telomere shortening and high β-galactosidase activity. Macrophage senescence was 

correlated with a reduced proliferation in response to specific growth factors (M-CSF 

and GM-CSF) due to an increase of cells in G1 phase of the cell cycle. In addition, 

long-lasting macrophage cultures showed a great number of altered macrophage 

functions such as antigen presentation and microbicidal reduced capacities and defects 

in alternative activation, indicating that both pro-inflammatory and anti-inflammatory 

phenotypes were impaired in these cells which correlate with that observed in 

macrophages from aged mice, as it was previously demonstrated in our laboratory. 

All these data suggest that cellular senescence induced in long-lasting macrophage 

cultures is a good tool to evaluate the altered macrophage functions and characteristics 

during the aging process. 
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Act.D  Actinomycin D 

APS   Ammonium persulfate 

Arg-1  Arginase-1 

ATM   Ataxia-telangiectasia mutated 

ATP  Adenosine triphosphate 

AU  arbitrary units 

BMDM  Bone marrow-derived macrophages 

BrdU  Bromodeoxyuridine 

BSA  Bovine serum albumin 

Cdk  Cyclin-dependent kinase 

CDKi  Cyclin-dependent kinase inhibitor 

cDNA  Complementary DNA 

CLR  C-type lectin receptor 

COPD  Chronic Obstructive pulmonary disease 

Cyc.  Cyclin 

Cyt.D  Cytochalasin D 

DCF-DA  Diclhorfluorescein diacetate  

DDR  DNA damage response 

DMEM  Dulbecco’s Modified Eagle Medium 

DMSO  Dymethilsulfoxide 

dNTPs   Deoxyribonucleotide triphosphate 

dsRNA  Double-stranded RNA 

DSS   Dextran sodium sulfate 

DTT   D-(L)-dithiotheritol 

EDTA   Ethylendiamine tetraacetic acid 

EGTA   Ethylen glycol tetraacetic acid 

ERK   Extracellular signal-regulated kinase 

FACS  Fluorescence-activated cell sorting 

FBS  Fetal bovine serum 

Fizz1  Found in inflammatory zone 

HDACi  Histone deacetylase inhibitor 

IBD   Inflammatory bowel disease 
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IFN-γ  Interferon gamma 

JNK  Jun N-terminal kinase 

LPS  Lipopolysaccharide 

M1  Classical activated macrophage 

M2   Alternatively activated macrophage 

MAPK  Mitogen-activated protein kinase 

MCP-1   Monocyte chemotactic protein 1 

M-CSF  Macrophage-colony stimulating factor 

Mgl1  Macrophage galactose-type lectin 1 

MHC II  Major histocompatibility complex type II 

MMP  Metalloproteinase 

mRNA   Messenger RNA 

NF-κB  Nuclear factor kappa-light-chain-enhancer of activated B cells 

NK cells  Natural killer cells 

NLR  Nucleotide-oligomerization domain(NOD)-like receptor 

NOS2  Inducible nitric oxide synthase 

OIS  Oncogene-induced senescence 

PCR  Polymerase chain reaction 

PI  Propidium iodide 

PMSF  Phenylmethanesulfonyl fluoride 

PPARƔ  Peroxisome proliferator-activated receptor 

PRR  Pathogen recognition receptor 

qRT-PCR Quantitative real time PCR 

Rb  Retinoblastoma 

RLR  Retinoic acid-inducible gene I (RIG)-like receptor 

ROS  Reactive oxygen species 

SASP  Senescence-associated secretory phenotype 

SA-β-gal  Senescence-associated β galactosidase 

SDS  Sodium dodecilsulfate 

SLE  Systemic lupus erythematosus 

SOD  Superoxide dismutase 

TA-65  Telomerase activator 65 
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TCA   Tricarboxylic acid 

TEMED  N, N, N’, N’-tetramethylethylendiamine 

TGFβ  Transforming growth factor beta 

Th1  T helper cell type 1 

Th2  T helper cell type 2 

TLR  Toll-like receptor 

TNF-α  Tumor necrosis factor alpha 

UV  Ultraviolet light 

Ym1/2  Chitinase-like molecules 
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1. Macrophages in the innate immune system 
 

The innate immune system is an evolutionarily conserved system acting as a first-line 

of defense against invading microbial pathogens and other potential threats to the host 

(Rescigno, 2009; Clarke et al., 2010; Hand and Belkaid, 2010). The mucosal surfaces 

of mammals are in constant interaction with a multitude of commensal and pathogenic 

microorganisms that include bacteria, viruses, parasites, fungi and protozoa, 

constituting a diverse microbial ecosystem (Xu and Gordon, 2003). Therefore, the 

innate immune system has evolved to rapidly detect and respond to harmful stress 

situations and infectious agents (Kanneganti et al., 2007). This is coordinated by 

myeloid sentinels, mainly macrophages and dendritic cells, which express a limited 

number of evolutionarily conserved germline-encoded pattern-recognition receptors 

(PRRs) (Bauernfeind and Hornung, 2013). 

PRRs recognize conserved microbe-specific molecules such as specific nucleic acid 

structures of microorganisms, microbial cell wall components (lipopolysaccharide, LPS) 

or lipoproteins and structural proteins for microbial mobility (flagellin) (Franchi et al., 

2012). Moreover, PRRs also detects a set of host-derived molecules released from the 

plasma membrane, nucleus, mitochondria, endoplasmic reticulum and cytosol as ATP 

or urate crystals (Kobayashi et al., 2010). These molecules are secreted upon “danger” 

signals, such as cellular stress, damage or non-physiological death and modulate the 

immune system playing important roles in inflammation and tissue repair processes 

during infection (Krysko et al., 2011).  

PRRs can be classified according to their ligand specificity, function, localization and/or 

evolutionary relationships. The main families of PRRs include the Toll-like receptors 

(TLRs), the nucleotide oligomerization domain(NOD)-like receptors (NLRs) and the C-

type lectin receptors (CLRs) (Kawai and Akira, 2006). TLRs and CLRs recognize 

mainly extracellular and endosomal microbial signals and facilitate signal transduction 

across cell membranes, leading to pro-inflammatory gene expression through the 

transcription factor NF-kB (Akira and Takeda, 2004; Pizarro-Cerda and Cossart, 2006). 

If the bacteria invade the cell, cytosolic PRRs mainly those belonging to the NLRs 

family aid in amplifying pro-inflammatory responses (Strober et al., 2006; Mariathasan 

and Monack, 2007). Recently, other PRR families that appear to guard the intracellular 

environment have emerged. These include the RIG-I-like receptor (RLR) and the 

HIN200 families (Takeuchi and Akira, 2010; Lamkanfi and Dixit, 2012). 
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Then, microorganisms modulate the innate immune system through the activation of 

multiple PRRs together or sequentially (Franchi et al., 2012). In the inflamed tissue, the 

recognition of microbial agents by macrophage PRRs leads to a multitude of 

transcriptional and posttranslational modifications that result in pro-inflammatory 

cytokines, chemokines and growth factors being secreted into circulation in a high 

coordinated manner. These factors induce the migration of polymorphonuclear 

leukocytes and professional phagocytes to the site of infection or injury, to rapidly 

eliminate the pathogen and repair the damage (Lamkanfi and Dixit, 2012).  

In this sense, alterations in the innate immune system regulation due to disorders in 

immune responses can lead to chronic inflammation, tumorigenesis, tissue destruction 

and autoimmune diseases (Coussens and Werb, 2010; Elinav et al., 2013).  

 

1.1 Macrophage origin and differentiation 

 

In this context, the mononuclear phagocyte system which embraces a family of cells 

that includes committed precursors in the bone marrow, circulating blood monocytes 

and tissue macrophages and dendritic cells has acquired great importance in the study 

of different pathologies in the last years (Hume, 2008). Cells of the mononuclear 

phagocyte lineage progress through a series of defined morphologically distinct stages; 

a common myeloid progenitor shared with granulocytes giving rise to monoblasts, 

promonocytes, and thence monocytes, which migrate to the tissues (Takahashi, 2000).  

Metchnikoff originally identified and characterized macrophages more than 100 years 

ago, and his phagocytosis report won him the Nobel Prize for Medicine in 1908. The 

growth and differentiation of macrophages is produced into tissues and depend on 

lineage-determining cytokines, such as macrophage colony-stimulating factor (M-CSF) 

and granulocyte–macrophage colony-stimulating factor (GM-CSF), and is defined by 

interactions with stroma in haematopoietic organs (Celada and Nathan, 1994). 

Interleukin-3 (IL-3), KIT, tumour-necrosis factor (TNF)-family proteins and TNF-

receptor-related molecules contribute to macrophage determination, as do key 

transcription factors such as PU.1 (Gordon, 2003; Hume, 2008).  

A common progenitor gives rise to tissue macrophages, myeloid dendritic cells (DCs) 

and osteoclasts, which are distinct, irreversibly differentiated sublineages (Lech et al., 

2012). Monocytes are able to leave the bone marrow into the bloodstream and, once 



Introduction 

27 

 

they are constitutively distributed, enter into all tissue compartments of the body. These 

migration processes (Figure 1) are produced through the interaction between adhesion 

molecules at the surface of monocytes and vascular endothelial cells (Valledor et al., 

1998). Adhesion molecules control cell migration from the blood and through 

endothelia, the interstitium and epithelia. These include integrins (β1, β2 and others), 

immunoglobulin-superfamily molecules (such as CD31), selectins and epidermal 

growth factor seven-transmembrane spanning (EGF-TM7)-type receptors related to the 

F4/80 (EMR1) antigen (Lech et al., 2012). Cytokines such as transforming growth 

factor-β, chemokines and growth factors, often bound to local proteoglycans, influence 

the expression of a range of macrophage genes (Hume, 2008). During monocyte 

migration into tissues, monocyte maturation ends and then they undergo differentiation 

to become multifunctional tissue macrophages. In this sense, monocytes are 

considered to be immature macrophages (Gordon, 2003). Resident macrophage 

populations (Figure 1) in different organs, such as Kupffer cells (liver), alveolar 

macrophages (lung) and microglia (central nervous system, CNS), adapt to their local 

microenvironment since they are required to perform particular functions. The signals 

that are responsible for tissue-specific phenotypes of macrophages include surface and 

secretory products of neighbouring cells, and extracellular matrix (Gordon, 2003). 

Moreover, it is possible that monocyte-derived tissue macrophages can re-enter the 

bloodstream and differentiate into dendritic cells, depending on local stimuli such as 

phagocytosis (Gordon, 2003). 

 

 

Figure 1. Macrophage differentiation process. IL, interleukin; M-CSF, macrophage colony- 

stimulating factor from macrophages, GM-CSF, granulocyte-macrophage colony-stimulating 

factor. Adapted from Gordon, 2003. 
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Tissue-resident macrophages cease to proliferate, but they undergo local activation in 

response to various inflammatory and immune stimuli (Hume, 2008). The enhanced 

recruitment of monocytes and precursors from bone-marrow pools results in the 

accumulation of tissue macrophages that have enhanced turnover and an altered 

phenotype. These macrophages are classified as being 'elicited', as in the antigen-non-

specific response to a foreign body or sterile inflammatory agent, or as being 

'classically activated' or 'alternatively activated' by an antigen-specific immune 

response (Gordon, 2003) (see point 1.2). Nevertheless, it is difficult to distinguish 

originally resident macrophages from more recently recruited, elicited or activated 

macrophages, because macrophages adapt to a particular microenvironment.  

 

Thus, macrophages in a steady state or during an inflammatory process are a crucial 

part of the host defense fighting pathogens during an infection and, once resolved, in 

wound healing processes. But they also can be harmful, causing or exacerbating 

inflammatory diseases such as osteomyelitis, atherosclerosis and multiple sclerosis. All 

these indicate that these cells have a high phenotypical plasticity according to the 

environment conditions (Biswas and Mantovani, 2010).  

 

1.2 Macrophage sutypes 

  
Macrophages are a heterogeneous population of innate myeloid cells with diverse 

functionality due to different transcriptional profiles. Their main function is to recognize 

pathogens and orchestrate a signaling response in order to modulate the adaptive 

immune response through antigen processing and presentation. These cells are also 

key regulators in processes centered on generation and resolution of inflammation, as 

well as tissue repair (Mosser and Edwards, 2008). In addition, macrophages are 

required to maintain homeostasis which involves phagocytosis of debris and 

pathogens, dead cell clearance and matrix turnover processes (Steinman and Idoyaga, 

2010). 

The multifunctionality of macrophages is associated to the type of macrophage 

receptor involved or activated and the presence of determined cytokines in the 

microenviroment (Taylor et al., 2005). Analogous to the T helper type 1 (Th1) and T 

helper type 2 (Th2) polarization, macrophages have been defined in two different 

states of polarized activation: the classically activated (M1) macrophage phenotype 
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and the alternatively activated (M2) macrophage phenotype (Figure 2) (Mantovani et 

al., 2002; Gordon and Taylor, 2005). 

Classical activation provides to macrophages their characterization as effector cells in 

Th1 cellular immune responses. The recognition of LPS and the signaling pathways 

induced by IFN-γ, a Th1 type cytokine, polarize macrophages towards the pro-

inflammatory phenotype (M1 phenotype) which induces the production of large 

amounts of pro-inflammatory cytokines such as TNF-α, IL-12 and IL-23 (Figure 2). The 

secretion of this kind of cytokines supports the induction of adaptive immune responses 

based on Th1 and Th17 cell inflammatory processes. Furthermore, the antimicrobial 

functions of M1 macrophages are associated to up-regulation of enzymes, such as 

inducible nitric oxide synthase (NOS2) that generates nitric oxide (NO) (MacMicking et 

al., 1997).  

In contrast, the alternative activation of macrophages seems to be involved in 

immunosuppression and tissue repair. The signaling pathway induced by Th2 type 

cytokines, such as IL-4, produces an anti-inflammatory macrophage phenotype (M2 

phenotype) which drives to the secretion of high levels of IL-10 and IL-1RA and low 

expression of pro-inflammatory cytokines (Hao et al., 2012). M2 macrophages act as 

immunoregulators exerting diverse functions that favor elimination of parasites, 

reduction of inflammation, promotion of tissue remodeling and proliferation (Hao et al., 

2012). 

M2 macrophages can be further divided into different subsets (Figure 2): M2a, M2b, 

and M2c based on gene expression profiles (Mantovani et al., 2004). The M2a subtype 

is produced by IL-4 or IL-13. The M2b is elicited by IL-1R ligands or exposure to 

immune complexes plus LPS. The M2c subtype is generated by IL-10, TGF-β and 

glucocorticoid hormones (Hao et al., 2012).  

In addition, it has also been described a fourth type of M2 macrophage, the M2d 

macrophage phenotype. This subset of macrophages is characterized by an IL-10high 

and IL-12low, as normal M2 profiles, but with some features of tumor-associated 

macrophages (TAMs) (Duluc et al., 2007). 

As it has been mentioned before, M-CSF and GM-CSF cytokines are implicated in the 

differentiation of monocytes to macrophages. However, GM-CSF can also polarize 

monocytes to M1 macrophage subtype with a pro-inflammatory cytokine profile (e.g. IL-

23), and treatment with M-CSF produces an anti-inflammatory cytokine profile (e.g. IL-

10) similar to M2 macrophages (Jaguin et al., 2013). 
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Figure 2. Macrophage subsets. The proposed M1-M2 macrophage model includes M1 

phenotype induced by IFN-γ, LPS or TNF-α and M2 phenotype subdivided to define 

similarities and differences between IL-4 (M2a), immune complex + TLRs ligands (M2b), and 

IL-10 and glucocorticoids (M2c). Adapted from Martinez and Gordon, 2014. 

 

Interestingly, although both phenotypes exhibit many distinct characteristics, they are 

involved in arginine metabolism through distinct biochemical pathways to produce their 

definitive features. Th1-type cytokines or conserved microbial structures induce 

macrophage NOS2, which oxidized arginine into OH-arginine and then into NO. In 

contrast, Th2-type cytokines induces the expression and activation of arginase-1 which 

metabolizes arginine into urea and ornithine, which is then subsequently converted into 

proline and polyamines (putrescine, spermidine, and spermine). Proline mediates the 

production of collagen, while polyamines induce cell proliferation. Therefore, 

macrophage activation requires high concentrations of arginine either for the 

microbicidal activity required to eliminate pathogens or for the restoration of the tissue 

and the extracellular matrix (Classen, 2009). In this sense, the involvement of different 

pathways sharing a common substrate suggests that macrophages present plasticity 

between these phenotypes. 

In the last years, several works have explored the expression of gene markers that 

could characterize M1 and M2 macrophage populations. In this sense, several markers 

have been related with M1 phenotype such as TNF-α, IL-1β and IL-6 (Loke et al., 2002; 

Martinez et al., 2008).  In the case of alternative activation, although there are several 

controversies, it seems clear that at least in mice, besides arginase-1 (arg1), other 

proteins are strongly associated with the M2 phenotype, including mannose receptor 
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(MR) encoded by mrc1 gene, galactose receptor (GR) encoded by mgl1 gene, 

“resistin-like” (Relm; also referred as “found in inflammatory zone” (fizz1)), transforming 

growth factor β (tgfβ), chitinase-like molecules (also called ym1/2) and the nuclear 

associated peroxisome proliferator-activated receptor γ (pparγ). The vast majority of 

these M1 and M2 markers are highly regulated at transcriptional level during 

macrophage polarization (Mosser and Edwards, 2008; Gordon and Martinez, 2010).  

Many works have been reported regarding to the study of M1/M2 regulation.  They 

found different and essential signaling pathways and transcription factors upstream of 

the expression of M1 and M2 related genes. Although it has been established that 

STAT1 and STAT6 plays a crucial role in the IFN-γ and IL-4 signaling, respectively 

(Classen, 2009), several publications have showed the role of certain transcription 

factors to generate any of both macrophages activation phenotypes. This is the case of 

NF-κB; NF-κB subunit p50 has been associated with the alternative activation of 

macrophages (Porta et al., 2009), whereas NF-κB subunit p65 is clearly involved in the 

signaling pathway required for the classical phenotype (Ray et al., 2010). 

This classification of macrophage subsets is based on the establishment of differences 

and similarities in macrophage responses to diverse stimuli. In this sense, the main 

limitations of the current view are, first, it ignores the source and context of the stimuli, 

second, the M1 and M2 stimuli do not exist alone in tissues and third, macrophages 

may not form clear-cut activation subsets nor expand clonally. In addition, updated 

knowledge of cytokine signaling, the role of cytokines in the development of the 

hematopoietic system and transcriptomic and proteomic analysis reveal a far more 

complex picture (Martinez and Gordon, 2014).  

 

1.3 Inflammatory response 
 

Inflammation is a tightly regulated process initiated after tissue injury or infection. The 

inflammatory process has as main function restore homeostasis eliminating the 

aggression and removing the injured tissue (Allen et al., 2010; Dupaul-Chicocine et al., 

2010; Zaki et al., 2010). In this sense, the coordinated feat of professional phagocytes 

(neutrophils, monocytes and macrophages) is critical. 

The phagocytic activity and microbicidal capacity of macrophages are crucial to 

achieve the eradication of the pathogenic agent. In normal physiological conditions, 

macrophages are resident phagocytic cells involved in tissue homeostasis, through the 
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clearance of apoptotic cells and the secretion of growth factors (Geissmann et al., 

2010). However, in a situation of microbial invasion macrophages activities go far 

beyond eating and killing, they also regulate innate and adaptive immunity producing 

several cytokines and chemokines and present antigens to activate and differentiate T 

cells linking the innate with adaptive immunity (Gordon, 2003). 

Once the aggression occurs, during the early stages of the inflammatory response 

(Figure 3), macrophages are activated classically inducing pro-inflammatory M1 

phenotype, as it has been mentioned before (see point 1.2). In this phase, M1 

macrophages produce diverse mediators, such as cytokines, NO and ROS that destroy 

pathogens combined with an increased expression of major histocompatibility complex 

(MHC) class II and CD86 enhancing their antigen-presenting capacity to T lymphocytes 

(Gordon, 2003). The persistence of inflammation often results in tissue damage and 

the immune system permanently is challenged for developing anti-inflammatory 

mechanisms (Martinez and Gordon, 2014). 

When the pro-inflammatory stimulus is removed from the inflamed tissue, 

macrophages are alternatively activated, M2 phenotype, by Th2-type cytokines (Figure 

3), such as IL-4 or IL-13, and initiate anti-inflammatory processes to reconstruct the 

damaged tissue with the removal of apoptotic cells, production of collagen, etc., 

(Classen et al., 2009). Moreover, M2 macrophages exhibit enhanced phagocytic 

activity and increased expression of MHC class II molecules for antigen presentation 

(Martinez and Gordon, 2014). Therefore, anti-inflammatory macrophages protect 

organs and surrounding tissues against detrimental immune responses promoting 

tissue remodeling. 

Several in vitro studies have shown macrophages adaptation to a changing 

microenvironment (Stout and Suttles, 2004). It has been shown that macrophages in 

vitro are capable of complete repolarization from M2 to M1, and change again in 

response to fluctuations in the cytokine environment (Davis et al., 2013). However, 

there are contradictory opinions about this fact because it is not known what extent 

these distinct activation states exist in vivo and whether macrophage phenotype is 

determined forever or whether it remains constantly malleable (Gordon and Taylor, 

2005). Ma and co-workers demonstrated that M2 macrophages presented within the 

inflammatory tissue were not recruited from the blood, they were derived from M1 

macrophages (Ma et al., 2011). Then, after M1 activation of macrophages they can 

become to M2 phenotype in the inflammatory locus. This conversion was called 

“macrophage switch” or “switching” and occurs rapidly at the level of gene expression, 
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protein, metabolite and microbicidal activity (Kuroda et al., 2009; Davis et al., 2013). In 

addition, it has been hypothesized that phagocytosis could be involved in the switch 

from M1 to M2 or from inflammatory to anti-inflammatory macrophages (Arnold et al. 

2007).  In this sense, phagocytosis drives to the final steps of the pro-inflammatory 

phase eliminating the remaining microorganisms and also participates in the tissue 

repair removing apoptotic and senescent cells (Valledor et al., 2010). However, due to 

the variety and complexity of phagocytosis processes, further studies are required to 

clarify the role of phagocytosis in the macrophage switch. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Schematic overview of the inflammatory response process. After the initial 

homeostasis phase, neutrophils and M1 macrophages dominate the inflammation phase 

of the inflammatory response destroying pathogens. Once the microbial agent is 

eliminated, macrophages are polarized to M2 phenotype in order to repair injured 

tissues.  

 

1.4 Other macrophage functions 

 
Due to the key role played by macrophages in the immune system we generally forget 

that these cells are also central in many other biological functions. In this sense, 
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macrophages participate in development, bone resorption and iron and cholesterol 

metabolisms (Gordon et al., 2014).  

 

The importance of macrophages in development is emphasized by the numerous 

systems affected by macrophage depletion in the M-CSF-deficient mouse, including 

somatic growth, development of the pancreas and nervous system, and male and 

female fertility (Pollard, 2009; Gow et al., 2010).  As an example, Langerhans cells 

(epidermal macrophages) contribute to the control of proliferation and differentiation of 

keratinocytes (Lau et al., 2008).  

Another critical macrophage-related cell is the osteoclast. Osteoclasts are 

multinucleated giant cells formed in bones by fusion of monocyte-like cells in the 

presence of M-CSF (Helming and Gordon, 2007). Collaborating with osteoblasts, these 

cells participate in bone production and remodeling. However, the main function of 

osteoclasts is to resorb living bone, by integrin-dependent adhesion to the bone 

surface. Moreover, they are able to regulate the differentiation of osteoblast precursors 

and the movement of hematopoietic stem cells from the bone marrow to the 

bloodstream (Takayanagi, 2007). 

In addition, stromal macrophages have been implicated in the metabolism of iron 

(Hanspal and Hanspal, 1994; Sadahira, et al.,, 1995; Spring et al., 2013). These cells 

express EbR, which promotes adhesion of erythroblasts and myeloblasts (Morris et al., 

1991) and CD163, involved in iron recycling from heme, after uptake of erythrocytes 

(Kristiansen et al., 2001). 

 

Finally, macrophages are also involved in the uptake of modified lipoproteins and 

cholesterol by scavenger receptors such as CD36 and CD68 (Moore and Freeman, 

2006). The internalization of these molecules results in foam cell formation and the 

polarization to M1 macrophages inducing an inflammatory response. Furthermore, 

these cells alter the expression of genes involved in lipid metabolism, secretion of pro-

coagulants and metalloproteinases (Libby, 2013).  
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2. Cellular senescence 
 

Cellular senescence is an irreversible program of cell cycle arrest triggered in normal 

somatic cells in response to a variety of intrinsic and extrinsic factors including 

telomere attrition, DNA damage, physiological stress and oncogene activation (Kuilman 

et al., 2008). 

Cellular senescence was officially described more than five decades ago when Hayflick 

and co-workers demonstrated that diploid cells had a restricted capacity to multiply in 

culture (Hayflick and Moorhead, 1961). This fact was interpreted as an organismal 

protective mechanism from cancer, since cancer cells proliferate indefinitely in vitro, 

and as the origin of aging at organ and organismal levels, typified by the loss of 

regenerative capacity and functionality of tissues in vivo. In this sense, senescent cells 

have been observed in mammals in association with aging (Nussey et al., 2013).  

These findings suggest that cellular senescence can be by one hand beneficial (tumor 

suppressive) and by the other hand deleterious (limit tissue restitution). Although some 

researchers assume that natural selection has favored genes providing advantages to 

the organism during the reproductive years, at the expenses of deterioration in the 

distant future (Kuilman et al., 2008), recently Blagosklonny and collaborators 

understand senescence process as the result of two opposing signals: cell growth and 

the blockage of cell cycle (Blagosklonny, 2013). 

Thus, cellular senescence is a permanent condition in which normal cells are unable to 

proliferate further (Campisi and D’Adda di Fagagna, 2007). In contrast to cellular 

quiescence, senescence cannot be reversed by altering the cellular environment, by 

removing cell contact inhibition or providing abundant nutriments in vitro (Serrano, 

2010). Furthermore, senescence is distinct from terminal differentiation, as it is not the 

end of a programmed differentiation process (Shay and Wright, 2005).  

Senescent cells, even they stop proliferation and synthesize DNA, are viable almost 

indefinitely in vitro. They typically suffer dramatic morphological and functional changes 

and present an altered gene and protein expression profile (Serrano and Blasco, 2001; 

Narita et al., 2003). To characterize and detect senescent cells different biochemical 

assays have been developed such as senescence associated-β-galactosidase staining 

(SA-β-Gal) (Dimri et al. 1995; Shelton et al. 1999; Pascal et al. 2005), telomere 

dysfunction (Sebastián et al., 2009) and activation of DNA damage response (Takai et 

al., 2003), among others. However, these distinct features are not completely 
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connected with known senescent signaling pathways and, therefore, senescence 

mechanism requires further investigations to be entirely defined. 

 

2.1 Morphological and molecular changes in senescence 

 

Upon entering senescence, cells suffer dramatic modifications. Senescent cells acquire 

large volume, flattened cytoplasm morphology accompanied by changes in nuclear 

structure, gene expression, protein processing and metabolism (Campisi et al., 1996; 

Campisi, 1997; Chen, 2000). These alterations are also observed during the process of 

aging in vivo (Dimri et al., 1995; Campisi, 2000; Narita et al., 2003). 

 

Most of the mechanistic studies of senescence have been focused on the irreversible 

growth arrest (Parajuli et al., 2014; Renna et al., 2014; Zhang et al., 2015). However, 

the cause of cell enlargement has not been well studied. Some works link senescent 

morphogenesis with cell cycle arrest since it is believed that both phenomena are 

connected (Kuilman et al., 2010). In this sense, senescent morphogenesis could be a 

programmed event involving cell cycle checkpoint proteins which control the 

morphological changes, such as p53 and Rb whose hyperphosphorylation abrogate the 

cell cycle and is also linked with senescence morphology (Chen et al., 1998).  

 

A large number of morphological studies focus on cytoskeletal proteins, mainly in actin 

polymerization (Hou et al., 2013; Biran et al., 2015). In this sense, it has been 

demonstrated that senescent cells although present similar protein levels of actin they 

have an increased rate of actin polymerization or decreased rate of actin filament 

depolymerization (Chen et al., 2000), necessary to maintain the enlarged cells. 

However, the involvement of cell cycle checkpoint proteins is not clear. The inactivation 

of Rb is necessary but not sufficient for senescence morphogenesis, supporting that 

alteration in senescent morphology is not simply a consequence of inhibition of cell 

proliferation (Chen et al., 2000). 

 

Changes in cell morphology and adhesion are important parameters of cancer 

metastasis and invasion (Button et al., 1995; Gumbiner, 1996). Tumor cells are often 

smaller and have less actin stress fibers compared to their normal counterparts (Otto, 

1990; Button et al., 1995; Zigmond, 1996). Therefore, it is believed that senescent or 

senescent-like cells could contribute to tumor suppression at least by cell enlargement 

and changes in cytoskeletal proteins. 
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2.2 Factors inducing cellular senescence 
 

The extensive sets of stimuli that can induce senescence indicate the complexity of the 

senescence process. The growth arrest is due in part to the gradual loss of DNA at the 

ends of chromosomes (telomeres shortening), produced in each cell division 

(Nakamura et al., 2008). Short telomeres originate a persistent DNA damage response 

(DDR), which initiates and maintains the senescence growth arrest (d’Adda di 

Fagagna, 2003; Takai et al., 2003; Herbig et al., 2004; Rodier et al., 2009; Rodier et al., 

2011). In fact, DNA double strand breaks inducers, such as ROS, are particularly 

effective senescence inducers (DiLeonardo et al., 1994). Moreover, histone 

deacetylase inhibitors (HDACi), which relax chromatin, activate the DDR response 

triggering ATM and p53 proteins activation (Bakkenist and Kastan, 2003), and 

promoting senescence (Ogryzko et al., 1996; Munro et al., 2004), as it has been 

demonstrated by sodium butyrate, a well-known HDACi (Vargas et al., 2014). Finally, 

many normal cells become senescent after robust mitogenic signals produced by 

oncogenes (ras, raf and c-myc) or pro-proliferative genes (E2F) (Serrano et al., 1997; 

Lin et al., 1998; Zhu et al., 1998; Dimri et al., 2000; Davis, 2012) which enhance DDR 

by failed replication origins and replication fork collapse (Bartkova et al., 2006; Di Micco 

et al., 2006; Mallette et al., 2007).  

 

However, senescence can also be caused without DDR signaling through “culture 

stress” (tissue culture plastic, serum, etc) not detected in vivo (Fusenig and Boukamp, 

1998; Ramirez et al., 2001; Yaswen and Stampfer, 2002; Parrinello et al., 2003). In 

these circumstances cells induce pro-proliferative/pro-survival kinases (Alimonti et al., 

2010) and increase the expression of the cyclin-dependent kinase inhibitors (CDKi), 

such as p21WAF1 and p16INK4a that normally enforce the senescence growth arrest (Mc-

Connell et al., 1998; Rodier et al., 2009).  

 

2.2.1 Cellular senescence induced by telomere shortening 

 

Historically, telomere shortening has been implicated as one of the major mechanisms 

of replicative senescence (Hayflick’s limit) (d’Adda di Fagagna, 2008). Human 

chromosome telomere ends are special structures composed of stretches of repetitive 

tandem hexameric units-TTAGGG and associated telomeric proteins that cap the ends 

of linear chromosomes protecting them from degradation and fusion during DNA repair 
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process (Reaper et al., 2004) (Figure 4).  The length of human telomeres ranges from 

a few to 10–15 kbs.   

The term “end-replication problem” describes the inability of standard DNA 

polymerases to fully replicate the ends of the chromosomes which are consequently 

shortened at each mitotic cycle (Campisi and D’Adda di Fagagna, 2007). This causes 

the estimated loss of around 50 to 200 base pairs during each cycle of replication at 

the 5′ end of the lagging strand. Therefore, when the length of one or more telomeres 

gets below a certain threshold (1-4 kbs), the exposed telomeric DNA ends are 

recognized as double-strand breaks (DSBs) by the DNA damage response (DDR) 

mechanism (explained in section 2.2.2) driving to senescence.   

Although telomere shortening might not be primarily involved in the acute induction of 

senescence (Shay and Wright, 2005), together with the accumulation of oxidative 

stress (see section 2.2.2) might increase the possibility of a cell to enter in cellular 

senescence. It has been reported that replicative telomere attrition with high levels of 

DNA damage can result in an increase of senescent cells in different tissues and 

organs ultimately resulting in decreased function and pathology and causing 

organismal aging (Von Zglinicki et al., 2005).  

 

 

Figure 4. Telomere attrition. Size of telomeres is shortened in each cell division until a 

critically telomere length that induces senescence.   

 

The discovery of the reverse transcriptase telomerase revolutionized the telomere 

attrition research. In contrast to DNA-polymerase, telomerase is capable of elongating 
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the telomeres. In this sense, telomerase deficient mouse has inactive telomerase and 

consequently reduced telomere length in each following generation causing premature 

aging (Di Leonardo et al., 1994). 

Some works try to link telomere length with lifespan, although this hypothesis is still not 

clear. It has been estimated that females have longer telomeres than men and in 

African Americans telomeres generally are longer than in White Americans (Rodier et 

al., 2011). In addition, mice strains with longer telomeres do not seem to have an 

increased lifespan compared to mice strains with shorter telomeres. How these 

variations in telomere size alter lifespan are still unknown, although the most putative 

premise is that the shortest telomeres are contributing most to the expected lifespan 

(Robles and Adami, 1998).  

 

2.2.2 Cellular senescence induced by DNA damage 

 

The human genome is constantly exposed to genotoxic stress, such as radiation (X or 

γ-rays, UV) and DNA-interacting drugs (bleomycin, doxorubicin, mitomycin, etoposide) 

and oxidative stress (Robles and Adami, 1998; Touissant et al., 2002; Parrinello et al., 

2003; Bavik et al., 2006). Oxidative stress results in formation/accumulation of reactive 

oxygen species (ROS) (Chen et al., 1998; Reina-San-Martin et al., 2003; Blander et al., 

2003). The generation of ROS and free radicals is considered as one of the 

mechanisms of aging, affecting DNA and other cellular constituents and activating the 

transcription of inflammatory genes (Langen et al., 2003; Ramsey and Sharpless, 

2006).  According to some data, oxygen radicals can also directly participate in the 

induction of senescence (Serrano et al., 2007). 

These diverse factors can cause DNA double-strand breaks (DSBs), the most 

dangerous type of DNA damage, with a similar structure to short or dysfunctional 

telomeres (Von Zglinicki et al., 2005). DSBs are associated with physiological 

processes as a consequence of metabolism (Takahashi and Ohnishi, 2006). 

To guarantee the integrity of the genome, cells activate a refined protective system that 

stops cell cycle to allow the repair of the damage. It was demonstrated that the Ser139 

phosphorylation of histone H2A, called H2AX, is immediately induced by DSBs 

(Rogakou et al., 1998). The phosphorylated form of H2AX is referred to as γ-H2AX 

(Rogakou et al., 1998; Helt et al., 2005) which stops cell cycle progression and 

activates DNA repair (Rogakou et al., 1998; Kastan and Lim, 2000; Bakkenist and 
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Kastan, 2003). Thus, H2AX phosphorylation is a useful marker for DSBs detection 

(Rogakou et al., 1999). 

The first phase of the repair process is the detection of DNA damage through 

Mre11/Rad50/NBS1 (MRN) complex whose assembly is induced by H2AX 

phosphorylation and functions as a DNA damage sensor (Matsuda et al., 2013). This 

important complex is localized in nuclear foci around the breaks stabilizing the structure 

and prepares it for potential repair (Zhao et al., 2008). In this sense, H2AX-knockout 

cells present impaired recruitment in DNA repair foci of NBS1 protein of the MRN 

complex and 53BP1 and BRCA1 (mediator proteins of DNA damage response) 

(Celeste et al., 2003) which consequently produces defects in DNA damage repair and 

chromosome abnormalities (Petersen et al., 2001; Bassing et al., 2002; Reina-San-

Martin et al., 2003, Xie et al., 2004; Kao et al., 2006).  

One of the most critical kinase-activating cell cycle checkpoints following DNA damage 

is ATM (ataxia-telangiectasia mutated) (Ostan et al., 2008). ATM kinase is considered 

as a major physiological mediator of H2AX phosphorylation in response to DSB 

formation (Kastan and Lim, 2000; Bakkenist and Kastan, 2003). In addition, the MRN 

complex is also involved in the recruitment and activation of ATM and ATR (ATM and 

Rad3related) protein kinases, which in turn activate checkpoint-1/2 (CHK1/2) kinases 

leading to phosphorylation and thereby stabilization of a variety of target genes 

including p53 (Ou et al., 2005).  

When DNA injuries are repairable, cells temporary stop proliferation and repair the 

damage through the mechanism described above (Rodier et al., 2011). In contrast, 

severe or irreparable DNA damage, such as complex breaks or uncapped telomeres, 

causes many cells to senesce or die with persistent DNA damage foci, constitutive 

DDR signaling and chronic p53 activation. These persistent changes precede 

establishment of senescence-associated phenotypes, including growth arrest 

(Tchkonia et al., 2013) and senescence-associated secretoy phenotype (SASP) (Wu et 

al., 2015), or the well-known programmed cell death, apoptosis (Childs et al., 2014).  
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Figure 5. DNA damage response. The activation of H2AX triggers a signaling pathway 

initiated by the formation of the MRN complex. Then activated ATM and ATR kinases 

induce the activation of DNA damage response checkpoint driving to the phosphorylation 

of p53 and abrogating the cell cycle progression. Depending on the damage level and 

the circumstances of the cell, cells repair the damage, or become apoptotic or 

senescent. Adapted from Becker and Haferkamp., 2013. 

 

 

 

 

2.2.3 Cellular senescence induced by oncogenes and hyper-proliferative 

signals  

 

Oncogenes are mutant forms of normal genes that have the ability to transform cells 

stimulating uncontrolled cell division (Gorgoulis and Halazonetis, 2010). However, 

induction of senescence or apoptosis is the frequent outcome of oncogene activation in 

normal cells. In this sense, senescence induction must be directed to neutralize 

excessive activation of the cell cycle that drives oncogenic transformation (Campisi and 

D’Adda di Fagagna, 2007). Thus, oncogene-induced senescence (OIS) is a powerful 
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protective mechanism to elude tumor formation because avoids the proliferation of cells 

that overexpressed aggressive oncogenes.   

The pathways mediating OIS are not totally clarified but, the irreversible cell cycle 

blockage involves activation of both Rb and p53 pathways (Braig and Schmitt, 2006) 

accompanied by the upregulation of the CDK inhibitors p15INK4B, p16INK4A and p21 

(Reddy and Li, 2011).  

OIS can be triggered by E2F1, c-myc and Ras  (Grandori et al., 2003; Lazzerini et al., 

2005; Courtois-Cox et al., 2006). The increase of Ras was demonstrated to trigger cell 

division followed by growth arrest produced by the accumulation of p53 and p16INK4A 

proteins and the phosphorylation of pRb (Serrano et al., 1997), suggesting 

resemblances to tumor suppressor mechanisms.  The proof of OIS has been 

demonstrated in vivo in human and mouse tumor models (Braig et al. 2005; Chen et al. 

2005; Collado et al. 2005; Michaloglou et al. 2005; Courtois-Cox et al. 2006; Dankort et 

al. 2007). Furthermore, mutations in Ras and Raf have been observed to induce 

cellular senescence in vivo. Senescence occurs in benign but not in advanced tumors, 

supporting the first in vitro observation that activation of these pathways lead to an 

initial burst of proliferation before causing cellular senescence (Courtois-Cox et al., 

2008).   

Additionally, similar to replicative senescence, oncogene-induced senescence has a 

causal link to reactive oxygen species (ROS) accumulation and can be abolished by 

culturing cells in the presence of antioxidants (Lee et al., 1999). Therefore, OIS 

appears to be engaged by a variety of intrinsic and extrinsic signals but is not clearly 

associated with telomere shortening (Hornsby, 2007). Independent of the mechanism, 

cells that have undergone OIS and replicative senescence share common features 

such as flat morphology, SA-β-Galactosidase activity and induction of cell cycle 

inhibitory proteins such as p53 and p16INK14 (Serrano et al., 1997; Ferbeyre et al., 

2002).   

 

2.3 The secretory phenotype of senescent cells 

 

Cellular reprogramming carried out during senescence results in stable blockage of cell 

cycle progression and in different morphology and function, as it has been mentioned 

before. However, the senescent phenotype is not limited to these alterations since 

senescent cells are metabolically active. Therefore, it has been reported that culture 
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medium of senescent cells, with a persistent DNA damage, is enriched with secreted 

proteins including growth factors (GM-CSF, G-CSF), inflammatory cytokines (IL-1α, IL-

1β, IL-6), chemokines (MCP-1, CXCL8) and extracellular proteases (MMP-3, MMP-10) 

(Shelton et al. 1999; Krtolica and Campisi 2002; Acosta et al. 2008; Coppé et al. 2008; 

Kuilman et al. 2008; Wajapeyee et al. 2008; Augert et al. 2009; Coppé et al., 2010).  

The specific secretory pattern of senescent cells, also demonstrated in vivo, has been 

denoted as “senescence associated secretory phenotype” (SASP) and entails changes 

in the released of >40 factors that exert a broad range of effects on the local tissue 

microenvironment (Coppé et al., 2008).  

Senescence develops gradually from an initiation point (DDR) to entirely senescent 

phenotype (irreversible growth arrest). In this sense, transitional phases define the 

establishment of senescence, which are largely unidentified with respect to kinetics and 

central mechanisms, including the effects produced by SASP factors (Passos et al. 

2010). The mechanisms that origin and sustain the SASP are uncertain.  Nevertheless, 

some studies reported that components of the SASP, such as IL-6 and IL-8, can 

maintain the senescence cell cycle arrest via an auto-regulatory feedback mechanism-

(Kuilman et al., 2008; Wajapeyee et al., 2008). Many of SASP factors can contribute to 

normal tissue repair. For example, it has been demonstrated that IL-6, IL-8, MMP, 

growth factors and proteases participate in wound healing, attractants for immune cells 

kill pathogens and stem or progenitor cells, communicating cellular 

damage/dysfunction to the surrounding tissue and if needed, stimulating repair (Coppé 

et al., 2008).  

The SASP inflammatory cytokines are of particular interest because they can play a 

role in much age-related pathologies (Campisi et al., 2008). IL-1α and IL-β are minor 

SASP components which, compared to IL-6 and IL-8, are secreted at low levels 

(McCarthy et al., 2008). IL-1 (α/β forms) is a multifunctional cytokine that regulates 

inflammatory and immune responses mainly by originating a signal transduction 

cascade which lastly induces IL-6 and IL-8 expression (McCarthy et al., 2008).  

The most important cytokine of the SASP is IL-6, a pleiotropic pro-inflammatory 

cytokine (Coppé et al., 2008). IL-6 secretion has been shown to increase markedly 

after DNA damage- and OIS senescence of mouse and human keratinocytes, 

melanocytes, monocytes, fibroblasts and epithelial cells (Kuilman et al., 2008). The 

senescence response, SASP in particular, may reduce health by stimulating both the 

inflammation associated with aging as well as the development of specific age-related 

diseases (Freund et al., 2010).   
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Interestingly, this secretory phenotype seems to act as a double edged sword 

regarding tumor initiation and maintenance. It has been shown that the SASP can have 

pro-tumorigenic effects; for instance, it has been shown that senescent mesenchymal 

cells increase the tumorigenicity of nearby breast cancer cells (Freund et al., 2010). 

Likewise, it has been proposed that loss of proliferative competition of senescent cells 

can allow progression of leukemic cells during aging (Bilousova et al., 2005). 

Additionally, abnormal secretion of cytokines and growth factors by the SASP can 

accelerate this process in aged and chronically injured organ systems. However, the 

SASP also presents antitumor effects. It has been reported that in liver cancer mouse 

model the activation of p53 induces senescence, an up-regulation of inflammatory 

cytokines and stimulation of innate immune responses causing tumor cell clearance 

(Xue et al., 2007).  

 

2.4 Senescent cells biomarkers 

 
Although senescence can be induced by a wide spectrum of factors, senescent cells 

present specific characteristics that allow their identification in both in vitro and in vivo. 

These biomarkers reflect changes in morphology, gene expression, functionality, 

metabolism and, definitely, cell division (Kuilman et al., 2010). However, in order to 

correctly identify senescent cells, cells under study have to present several of these 

biomarkers, being essential an irreversible growth arrest. 

 

2.4.1 Cellular morphology 

 

Cell senescence is commonly accompanied by remarkably morphological alterations 

(see point 2.1) which depend on the specific senescence-induced factor (Kuilman et 

al., 2010). These modifications can range from produce multi-nucleation, to become 

cells large, flat, refractile or even generate extensive vacuolization as a result of 

endoplasmic reticulum stress caused by the unfolded protein response (Denoyelle et 

al., 2006). For example, Raf-dependent senescence normally originates a more 

spindle-shaped morphology (Chan et al. 2005; Michaloglou et al. 2005). In contrast, 

cells senescing due to Ras overexpression, persistent DDR or stress become flat 

(Chen and Ames, 1994; Serrano et al., 1997; Chen et al., 2001; Parrinello et al., 2003; 

Denoyelle et al., 2006). In this sense, the comparison of cellular shapes between 
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growing cells with those suspected to be senescent can help to identify them as 

senescent cells. 

 

2.4.2 Telomeres length 

 

Telomere shortening has been associated with DNA damage-induced senescence 

process (see section 2.2). Telomere length test is a very easy measurement based on 

a specific controlled quantitative real time PCR (see point 8.4 from Material and 

Methods) that allow quantify the shortening of telomeres due to successive cell 

divisions and compare it with normal cells (Sebastián et al., 2009). 

 

2.4.3 Senescence-associated β-galactosidase (SA-β-gal) activity 

 

SA-β-gal activity is the most exploited marker in identifying senescent cells because of 

the simplicity of the assay method and its apparent specificity for senescent cells that 

can distinguish them from quiescent cells (Dimri et al., 1995). The technique is based 

on the observation that β-galactosidase activity measured at a suboptimal pH (pH 6.0) 

specifically stains senescent cells, while the same procedure carried on at pH 4.0 

uniformly stains all type of culture cells in vitro. SA-β-gal activity has been also 

detected in vivo in organs of old individuals, suggesting that cellular senescence is an 

aging mechanism of organisms where senescent cells accumulate in tissues (Campisi 

and D’Adda di Fagagna, 2007). Although it is unclear the function of SA-β-gal in 

senescence, it has been reported that this activity is due to the increase in lysosomal 

content in senescent cells (Dimri et al., 1995). 

 

2.4.4 Cell cycle progression  
 

Withdraw from the cell cycle is the only indispensable marker for the identification of all 

types of cellular senescence both in vitro and in vivo. However, quiescence and 

terminal differentiations share this particularity. Thus, the irreversible growth arrest 

cannot be used in isolation to detect senescent cells. 

Some studies have demonstrated that exist some conditions that allow escape from 

this irreversible state, such as dephosphorylation of p53 and the inactivation of some 
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interleukins (Beausejour et al. 2003; Dirac and Bernards 2003; Coppé et al. 2008; 

Kuilman et al. 2008). Although it is a rare event in cultured cells, it is very relevant in 

vivo for cancer progression (Vredeveld and Peeper, unpubl.). Additionally, it has been 

shown that the reversibility depends on the expression of p16INK4A prior to entering 

senescence (Beausejour et al., 2003).  

 

2.4.5 DNA damage foci 
 

The detection of the MRN complex (localized in DSBs which induces the signaling 

pathway of the DDR, see section 2.2), has been suggested to be a cellular senescence 

biomarker (Lee et al., 2006). Similarly, the phosphorylation of H2AX (γ-H2AX), 

produced by DSBs which promote the assembly of the MRN complex and the 

subsequent signaling, is also a useful marker for senescence (Ben-Porath and 

Weinberg, 2004). 

 

2.4.6 Reactive oxygen species (ROS) 

 

Although oxidative stress certainly plays a key role in senescence since senescent 

cells present high levels of ROS (see point 2.2), how it increases and what the cellular 

targets are remains unclear (Lu and Finkel 2008). However, ROS production is easily 

measured and represents an important marker for identifying senescent cells. 

 

2.4.7 Apoptosis resistance  

 
It has been demonstrated that several, but not all, senescent cells show resistance to 

apoptosis upon apoptotic conditions comparing with young cells (Hampel et al., 2005). 

However, the underlying mechanism is poorly understood due to the complexity of 

study this process induced for multiple apoptotic agents in cells of different 

functionalities. 
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2.5 Molecular mechanisms inducing cellular senescence 

 
p53 and pRb molecular pathways have been widely studied to investigate senescence 

mechanisms confirming their relevance in this process (Figure 6). 

 

p53 is a well-known protein important for the correct progression of the cell cycle since 

it maintains the genomic integrity. It has been demonstrated that mutations in the p53 

gene or dysfunctional p53 protein result in an uncontrolled cell division (Vogelstein et 

al., 2000). Moreover, p53-deficient mice present spontaneous tumors and in practically 

50% of all human cancer p53 does not work properly (Donehower et al., 1992; 

Donehower et al., 1995). 

 

p53 is activated under stress signals and induces cell cycle arrest, apoptosis or 

senescence. Some evidences suggest that high p53 activity drive to organismal aging 

regulating genes by transcriptional activation or proteins by direct binding (Murphy, et 

al., 1999; Guimaraes and Hainaut 2002). In addition, p21 is involved in the p53 tumor 

suppressor activity. In this sense, p53 activation causes upregulation of p21 which in 

turns is able to inhibit the activity of CDK-cyclin complexes blocking the cell cycle at 

different stages and inducing senescence (Gartel et al., 1996; Colman et al., 2000; 

Taylor and Stark 2001).  

pRb protein is ubiquitously expressed in all tissues and is regulated in a cell cycle-

dependent manner acting as a general regulator of cell cycle (Cobrinik et al., 1992). Its 

main function is to bind negatively to the E2F family of transcription factors in G1/S 

phase of the cell cycle in order to block the cell cycle progression (Morris and Dyson, 

2001). However, pRb is also critical for the senescence process. Although it has been 

difficult to obtain experimental data, it is believed that pRb is involved in the 

maintenance of the senescent state (Narita et al., 2003). pRb activity is also linked to 

p16INK4 function (Pavel et al., 2003). p16INK4 is a tumor suppressor whose main function 

consists in inactivate cyclin D-CDK complexes resulting in the inhibition of CDK4/CDK6 

that then is unable to phosphorylate pRb (Haller et al., 2002). Moreover, p16INK4 is 

considered as a senescence marker since is upregulated upon replicative senescence 

and is maintained at high level in senescent cells (Stein et al., 1999). 

Although p53/p21 and p16/pRB signaling pathways can act synergistically to induce 

senescence, most senescent cells exhibit just one of these two mechanisms 
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(Magalhaes, 2004). However, they are not fully understood and downstream effectors 

are not completely indentified.  

 

 

 

 

Figure 6. Cellular senescence mechanisms. Although various stressors can undergo 

cellular senescence, the signaling induced converge mainly to two different pathways: p53 

and pRb whose activation provokes aging, tumor suppression and tissue repair. Adapted 

from Naesens, 2011. 

 

 

 

3. Cellular senescence and its role in aging  
 

Aging can be defined as the time-related deterioration of the physiological functions 

required for survival and fertility. The connection between aging and senescence 

processes has been studied intensively (Campisi et al., 2011; Schraml and Grillari, 

2012). Actually, senescent cells have been observed in mammals in association with 

aging.  In this sense, it has been demonstrated that the accumulation of senescent 

cells in vivo in various tissues, such as skin, liver, kidney or brain, is linked to altered 

tissue functions resulting in aging (Campisi and D’Adda di Fagagna, 2007).  
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In fact, it is not clear what happens to senescent cells in the body since they behavior 

depends on the cell type. For example, it has been demonstrated that senescent 

fibroblasts from mice are resistant to apoptotic stimuli while senescent endothelial cells 

are more sensitive (Wang, 1995; Hoffman et al., 2001). Another important point is the 

impact on the accumulation of senescent cells in the immune system response. It has 

been observed that senescence is characterized by the alteration in gene expression of 

some cytokines, chemokines and surface markers involved in inflammation (Yoon et 

al., 2004; Minamino and Komuro, 2007; Ren et al., 2009). Although these changes 

could induce senescent cells elimination, mainly by macrophages (Xue et al., 2007), it 

is required further investigations in different aging models as well as in human studies.   

The idea that senescence contributes to the development of the process of aging is 

rational but is still under debate owing to the controversial results obtained (Lorenzini et 

al., 2005; Patil et al., 2005). Some studies are in favor of a key role of senescence in 

the development of organismal aging and age-related pathologies. In this sense, it has 

been shown that senescent cells and their products (predominantly SASP derived 

molecules) induce the elderly phenotype. For instance, senescence in breast caused 

by deterioration of the structure or in altered migration and proliferation of cells caused 

by changed expression of extracellular matrix macromolecules (Campisi et al., 2011; 

Noureddine et al., 2011) is similar to skin aging or cognitive impairment (Alzheimer’s or 

Parkinson’s disease) produced by senescent cells (Bitto et al., 2010; Salminen et al., 

2011; Velarde et al., 2012).  

In addition, the role of senescent cells was confirmed in several age-related diseases, 

such as macular degeneration, COPD (Chronic Obstructive Pulmonary Disease), 

emphysema and insulin resistance (Campisi et al., 2011). However, due to the 

complexity of the process, it is unknown whether this increased number of senescent 

cells in tissues is the cause or the consequence to becoming older and whether it is 

good or bad for the organism. Therefore, the mechanism involved in the causal 

senescence-aging process has to be clarified. 

 

3.1 Aging, senescence and cancer 
 

The cellular response prompted by senescence inducing stimuli (short telomeres, DNA 

damage, overexpression of certain oncogenes and cellular stress, among others) is 

controlled by p53 and pRb pathways, establishing and maintaining the process of 
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senescence (Serrano and Blasco, 2001; Ben-Porath and Weinberg, 2004; Colavitti and 

Finkel, 2005; Passos and Von Zglinicki, 2006), as it has been mentioned in section 2.5 

of this introduction.  

In the last years, it has become clear that the senescence response is a potent and an 

efficient cell autonomous tumor suppressive mechanism. In this regard, senescence 

inducing factors, such as DNA damage or stress, prevent the initiation of tumorigenesis 

(Dimri, 2005). Consistent with this data, the blockage of cell proliferation presented by 

senescent cells depends mainly on p53 and pRb pathways (Itahana et al., 2001; 

Ohtani et al., 2004), two of the most powerful tumor suppressor routes. Thus, genetic 

mutations or functional defects of the genes or proteins involved in these mechanisms 

favor the malignant transformation of cells preventing the bypass to the senescent 

phenotype. 

The tumor suppressive character of senescence seems to be clear, however, there are 

some investigations suggesting that the SASP could promote malignant phenotypes, 

even in vivo (Bavik et al., 2006; Coppé et al., 2006; Coppé et al., 2008). It has been 

shown that the SASP induces the cellular transition of epithelial to mesenchymal in 

culture, favoring the progress of invasive and metastatic carcinoma, due to the release 

of certain SASP components such as IL-6, IL-8 and GRO (growth related oncogene) 

(Krtolica et al., 2001; Roninson, 2002; Dilley et al., 2003).  

In addition, in mouse xenograft studies have been demonstrated that the secretion of 

MMPs produced by senescent cells induces tumor growth and invasiveness in vivo (Liu 

and Hornsby, 2007). Although these studies did not demonstrate a direct connection 

between SASP factors and the appearance of tumors, they support that SASP factors, 

released by senescent cells accumulated with age, can produce the conversion of 

neighboring premalignant cells to malignant (Hasty et al., 2003). 

 

3.2 Immunosenescence and Inflammaging in the macrophage lineage 
 

One of the most recognized effects of getting old is the dysregulation of the innate and 

adaptive immune function with advancing age (Figure 7), thus leading to increase 

susceptibility to viral and bacterial infections, reactivate latent viruses and decrease 

response to vaccines (Montecino-Rodriguez et al., 2013). 
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In fact, the aging alteration of the immune system results in defects in the initiation and 

in the resolution of immune responses, process called immunosenescence, and 

chronic low-grade inflammation, termed inflammaging. This chronic subclinical 

condition has been associated with increased mortality and major incidence of immune 

diseases and cancer in the elderly as well as an increased prevalence of metabolic 

syndrome, atherosclerosis and neurodegenerative diseases (Franceschi et al., 2007; 

Montecino-Rodriguez et al., 2013). 

 

 

Figure 7. Dysregulation of the innate immune system associated with aging and 

disease. Diminished innate immune responses are found in some cases such as the skin. 

However, other tissues present hyperactive innate immune system as the brain.  Adapted 

from Shaw et al., 2013. 

 

Deterioration of the innate immunity seems to be the established mechanism linked 

with age-related infections (Colonna-Romano et al., 2008), however, since innate 

immune activity is required to develop an appropriate adaptive immune response, age-

related deficits in innate immune functions might therefore change both cell-mediated 

and humoral adaptive immune reactions (Djukic et al., 2014). 
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Given the importance of macrophages to orchestrate the progression of the immune 

response (see section 1.3 of this introduction) deficiencies in macrophage activities 

associated with age, process known as MacrophAging (Sebastián et al., 2005), 

contribute significantly to the disorder of the immune responses observed in the elderly.  

For instance, some studies in humans and mice have demonstrated that TLR 

expression and function fail with age (Aspinall et al., 2007). This alteration reduces the 

production of normal levels of pro-inflammatory cytokines and chemokines causing the 

no activation of T and B cells and several processes involved in the adaptive immune 

system (Aspinall et al., 2007). On the contrary, Boehmer and co-workers reported that 

TLR expression is not affected by advanced age and explained the low levels of pro-

inflammatory cytokines by impaired intracellular signaling produced by reduced p38 

and JNK MAPKs phosphorylation (Boehmer et al., 2004).  

Furthermore, it has been shown that the reduced expression of MHC II of aged 

macrophages is connected with a declined T cells clonal expansion (Seth et al., 1990; 

Garg et al., 1996; Solana et al., 2006). In this sense, the elimination of pathogenic 

microorganisms by phagocytosis is also impaired in aged macrophages (Antonini et al., 

2001; Mancuso et al., 2001) as well as the chemotactic activity and the macrophage 

production of chemokines such as MIP-1α/β and MIP-2 (Ortega et al., 2000; Swift et 

al., 2001).  

All of these deficiencies are not only produced by reduced macrophage functions. The 

communication between the cells of the immune system and tissue cells seems to be 

impaired. For example, in aging the vascular endothelium decreased the expression of 

cell adhesion molecules (Ashcroft et al., 1998) and VEGF and EGF receptors (Ashcroft 

et al., 1997; Ashcroft et al., 2002).  

On the other hand, the progressive pro-inflammatory state shown in healthy-aged 

individuals, termed inflammaging, mentioned before, consists in a higher basal 

inflammatory state in the absence of an immune challenge. The elevated pro-

inflammatory circulating cytokines includes IL-6, TNF-α and IL-1β which can affect the 

phenotypes and functions of cells and cause susceptibility to a poor prognosis after 

systemic insults (Franceschi et al., 2000).  

There are many processes that can induce or contribute to inflammaging. 

Immunosenescence is one of them. Defective regulation of the complement pathway 

drives to local inflammation that in age can cause degenerative diseases (Gallenga et 

al., 2014). In addition, as adaptive immunity is declined, the alteration of the innate 
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immunity, mainly macrophage functions, could result in hyperactivity to undertake the 

burden (Franceschi et al., 2000; McElhaney, 2009; Shaw et al., 2011). 

Persistent senescent cells can also induced inflammaging. Through the SASP, 

senescent cells can modify the tissue microenvironment and then the function of 

neighboring normal or premalignant cells (Campisi et al., 2007; Baker et al., 2011). 

Senescent cells are localized at sites of many age-related pathologies and it has been 

shown that their elimination in prematurely aged mice prevents several age-related 

pathologies (Coppé et al., 2010). 

Several molecules can be accumulated with age and act as endogenous damage, such 

as ATP, urate crystals and free radicals from oxidative stress, among others (Dall’Olio 

et al., 2013). These compounds can be recognized by the innate immunity through a 

network of sensors called inflammasomes that once activated can initiate an immune 

reaction required for physiological repair. As damage accumulates, this response can 

become chronic (Franceschi et al., 2000).  

Other source of inflammaging is represented by microbial constituents of the organism 

such as gut microbiota (Biagi et al., 2011). As gut presents an impaired physical 

function with aging and gut microbiota changes with aged, these “new” microbes or 

their products can escape from the gut and initiate an inflammatory response (Wikby et 

al., 2006; Larbi et al., 2008). 

However, it is still under study whether this low-grade of inflammation is pathogenic or 

adaptive. Chronic inflammation leads to tissue deterioration but is also part of normal 

tissue restoration. Centenarian healthy-individuals present systemic inflammation with 

high levels of IL-6, TNF-α and IL-8 in plasma but also a delay in the development of 

chronic aged-related diseases such as type II diabetes, cardiovascular disease and 

cancer (Varadhan et al., 2014). This fact suggests that inflammaging is compatible with 

health and longevity and proposes that there are others factors, not only high levels of 

pro-inflammatory cytokines, determinant for health or disease in the elderly. 

Given the easiness with which macrophages adapt to changes in their 

microenvironment, the evidence that aging modifies tissue milieu suggests that 

targeting aged-related factors might reestablish the correct macrophage function in the 

elderly.  Nevertheless, these factors are unknown and could be very abundant. It has 

been postulated that oxidative stress alters several transcription factors involved in the 

inflammatory response, such as NFκB or PPARƔ (Lavrovsky et al., 2000). In this 
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sense, the research into the effect of aging on macrophages is clearly needed in order 

to control infectious disease in the elderly. 
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Aging has been associated with defects in immune function characterized mainly by 

decreased immune response to bacterial and viral infections, altered wound healing 

processes and dysregulated cytokines and chemokines secretion. The essential role of 

macrophages to coordinate innate and adaptive immune response to pathogenic 

insults and to maintain homeostasis led us to explore the effects of aging on senescent 

macrophages. In this sense, deficits in macrophage activity participate considerably to 

the altered immune responses observed in the elderly. 

 

The effects of aging on macrophages were addressed in two specific objectives: 

 

1. Characterization of a novel macrophage senescent model based on long-period 

cultures of BMDM. 

2. Determination of impaired functional activities in senescent macrophages. 
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1. Buffers and solutions  
Laboratory stock solutions and common buffers were prepared as described in 

weblink:http://onlinelibrary.wiley.com/doi/10.1002/0471143030.cba02as00/abstract., 

(Current Protocols in Cell Biology, 2001).  Buffers used in this thesis were specified 

below. 

Protein lysis buffer for Western Blot 

1 M HEPES-NaOH (7.5 pH), 0.5 M EGTA, 180 mM β-glycerophosphate, 1 M MgCl2, 

1% NP-40, 10 µg ml-1 Aprotinine,10 µg ml-1 Leupeptine, 1 mM DTT,1 mM PMSF,1 mM 

Orthovanadate and 30 µg ml-1  Iodoacetamide. 

Senescence-associated β galactosidase staining solution 

1 mg ml-1 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal), 5 mM K4(FeCN)6, 

5 mM K3Fe(CN)6, 2 mM MgCl2, 150 mM NaCl and citrate/phosphate buffer pH6 (0.1 M 

citric acid, 0.2 M Na2HPO4). 

FACS buffer 
PBS 1X, 2% Fetal Bovine Serum (FBS) and 0.1% NaN3. 

FACS fixed buffer 
PBS 1X, 2% Fetal Bovine Serum (FBS), 0.1% NaN3 and 2% paraformaldehyde. 

Griess reagent 

1% sulfanilamide, 0.1% N-(1-napthyl)ethyl-enediamine dihydrochloride (NED) and 

2.5% phosphoric acid. 

Arginase activity stop solution 

Acid solution mixture of H2SO4:H3PO4:H2O 1:3:7. 

Electrophoresis buffer (10X)  
30 g of Tris base  

10 g of SDS  

144 g of Glycine  

Dissolved in distilled water and bring volume up to 1 L.  

Transfer buffer (10X)  

30.3 g of Tris base  

1 g of SDS  
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144 g of Glycine  

Dissolved in distilled water and bring volume up to 1 L.  

20% methanol was added to 1X transfer buffer before use.  

Laemmli-SDS-PAGE gels  
Resolving gels (for 20ml)  

V (ml) 8% 12% 15% 

H2O 9.3 6.6 4.6 

30% Acrylamide solution 5.3 8 10 

1.5 M Tris (pH 8.8) 5 5 5 

10% SDS 0.2 0.2 0.2 

10% APS 0.2 0.2 0.2 

TEMED 0.008 0.008 0.008 

Proteins resolved NOS2, STAT3, STAT5  p38, JNK, ERK  IL-1β, p53, Ɣ-H2A, H1  

Stacking gels (for 5 ml)  

V (ml) 4% 

H2O 3.07 

30% Acrylamide solution 0.67 

1.5 M Tris (pH 8.8) 1.25 

10% SDS 0.05 

10% APS 0.05 

TEMED 0.005 

 

Laemmli sample loading buffer (5X)  
For 20 ml: 

4.5 ml of 1 M Tris pH 6.8  

11.5 ml of 87% glycerol  
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1 g of SDS  

1.5 ml of 1% Bromophenol blue  

0.8 g of DTT (154.25 g mol-1)  

Add up to 20 ml water and rotate on a wheel for 30 min. Store in aliquots at -20ºC.  

 

2.  Reagents 
 

All products used are summarized in Table 1 and and kits used in Table 2.  

Table 1. Detailed reagents used. 

 

Reagent 
Short 

name 
Function Company Reference 

3
H-thymidine - Radioactive nucleoside Amersham  TRK300 

Actinomycin D Act.D Transcription inhibitor Sigma-Aldrich A-1410 

Adenosine triphosphate ATP P2x7R agonist Sigma-Aldrich A2383 

Bromodeoxyuridine  BrdU Nucleoside Sigma-Aldrich B5002 

Chloride acid HCl Inorganic acid Sigma-Aldrich 320331 

Citric acid - Organic acid Merck 244 

Cytochalasin D Cyt.D Phagocytosis inhibitor Sigma-Aldrich C8273 

Dibasic sodium phosphate Na2HPO4 Phosphate based buffer Innogenetics 30186 

Dichlorofluorescin 

diacetate 
DCF-DA 

Quantification of reactive 

oxygen species 
Sigma-Aldrich D6883 

Dimethylsulfoxide DMSO Solvent Sigma-Aldrich D8418 

Etoposide Etop. DNA damage inducer Tocris 1226 

Hydrogen Peroxide H2O2 ROS inducer Sigma-Aldrich H3410 

Interferon-γ IFN-γ Macrophage activator 
Thermo 

Scientific 
RM200120 
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Interleukin-4 IL-4 Macrophage activator RD SYSTEMS 404-ML-010 

L-arginine - aminoacid Sigma-Aldrich A5131 

Lipopolysaccharide LPS TLR4 agonist Sigma-Aldrich L3129 

Magnesium chloride MgCl2 Inorganic salt Sigma-Aldrich M-9272 

N-(1-napthyl)ethyl-

enediamine 

dihydrochloride 

NED 

Coupling agent for 

spectrophotometric 

determination 

Sigma-Aldrich 222488 

N-acetyl-L-cysteine NAC 
General antioxidant 

agent 
Sigma-Aldrich A7250 

Paraformaldehyde - 
Preparation of fixed 

samples 
Sigma-Aldrich P-6148 

Phosphoric acid H3PO4 Inorganic acid Fluka-Sigma 40779 

Potassium ferricyanide K4(FeCN)6 Inorganic salt Sigma-Aldrich P9387 

Potassium ferrocyanide K3Fe(CN)6 Inorganic salt Sigma-Aldrich B4252 

Propidium iodide PI 
Fluorescent stain for 

nucleic acids 
Sigma-Aldrich P4170 

rGranulocyte macrophage-

colony stimulating Factor 
rGM-CSF 

Recombinant growth 

factor 
Preprotech 250-05 

rMacrophage-colony 

stimulating factor 
rM-CSF Recombinat growth factor Merck  234378 

Sodium azide NaN3 Inorganic salt Sigma-Aldrich S2002 

Sodium chloride NaCl Inorganic salt Fluka-Sigma 71381 

Sodium Nitrite NaNO2 Inorganic salt Sigma-Aldrich S2252 

Sulfanilamide - 
Blockage of dihydrofolic 

acid synthesis 
Sigma-Aldrich S9251 

Sulfuric acid H2SO4 Inorganic acid Fluka-Sigma 84720 

Telomerase activator 65 TA-65 
Telomere length 

elongation 
- - 

Urea - 
Solubilization protein 

agent 
Fluka-Sigma 51458 
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α-isonitrosopropiophenone α-ISPP 
Colorimetric 

determination of urea 
Sigma-Aldrich 13502 

Table 2. Detailed kits used. 

 

Kit Company Reference 

Annexin V kit BD Transduction 556547 

Genomic blood DNA purification kit GE Healthcare 27-9603-01 

IL-1β ELISA kit R&D Systems MLB00C 

Mouse Inflammation kit BD Biosciences 552364 

Purelink Dnase kit Invitrogen 12185-010 

Purelink RNA minikit Ambion 12183018A 

SOD activity kit Sigma-Aldrich 19160 

Super script II Reverse Transcriptase Invitrogen 18064-014 

 

 

3. Animal strains 

Bone Marrow-Derived Macrophages (BMDM) were obtained from different 8 week-old 

BALB/c mice which were purchased from Charles River Laboratories (Wilmington, MA). 

All animals were healthy, housed in a barrier system (temperature: 20-26ºC; relative 

humidity: 40-70%) with a 12 h light-dark cycle. Water and standard diet were available 

add libitum. Mice were killed by cervical dislocation and the animal use was approved 

by the Animal Research Committee from the University of Barcelona (number 2523). 

4. Generation of Bone Marrow-Derived Macrophages 
(BMDM) 
 

To obtain BMDM, mice were killed by cervical dislocation and bone marrow was 

flushed out of the femurs and tibias of adult mice in DMEM medium under aseptic 

conditions as was previously described (Celada et al., 1984). Cells were suspended by 

vigorous pipetting and cultured in plastic dishes of 150 cm2 (Miles Laboratories, Inc., 
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Naperville, IL) in complete medium consisting  on DMEM rich in glucose containing 

20% of FBS, 30% of L-cell conditioned media as a source of M-CSF (see point 6), 

using 4 plastic dishes and obtaining around 100.106 cells per mouse. Media was 

supplemented with 50 U ml-1 penicillin and 50 μg ml-1 streptomycin. Cells were 

incubated at 37 ºC in a humidified 5% CO2 atmosphere. Cells were grown to reach a 

state of subconfluence and after 7 days a homogeneous population was observed (0 

days BMDM), consisting of attached cells, positive for surface macrophage markers 

such as Cd11b and F4/80 (>90%).  

To obtain long-lasting cultures of macrophages (14 days BMDM), a normal mature 

culture of BMDM (0 days BMDM) was replated in 150 cm2 plastic dishes  (2x106 cells) 

in complete medium for 7 days. After this period of time, the macrophages obtained 

were replated again (5x106 cells) re-establishing the complete medium for 7 other days 

to get 25x106 of senescent macrophages per plastic dish. 

 

4.1 Macrophage cultures 
 

After 7 days of macrophage differentiation, BMDM were replated in plastic dishes 

(1x106 cells/24-well plates, 3x106 cells/ 60 mm) in order to perform different 

experiments. After adherence, BMDM were stimulated with different treatments. 

Treatments were always performed with rM-CSF (10 ng ml-1), rGM-CSF (5 ng ml-1), 

LPS (10 ng ml-1), IFN-γ (20 µg ml-1), IL-4 (10 ng ml-1), H2O2 (5 µg ml-1) and Etoposide (1 

µg ml-1). ATP (1 mM) treatment was performed for the last 20 min of the indicated 

stimuli in order to prevent cell toxicity. DMSO was used as vehicle control when 

inhibitors used for treatments were dissolved in it. For RNA extraction, proliferation, cell 

cycle analysis and detection of phosphorylated proteins, BMDM were cultured in 

quiescent conditions (DMEM and 10% FBS) for 16 h before treatments in order to stop 

cell cycle. 

5. Cell line cultures 
 

5.1 L929 cell line 

 

L929 fibroblast cell line (ATCC CCL-1) was derived from normal subcutaneous 

areolar and adipose tissue of a 100-day-old male C3H/An mouse. NCTC clone 929 
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Clone of strain L was one of the first cell strains to be established in continuous 

culture, and clone 929 (also known as L929) was the first cloned strain developed. 

Clone 929 was established (by the capillary technique for single cell isolation) from 

the 95th subculture generation of the parent strain. These cells were cultured in 

tissue culture plates with high glucose DMEM supplemented with 10% fetal bovine 

serum (FBS) and cultured at 37°C and 5% CO2. 

5.2 J558L cell line 
 

J558L cell line (ATCC TIB-6) was derived from a BALB/c mouse plasmacytoma B 

lymphocyte. These cells were cultured in tissue culture plates with high glucose 

DMEM supplemented with 10% fetal bovine serum (FBS) and cultured at 37°C and 

5% CO2. 

 

5.3 MDA-MB-231 cell line  
 

The MDA-MB-231 breast cancer cell line (ATCC HTB-129) was obtained from a 

patient. With epithelial-like morphology, the MDA-MB-231 breast cancer cells 

appear phenotypically as spindle shaped cells. In vitro, the MDA-MB-231 cell line 

has an invasive phenotype. This MDA-MB-231/GFP cell line stably expresses GFP; 

the gene was introduced using lentivirus. These cells were cultured in tissue culture 

plates with high glucose DMEM supplemented with 10% fetal bovine serum (FBS) 

and cultured at 37°C and 5% CO2. 

 

6. Obtention of Macrophage-Colony Stimulating Factor (M-
CSF) supernatant 
 

Conditioned medium (L-cell) to generate macrophages from bone marrow was 

obtained from conditioned medium of the mouse fibroblast cell line L929 (see point 

5.1), which produces large quantities of M-CSF during proliferation. This is the only 

growth factor produced by these fibroblasts affecting macrophages. The addition of 

monoclonal antibodies against M-CSF to the medium blocks production of 

macrophages in culture (Lokeshwar and Lin 1988). 7x105 L929 cells were cultured in 

high glucose DMEM supplemented with 10% FBS at 37°C and 5% CO2. Cells were 
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growth in 150 mm flasks up to confluence and after 7 days the supernatant was 

collected, centrifuged to remove the cells in suspension and kept in aliquots at -80 ºC 

until the moment of use. Once thawed, the aliquots were stored at 4 ºC to prevent 

degradation of M-CSF resulting from freezing and thawing cycles. The content of M-

CSF was determined by a test of proliferation (3H-thymidine incorporation) in 

macrophages from mouse bone marrow. In our studies we use the concentration of 

30% of supernatant to differentiate bone marrow to macrophages which is equivalent to 

1200 U ml-1 of recombinant M-CSF (eBioscience, San Diego, CA), since this dose is 

able to saturate the M-CSF receptors on the surface of macrophages (Stanley, 1985). 

 

7.  Obtention of Granulocyte Macrophage-Colony Stimulating 
Factor (GM-CSF)   supernatant 
 

GM-CSF supernatant was obtained from conditioned medium of the mouse B myeloma 

cell line J558L (see point 5.2), which produces large quantities of GM-CSF during 

proliferation. This is the only growth factor produced by these cells affecting 

macrophages. 1x106 J558L cells were cultured in high glucose DMEM supplemented 

with 10% FBS at 37°C and 5% CO2. Cells were growth in 150 mm flasks up to 

confluence and after 5-7 days the supernatant was collected, centrifuged to remove the 

cells in suspension and kept in aliquots at -80 ºC until the moment of use. Once 

thawed, the aliquots were stored at 4 ºC to prevent degradation of GM-CSF resulting 

from freezing and thawing cycles. The content of GM-CSF was determined by a test of 

proliferation (3H-thymidine incorporation) in macrophages from mouse bone marrow. 

The concentration of 10% of supernatant is equivalent to 20 ng ml-1. 

 

8.  Experimental analysis 
 

8.1 RNA extraction from cultured cells 

 

3x106 quiescent BMDM (60 mm plastic dishes), were stimulated with different 

treatments. Total RNA from macrophage cultures were extracted using PureLinkTM 

RNA miniKit following manufacturer’s instructions (Ambion, Paisley, UK). 
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8.2 cDNA synthesis 
 

For cDNA synthesis, 1 µg RNA of each experimental sample was retrotranscribed with 

Superscript II Retrotranscriptase kit from Invitrogen, as described by the manufacturer 

(Carlsbad, CA). 

 

8.3 Quantitative real-time PCR (qRT-PCR) analysis  
 

For qRT-PCR analysis SYBR Green PCR Core Reagents and the ABI Prism 7900 

Detection System were used from Applied Biosystems (Arlington Heights, IL). The 

threshold cycle (CT) was defined as the cycle number at which the fluorescence 

corresponding to the amplified PCR product is detected. PCR arbitrary units (AU) were 

defined as the mRNA levels normalized to the housekeeping gene HPRT1 expression 

in each sample. The primer sequences are detailed in Table 3.  

Table 3. Primers used in qRT-PCR analysis. 

 

Gene Forward Sequence  5’------- 3’ Reverse Sequence  5’------- 3’ 

36B4 AGATGCAGCAGATCCGCAT GTTCTTGCCCATCAGCACC 

Arg-1 TTGCGAGACGTAGACCCTGG CAAAGCTCAGGTGAATCGGC 

b-actin ACTATTGGCAACGAGCGGTTC AAGGAAGGCTGGAAAAGAGCC 

Bcl-2 CGATGGTGTGGTTGCCTTATG GTCTACTTCCTCCGCAATGCTG 

Catalase AGCATATTGGAAAGAGGACCCC ATTTCACTGCAAACCCCCG 

Cdk2 CCATTCTCACCGTGTCCTTCA CCAAAGGCTCTTGCTAGTCCAA 

Cdk4 TGGAGCGTTGGCTGTATCTTT TGGAGGCAATCCAATGAGATC 

c-Myc AACAGCTTCGAAACTCTGGTGC CGCATCAGTTCTGTCAGAAGGA 

cycD1 TGCTGCAAATGGAACTGCTTC CATCCGCCTCTGGCATTTT 

cycE  GTTCACAGGAGGTTTGGCAAAA TGACCTCATCTGTGGTTCCAGG 
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E2F1 ATTGGTAAGCGGCTTGAAGG TTGCAGCTGTGTGGTACAGATG 

Fizz1 CCTTCTCATCTGCATCTCCCTG GCTGGATTGGCAAGAAGTTCC 

Hprt1 ATCATTATGCCGAGGATTTGG GCAAAGAACTTATAGCCCCC 

IA-b ACCCAGCCAAGATCAAAGTGC TGCTCCACGTGACAGGTGTAG 

il-10 TCCTTAATGCAGGACTTTAAGGG GGTCTTGGAGCTTATTAAAAT 

il-1β  TGGGCCTCAAAGGAAAGAAT CAGGCTTGTGCTCTGCTTGT 

Mgl-1 TGAGAAAGGCTTTAAGAACTGGG GACCACCTGTAGTGATGTGGG 

Mrc-1 AGATAATGGCCTCCGTTTGGTT TGCTGAGCTCTCCACAGGTG 

Nos2 GCCACCAACAATGGCAACA CGTACCGGATGAGCTGTGAATT 

p16 TGAATCTCCGCGAGGAAAGCGAAC CTGCTACGTGAACGTTGCCCATCA 

p21 CTGCTACGTGAACGTTGCCCATC CTGTGGGGTGAGGAGGAGCATGA 

p27 GGCCTTCGACGCCAGACGTAA CTTCACCCCCATGCTGACTCCTCA 

Raf AGGTGGTTGACCCAACTCCA TGCCGTGTTTTGCGC 

Sod1 AATGTGACTGCTGGAAAGGACG GCCAATGATGGAATGCTCTCC 

Sod2 TCTCTTTAGATCAGCGAAGCCC GGTCATCTCTGCCAAACTTGC 

Tgf-β TCGCCAGTCCCCCAAGCCAG CAGCAATGGGGGTTCGGGCA 

Tnf-α CCAGACCCTCACACTCAGATC CACTTGGTGGTTTGCTACGAC 

 

8.4 Telomere length quantification by real-time PCR 

 

3x106 unstimulated BMDM were replated in 60 mm plastic dishes. Telomere length was 

analyzed as described (Sebastián et al., 2009). Briefly, genomic DNA was isolated 

using the GFX genomic blood DNA purification kit from Amershan Biosciences 

(Buckinghamshire, UK), and real time PCR was performed as in RNA expression 

analysis using 35 ng of DNA/well. Telomere length was calculated as the ratio of 

telomere repeat copy number to single copy gene (36B4) copy number (T/S ratio). This 

ratio should be proportional to the average telomere length. To confirm that the number 

of copies of the single copy gene per cell that was effectively PCR-amplified was the 
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same in all samples being studied, we quantified the relative ratio of 36B4 copies to b-

actin copies. This ratio was = 1.0, indicating that equal copy numbers of 36B4 per cell 

were amplified in all DNA samples. Primer sequences (Table 3) and real-time 

conditions for telomere amplification were as described (Sebastián et al., 2009): 95ºC 

for 5 min, followed by 40 cycles of 95ºC for 15 sec and 60ºC for 1 min. 

 

8.5 Determination of protein concentration  
 

Total protein was quantified using Bradford assay according to manufacturer 

instructions (Sigma-Aldrich). Protein concentrations were measured with a 

spectrophotometer at an absorbance of 570 nm. For the calculation of protein 

concentrations a BSA-standard curve was used. 

 

8.6 Western blotting  
 

Proteins from treated macrophages were extracted using lysis buffer for western blot 

analysis (see point 1). Samples were centrifuged at 13.000 rpm for 20 min at 4ºC and 

the supernatant protein concentrations were measured by Bradford assay. In the case 

of IL-1β and NOS2, 20 μg of protein was used and resolved by SDS-PAGE. For P-p53 

P-p38, P-JNK, P-ERK1/2, P-STAT3, P-STAT5 and Ɣ-H2AX western blots, 

macrophages were cultured in quiescent conditions (90% DMEM and 10% FBS) for 16-

18 h. Then, cells were treated as indicated and 40 µg of total protein from cell lysates 

were resolved by SDS-PAGE.  After transference using a semi-dry transfer system, 

nitrocellulose membranes were blocked with 5% milk in TBS-0.1%Tween and 

incubated with primary antibodies overnight at 4ºC. After three washes, membranes 

were incubated for 1 h with fluorescent dye-labeled or peroxidase-conjugated anti-

rabbit or anti-mouse IgG. Enhanced fluorescence detection was then performed using 

Odyssey Classic System (Li-cor Biosciences, Lincoln, NE) or using ECL from Thermo 

Scientific (Rockford, IL) with x-ray films. -actin and H1 antibodies were used as 

loading control. 

In Table 4 the information of all antibodies used for western blotting in this Thesis is 

summarized. 
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 Table 4. Primary and secondary antibodies used for western blotting. 

 

Primary antibody Company Reference 

Ɣ-H2AX Millipore 05-636 

H1 Santa Cruz sc-10806 

IL-1β Abcam ab9722 

NOS2 Santa Cruz sc-8017 

P-ERK Cell Signal 9101 

P-JNK Cell Signal 9912 

P-p38 Cell Signal 9211S 

P-p53 Cell Signal 9284 

P-STAT3 Cell Signal 4904P 

P-STAT5 Cell Signal 9351S 

STAT5 R&D Systems PA-ST5A 

β-actin Sigma A5441 

 

 

Secondary antibody Company Reference 

Mouse IgG (Alexa Fluor 680) Invitrogen   A21057 

Mouse IgG (Alexa Fluor 800)  Rockland 610-731-124  

Rabbit IgG (Alexa Fluor 680) Invitrogen    A21076 

Rabbit IgG (Alexa Fluor 800) Rockland   611-131-122 

Rabbit IgG peroxidase-conjugated  Jackson 111-035-003 
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8.7 Protein surface expression 
 

Surface expression of Mac1 (Cd11b), MHC II (I-Aβ) and TLRs were analyzed with 

monoclonal anti-mouse antibodies, as described previously (Goñalons et al., 1998). 

1x106 BMDM were activated with IFN-γ (20 µg ml-1) for 48 h or LPS (10 ng ml-1) for 24 

h at 37ºC. Then, macrophages were collected and washed in ice-cold PBS 1X. 

Macrophages were resuspended in 100 μl FACS Buffer (see point 1) and then 

incubated on ice for 30 minutes with anti-CD16/CD32 mAb (1 µg ml-1) to block Fc 

receptors. They were then incubated for 30 minutes on ice with the specific FITC-

conjugated or PE-conjugated primary antibody (see Table 5) and washed by 

centrifugation through PBS 1X at 4°C, avoiding light. Finally, samples were fixing with 

FACS fixed buffer (see point 1). Stained cell suspensions were analyzed using an 

FC500 flow cytometer (Coulter Corp., Hialeah, FL). The parameters used to select cell 

populations for analysis were forward and side light scatter. As a control for specificity, 

we used an irrelevant antibody of the same isotype. 

 

Table 5. List of antibodies used for surface protein expression. 

 

Primary antibody Company Reference 

Cd11b-PE BD Pharmingen 557397 

CD16/CD32 BD Pharmingen 553142 

I-Aβ-FITC BD Pharmingen 553623 

TLR2-FITC Invivogen mab-mtlr2f 

TLR4-FITC Invivogen mab-mtlr4md2f 

TLR5-FITC Invivogen mab-mtlr5md2f 

TLR9-FITC Invivogen mab-mtlr9md2f 
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8.8 Cytokine determination 
 

Supernatants from BMDM were analyzed for IL-1β production by ELISA and for IL-12, 

IL-10 and TNF-α production by Mouse Inflammation kit, a cytometric bead array. 

Macrophages were treated with the indicated stimuli in 24 micro-well plates (106 cells 

well-1) for 24 h. Supernatants from these experiments were obtained and centrifuged at 

7000 rpm. The supernatants were frozen at -80ºC until cytokine determination. The 

user’s manual instructions were followed for the IL-1β immunoassay kit (R&D Systems, 

Minneapolis, MN) and for the Mouse Inflammation kit (BD biosciences). Cytometric 

bead array samples were analyzed using an FC500 flow cytometer (Coulter Corp., 

Hialeah, FL) and FCAP array software. 

 

8.9 Cellular counting of proliferating cells 
 

Macrophage number was analyzed by cellular counting. BMDM were deprived of M-

CSF for 16-18 h. Then, macrophages (3x102 cells µl-1) were replated in 60 mm plastic 

dishes and incubated at 37ºC in the presence of different percentages of specific 

growth factors supernatants (M-CSF or GM-CSF) for 24 h. Stimulated macrophages 

were washed with PBS 1X and incubated with trypsin for 5 min at 37ºC, centrifuged at 

1500 rpm for 5 min and resuspended in 500 μl of PBS 1X. Number of cells was 

determined using a Neubauer chamber. 

 

 

8.10 Analysis of DNA content with propidium iodide (PI) 
 

Cell cycle was analyzed as described (Xaus et al., 1999). 5x105 of quiescent BMDM 

were stimulated for 24 h with rM-CSF (10 ng ml-1) or rGM-CSF (5 ng ml-1). Then, 

macrophages were collected and fixed with EtOH 95% and incubated with propidium 

iodide (0.2 µg ml-1). Immediately, samples were analyzed by XL-Coulter flow cytometer 

and cell cycle distributions were determined with the Multicycle program (Watson, Flow 

Jo).  

 



Materials and Methods 

75 

 

8.11 Proliferation assay 
 

Macrophage proliferation was measured by 3H-thymidine incorporation as described 

(Sebastián et al., 2009). BMDM were deprived of M-CSF for 16-18 h. Then, 

macrophages (105 cells well-1) were replated in 24 micro-well plates and incubated for 

24 h in the presence of different percentages of specific growth factors supernatants 

(M-CSF or GM-CSF). After this period of time, the medium was removed and replaced 

with media containing 3H-thymidine (1 μCi ml-1). After two additional h of incubation at 

37°C, the medium was removed and the cells were fixed in ice-cold 70% methanol. 

After three washes in ice-cold 10% TCA, the cells were solubilized in 1% SDS, 0.3 N 

NaOH. Radioactivity was counted by liquid scintillation using a 1500 Packard Tri-Carb 

scintillation counter (Meriden, CT) and expressed in cpm (counts per minute). 

 

8.12 BrdU labeling of proliferating cells 
 

Macrophage proliferation was also measured by BrdU incorporation. BMDM were 

deprived of M-CSF for 16-18 h. Then, macrophages (105 cells well-1) were replated in 

60 mm plastic dishes and incubated for 24 h in the presence of rM-CSF (10 ng ml-1) or 

rGM-CSF (5 ng ml-1). After this period of time, BrdU (10 µg ml-1) was added to the 

medium for 2 h at 37ºC. Then, macrophages were washed with PBS 1X, resuspended 

with FACS buffer (see point 1) and blocked with anti-CD16/CD32 mAb (1 µg ml-1) for 

30 min on ice. After 3 washes with FACS buffer, macrophages were incubated with 10 

µl of BrdU-FITC antibody (BD Biosciences, 556028) for 1 h on ice.  Then, the stained 

was fixed with FACS fixed buffer (see point 1) and samples were analyzed by flow 

cytometry using FC500 cytometer (Beckman Coulter, Inc., Pasadena, CA). FlowJo 

software was used to analyze data that was represented as BrdU fluorescence 

intensity. 

 

8.13 Apoptosis assay 
 

Apoptosis was measured using a fluorescent Annexin-V kit (Santa Cruz, CA).  

Macrophages (3-5x105 cells well-1) were stimulated with rM-CSF (10 ng ml-1), rGM-CSF 

(5 ng ml-1) for 24 h, Etoposide (1 µg ml-1) for 1 h, H2O2 (5 µg ml-1) for 10 min or 
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actinomycin D (5 μg ml-1) for 12 h.  Stimulated macrophages were washed with PBS 

1X and incubated with trypsin for 5 min at 37ºC, centrifuged at 1500 rpm for 5 min and 

resuspended in 500 μl annexin-V binding buffer. Just before measurement, Annexin-V 

(25 μM) and propidium iodide (0.2 μg ml-1) were added for 10 min. Samples were 

analyzed by flow cytometry using FC500 cytometer (Beckman Coulter, Inc., Pasadena, 

CA). FlowJo software was used to analyze data that was represented as % of Annexin-

V and PI positive cells.  

 

8.14 Senescence-associated β-galactosidase activity staining (SA-βgal  
staining) 
 

SA-βgal staining is a cytochemical assay based on production of a blue-dyed 

precipitate that results from the cleavage of the chromogenic substrate X-Gal. Thus, it 

measures the enzymatic activity to hydralyze β-galactosides into monosaccharides 

carried out in a suboptimal pH (pH6) in which only senescent cells develop staining. 

106 unstimulated BMDM were replated on slideflasks. After adherence, macrophages 

were washed with PBS 1X; fixed in paraformaldehid 3% for 5 minutes and incubated 

with SA-β-gal staining solution (see point 1) for 18 h at 37ºC. Then, staining solution 

was eliminated with 3 washes of PBS 1X and 20% glycerol was added to the cells. 

Images were obtained through an inverted microscope (Nikon TE200+Olympus DP72 

PSA1). 

 

8.15 Analysis of macrophage ROS production 
 

Reactive oxygen species (ROS) levels were determined by FACS analysis. Quiescent 

BMDM (5.105 well-1) were replated in 60 mm plastic dishes. After adherence, 

macrophages were stimulated in the presence or absence of NAC (2 mM) with rM-CSF 

(10 ng ml-1), rGM-CSF (5 ng ml-1), LPS (10 ng ml-1) for 24 h or H2O2 (5 µg ml-1) for 10 

min. After this period of time, BMDM were treated with the probe DCF-DA (25 μM) for 

20 minutes at 37ºC, avoiding light. Then, macrophages were collected and washed 

with PBS 1X. Immediately, fluorescence intensity was analyzed using FC-500 flow 

cytometer (Coulter) and represented as arbitrary units (AU) as previously described 

(Sebastian et al., 2009). 
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8.16 Superoxide dismutase (SOD) activity measurement 

 

SOD, which catalyzes the dismutation of the superoxide anion (O2
-) into hydrogen 

peroxide and molecular oxygen, is one of the most important antioxidative enzymes. 

The determination of the enzymatic activity was measured using a specific indirect 

process based on colorimetric method.  Macrophages were treated with the indicated 

stimuli in 24 micro-well plates (106 cells well-1) for 24 h. Supernatants from BMDM were 

obtained and centrifuged at 7000 rpm. The user’s manual instructions were followed for 

SOD activity assay kit (Sigma-Aldrich) and represented as SOD activity percentage. 

 

8.17 Analysis of macrophage NO production  
 

NO production was measured by a colorimetric method based on the reaction of the 

Griess reagent. This system detects nitrite (NO2
–) which is a stable and nonvolatile 

breakdown product of nitric oxide (NO). BMDM were replated in 96 micro-well plates 

(104 cells well-1) in complete medium and stimulated with IFN-γ (20 µg ml-1) and/or LPS 

(10 ng ml-1) for 24 h at 37ºC. After this period of time, 100 μl of supernatant sample 

was mixed with 100 μl of Griess reagent (see point 1), avoiding light. After waiting 10 

min, optical density at 540 nm was measured and expressed as production of NO μM. 

Standard curve was used with different concentrations of NaNO2 (μM).  

 

8.18 Analysis of macrophage arginase activity  

 

Arginase activity was measured by a colorimetric method, as previously described 

(Classen et al., 2009). In this assay, arginase reacts with L-arginine and undergoes a 

series of reactions to form an intermediate that generates the colored product. BMDM 

were replated in 96 micro-well plates (104 cells well-1) in complete medium and 

stimulated with IL-4 (10 ng ml-1) for 24 h at 37ºC. After this period of time, 

macrophages were washed with PBS 1X and 100 µl of Triton x-100 (0.1%), 100 µl of 

Tris-HCl (50 mM, pH7.5) and 10 µl of MnCl2 (10 mM) were added. 100 µl of this 

mixture was incubated at 56ºC for 7 min and 100 µl of L-arginine (0.5 M, pH9.7) was 
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added. Then, samples were incubated at 37ºC for 1 h. After that, the reaction was 

stopped with 800 µl of arginase activity stop solution (see point 1). Then, 40 µl of α-

ISPP (6% in EtOH) was added in each sample. Finally, samples were incubated first at 

95ºC for 30 min and at 4ºC for also 30 min. Standard curve was used with different 

concentrations of urea and arginase activity was measured at 540 nm and expressed 

as mU. 

 

8.19 Phagocytosis of apoptotic cells  

 

The phagocytic activity of macrophages was measured by flow cytometry and by 

fluorescent microscopy. MDA-MB-231/GFP cells (see point 5.3) were treated with 

actinomycin D (5 μg ml-1) for 6 h to induce apoptosis. After this period of time, these 

cells were washed 3 times with PBS 1X and added to 105 BMDM, which were replated 

in 60 mm of plastic dishes (for cytometric analysis)  or in slideflasks (for microscopy 

analysis), in a proportion of 10:1 (10 apoptotic cells per one macrophage) with the 

presence or absence of a pre-stimulation of cytochalasin D (2 μg ml-1). After 1 h of 

incubation at 37ºC, BMDM were washed with PBS 1X. For flow cytometry 

measurement BMDM were resuspended in FACS buffer and samples were analyzed 

using a FC500 flow cytometer (Coulter Corp., Hialeah, FL). The parameters used to 

select cell populations for analysis were forward and side light scatter. For phagocytic 

images, after washed BMDM with PBS 1X, 20% glycerol was added to the cells.  All 

pictures were acquired with a fluorescent inverted microscope (Leica Nikon 

TE200+Olympus DP72 PSA1). 

 

9.  Statistical analysis 

 
The results shown correspond to at least 3 independent experiments, each experiment 

performed in triplicate, unless otherwise indicated in the figure legend. Data are 

expressed as the average ±SD (n≥9). The two-tailed t-test of the indicated groups was 

applied and significance of each particular group comparison was represented as “*” 

when p≤0.05 or “**” when p≤0.01.  

 

 



Results 

79 

 

 

 

 

 

 

 

 

Results 

 
 

 

  



Results 

80 

 

  



Results 

81 

 

 

 

 

 

 

Characterization of a novel 

macrophage senescent model based 

on long-period cultures of BMDM 

  



Results 

82 

 

  



Results 

83 

 

Macrophages are key cells in innate and adaptive immune functions. These cells may 

act directly, by destroying bacteria, parasites, viruses and tumor cells, or indirectly, by 

releasing mediators such as IL-1, TNF-α, etc, which can regulate other cells. 

Macrophages are also responsible for processing antigens and presenting digested 

peptides to T lymphocytes, and for tissue damage repair.  

Macrophage functions are altered in old age in humans, mice and rats, thereby 

contributing to the immunosenescence of adaptive and innate immunity. For instance, 

these cells acquire increased adhesion to the extracellular matrix and a flattened and 

much enlarged phenotype with a vacuolated morphology (Chang, Broude et al., 1999; 

Serrano and Blasco, 2001; Narita et al., 2003). Phagocytic activity, cytokine and 

chemokine secretion, antibacterial defenses such as the production of reactive oxygen 

and nitrogen intermediates, infiltration and wound repair functions in the late phase of 

inflammatory response, and antigen presentation are also altered in aged 

macrophages (Herrero et al., 2002; Sebastián et al., 2009). 

 

Bone-marrow derived macrophages (BMDM) cellular model is a homogeneous primary 

culture able to respond physiologically to differentiation, proliferation and activation. In 

addition, the easy way of isolate these cells makes it the most used model to study 

particular activities of macrophage biology, including aging (Herrero et al., 2002; 

Sebastián et al., 2009; Shaik-Dasthagirisaheb et al., 2010; Barrett et al., 2015). For 

these reasons, BMDM were selected as the cellular model to be used in our studies. 

Since cellular senescence has been associated with aging, we have compared 

characteristics of normal macrophage cultures (0 days macrophages) and long-period 

macrophage cultures (14 days macrophages) of BMDM to study the aging process of 

macrophages avoiding use aged mice. 

 

Long-term cultures of BMDM display a senescent phenotype 

Macrophages require the presence of growth factors, such as M-CSF or GM-CSF to 

proliferate and survive (Lacey et al., 2012). The stimulation of starved macrophages 

(macrophages deprived of M-CSF for 16 h) with different percentages of conditioned 

media of both growth factors induced the incorporation of radioactive 3H-thymidine in 

the cellular DNA. M-CSF supernatant produced high levels of macrophage proliferation 

from 10% of M-CSF concentration (Figure 8A). Large quantities of M-CSF were not 
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able to increase macrophage proliferation probably because M-CSF receptors were 

saturated.  

In the case of GM-CSF, the proliferation rate induced by this growth factor was not so 

elevated in comparison with radioactive levels produced by M-CSF stimulation (Figure 

8A and B). However, GM-CSF was able to induce macrophage proliferation at very low 

concentrations (from 0.25%, being maximal at 0.5% of GM-CSF supernatant) and 

decreased at higher doses (5%) (Figure 8B). Consistently, recombinant M-CSF and 

GM-CSF were able to produce cell cycle progression from G1 phase observed in 

control macrophages (starved BMDM) to G2/M phase of the cell cycle (Figure 8C).  

As we expected, these facts indicate that macrophages obtained from mice bone-

marrow respond to conditioned media and recombinant M-CSF and GM-CSF which 

induced the activation of cell cycle and proliferation.  

 

Figure 8. BMDM proliferate in response to specific growth factors, M-CSF and GM-

CSF. (A and B) Starved BMDM were stimulated with different percentages of M-CSF (%) 

and GM-CSF (%) conditioned medium for 24 h. Proliferation induced by these growth 

factors was determined by 
3
H-thymidine incorporation. Radioactivity was expressed in 

cpm (counts per minute). (C) Starved BMDM were treated with recombinant M-CSF (10 

ng ml
-1

) or GM-CSF (5 ng ml
-1

) for 24 h. After this period of time, DNA content was 

determined by flow cytometry using propidium iodide (PI) staining. Each point was 

analyzed in triplicate and the results are shown as mean ± SD. All assays are 

representative for at least 3 independent experiments. **p<0.01 corresponds to the 

statistical significance between indicated pair comparisons. 
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In order to investigate macrophage aging through cellular senescence process, we 

designed a culture procedure to achieve senescent macrophages (long-period BMDM) 

from a mature culture of young cells.   

For this purpose, once bone-marrow differentiated to BMDM (0 days BMDM, see 

section 4 of Material and Methods), 2.106 macrophages were replated in renewal 

complete medium (30% M-CSF and 20% FBS) for 7 days, obtaining a primary culture 

of 7 days BMDM. After this period of time, 5.106 of 7 days BMDM were replated again 

re-establishing the complete medium for 7 days more to get long-lasting cultures of 

macrophages termed 14 days BMDM (Figure 9A). To compare biological functions and 

cellular characteristics related to senescence and aging, we elaborate this method 

considering getting these different macrophage cultures simultaneously to perform the 

experimental analysis properly, planning the sacrifice of the mice every 7 days 

consecutively. 

Once these long-term cultures of macrophages were obtained, we decided to 

investigate if they presented senescent features. It is well known that senescence is 

associated with a permanent reduction of the proliferative capacity of cells (Chen, 

2007). Therefore, we decided to measure it in response to M-CSF and GM-CSF after 

starvation conditions. As we expected, while 0 days BMDM presented normal levels of 

thymidine incorporation, macrophages from long-term cultures showed a reduced 

proliferative capacity in both M-CSF- and GM-CSF-induced proliferation (Figure 9B).  

Although, GM-CSF-dependent macrophage proliferation was similar between 7 and 14 

days BMDM cultures, the reduction of the M-CSF proliferative capacity in 14 days 

BMDM was more important than in 7 days BMDM (Figure 9B). Thus, we decided to 

compare normal macrophages (0 days BMDM) with 14 days BMDM, using these cells 

as long-period cultures of macrophages for experimental analysis. 

In addition, to discard that this culture method modified phenotypical features of 

macrophages, we demonstrated that these long-period cultures are ordinary BMDM, 

but with a restricted capacity of multiplying, through forward and side scatter analysis 

as well as the measurement of surface expression of Cd11b, a well-known 

macrophage marker (Xu and Gordon, 2003). In this sense, cellular size and complexity 

of 14 days BMDM population were exactly the same as normal macrophages (Figure 

10A). Similarly, the fluorescence intensity of Cd11b staining in both cultures was high 

at analogous levels (Figure 10B).  
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These results indicate that, although long-lasting BMDM cultures present an impaired 

proliferative capacity in response to two specific macrophage growth factors, they still 

have phenotypical macrophage characteristics. 

 

 

Figure 9. Long-term cultures of BMDM present a reduced proliferative capacity in 

response to M-CSF and GM-CSF. (A) Schematic representation of normal and long-

period BMDM cultures obtention to perform experimental analysis. (B) Starved BMDM 

were stimulated with different percentages of M-CSF (%) and GM-CSF (%) conditioned 

medium for 24 h. Proliferation induced by these growth factors was determined by 
3
H-

thymidine incorporation. Radioactivity was expressed in cpm (counts per minute). Each 

point was analyzed in triplicate and the results are shown as mean ± SD. All assays are 

representative for at least 3 independent experiments.  **p<0.01 corresponds to the 

statistical significance between indicated pair comparisons. 
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Figure 10. Characterization of normal and long-term BMDM obtained from in vitro 

differentiation of bone marrow cells in mice. (A and B) 10
5
 BMDM from normal and 

long-lasting cultures were collected and analyzed by flow cytometry. (A)  Granularity and 

cell surface were detected by side scatter and forward scatter measurements. (B) Cd11b 

surface expression was analyzed by anti-Cd11b staining, as previously described in 

material and methods. All assays are representative for at least 3 independent 

experiments.   

 

While cellular senescence is induced by a wide variety of conditions, senescent cells 

display a number of characteristics that allow their identification (Kuilman et al., 2008). 

Some of these biomarkers reflect the activation of mechanisms that contribute to the 

senescence program, but others are the consequence of this process induction 

(Campisi and D’Adda di Fagagna, 2007).  

Cellular senescence is generally accompanied by morphological changes, which may 

be quite striking. Depending on the cell type, cells can become large, flat, 

multinucleated and even refractile (Hou et al., 2013; Biran et al., 2015).  In the case of 

macrophages we observed that un-stimulated 14 days BMDM seemed to be bigger 

and rounder comparing with cells from normal cultures (Figure 11, above images).  
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In addition, long-term cultures of macrophages were positive for the senescence-

associated β-galactosidase (SA-β-gal) activity specific staining (Figure 11, bottom 

images). This enzymatic activity increases in senescent cells due to an expansion of 

the lysosomal compartment, giving rise an increase in its activity that can be detected 

at a suboptimal pH 6 (Kuilman et al., 2008).  

 

 

Figure 11. Long-lasting cultures of macrophages show an increased β-

galactosidase activity.  10
6
 BMDM from normal and long-lasting cultures were 

incubated in the presence of the SA-β-gal staining solution for 18 h at 37 ºC, as it was 

indicated in Material and Methods section. Specific staining for senescent cells were 

performed based on the activity of β-galactosidase in a suboptimal pH. Bottom pictures 

correspond to the same image but with contrast phase. An inverted microscope was 

used to obtain images. This assay is representative for at least 3 independent 

experiments.   

 

Another important senescent biomarker is the telomere shortening (Rodier et al., 

2011). Telomeres are chromatin structures that cap and protect the end of 

chromosomes. Telomere loss has been shown in several cell types during aging but in 

particular, cells of the immune system are highly susceptible to telomere attrition 

because of their high proliferative potential (Sebastián et al., 2009). During aging in 

vitro, the telomeres shorten at each subcultivation and for this reason we purposed to 

analyze the telomere length in long-term macrophage cultures.  
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In this sense, telomeres length was measured by real-time PCR and 14 days BMDM 

presented shorter telomeres than those from normal macrophage cultures (Figure 

12A). 

When telomeres reach a critical minimal length, their protective structure is disrupted 

and triggers a DNA damage response (DDR), which is associated with the activation of 

γ-H2AX, a phosphorylated form of the histone variant H2AX (d’Adda di Fagagna, 2003; 

Takai et al., 2003; Herbig et al., 2004; Rodier et al., 2009). 14 days BMDM stimulated 

with M-CSF and GM-CSF for 24 h increased γ-H2AX levels, indicating that these cells 

presented high levels of DNA damage comparing with normal BMDM (Figure 12B).   

 

 

Figure 12. Long-lasting cultures of BMDM show shorter telomeres and higher 

levels of DNA damage.  (A) Telomere length was measured by real-time PCR in normal 

and 14 days macrophages. The ratio of relative telomere to single copy gene (36B4) 

amplification (T/S) was shown by two independent experiments. (B) Starved BMDM were 

treated with recombinant M-CSF (10 ng ml
-1

) or GM-CSF (5 ng ml
-1

) for 24 h and DNA 

damage was determined by γ-H2AX immunoblotting. H1 image was used as loading 

control for western blots.  Each point was analyzed in triplicate and the results are shown 

as mean ± SD. All assays are representative for at least 3 independent experiments. 

*p<0.05 corresponds to the statistical significance between indicated pair comparisons. 
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An important mechanism that leads to a wide spectrum of intracellular damage during 

aging is extended exposure to reactive oxygen species (ROS) generated by cellular 

metabolism (Kregel and Zhang, 2007). The formation and accumulation of ROS and 

free radicals affect DNA stability and other cellular elements (Blander et al., 2003; 

Langen et al., 2003; Ramsey and Sharpless, 2006). Therefore, ROS contributes to the 

senescence process inducing a DDR (Serrano et al., 2007).  

Consequently, we analyzed intracellular levels of ROS in starvation (basal), growing 

(M-CSF or GM-CSF) and activating conditions (LPS). Normal BMDM increased ROS 

levels after hydrogen peroxide (H2O2, positive control) and LPS treatments (Figure 

13A), while M-CSF and GM-CSF stimulations did not modify ROS quantities from basal 

conditions (Figure 13A).  In addition, the pre-treatment with a general antioxidant, N-

acetylcisteine (NAC), reduced ROS, indicating the specificity of the technique. After 

treatment, 14 days BMDM showed higher ROS levels even in basal and growing 

conditions in comparison with normal macrophages (Figure 13B), suggesting an 

increased oxidative stress in long-lasting BMDM cultures. 

Cells protect themselves from ROS metabolizing H2O2 and oxygen free radicals 

through different mechanisms. One of them is to convert these dangerous molecules 

into less-reactive substances through the enzymatic activity of catalase, superoxide 

dismutase (SOD1 and SOD2) and glutathione peroxidase (Zhao et al., 2008). Catalase 

reacts with the hydrogen peroxide to catalyze the formation of water and oxygen; 

SOD1 and SOD2 catalyze the dismutation of the superoxide ion into oxygen and 

hydrogen peroxide and glutathione peroxidase reduces hydrogen peroxide by 

transferring the energy of the reactive peroxides to a very small sulfur-containing 

protein called glutathione (Rampsey and Sharpless, 2006). 

As 14 days BMDM showed high levels of ROS, we evaluated the gene expression of 

some senescence markers involved in oxidative stress (Kuilman et al., 2008). It has 

been observed that antioxidant enzymes gene expression such as catalase, SOD1 and 

SOD2 is elevated in senescent cells although their activity is impaired (Haan et al., 

1996).  

In this sense, starved macrophages from normal and long-term cultures were 

stimulated with M-CSF and GM-CSF for the times indicated and mRNA levels of these 

enzymes were measured through qRT-PCR. M-CSF and GM-CSF treatments induced 

the overexpression of catalase and SOD2, but not SOD1, in macrophages from long-

period cultures (Figure 14A, B and C). However, consistently with the published data, 
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SOD activity was impaired in these macrophages at growing and activating conditions 

(Figure 14D) preventing the elimination of free superoxide radicals.  

This data suggests that the reduction of SOD activity presented in 14 days BMDM 

probably contributes to the accumulation of ROS in macrophages which produduces 

DNA damage and, therefore, the induction of cellular senescence. 

 

 

Figure 13. Long-lasting cultures of BMDM present an increased oxidative stress.  

(A and B) Intracellular ROS levels were analyzed by FACS using DCF-DA staining in 

macrophages stimulated in the presence or absence of NAC (2 mM) with recombinant 

M-CSF (10 ng ml
-1

), GM-CSF (5 ng ml
-1

), LPS (10 ng ml
-1

) for 24 h or H2O2 (5 µg ml
-1

) for 

10 min. Each point was analyzed in triplicate and the results are shown as mean ± SD. 

All assays are representative for at least 3 independent experiments. *p<0.05; **p<0.01 

correspond to the statistical significance between indicated pair comparisons. 
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Figure 14. Some senescence markers involved in oxidative stress are 

overexpressed in long-period BMDM cultures.  (A to C) The levels of Catalase, SOD1 

and SOD2 were measured by qRT-PCR in starved BMDM treated with recombinant M-

CSF (10 ng ml
-1

) and GM-CSF (5 ng ml
-1

)  for the indicated times. Data were expressed 

as relative mRNA levels, arbitrary units (AU), normalized to the Hprt1 expression level in 

each sample. (D) The determination of SOD enzymatic activity was performed by a 

specific colorimetric method. 10
6
 macrophages well 

-1
 were treated with M-CSF (30%), 

GM-CSF (1%) or LPS (10 ng ml
-1

) for 24 h. Supernatants were collected and analyzed. 

The enzymatic activity was expressed as percentage of activity. Each point was 

analyzed in triplicate and the results are shown as mean ± SD. All assays are 
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representative for at least 3 independent experiments. *p<0.05; **p<0.01 correspond to 

the statistical significance between indicated pair comparisons.   

Taken together, these results indicate that long-lasting macrophage cultures present a 

senescent phenotype but not quiescent or terminal differentiated, since most of these 

characteristics are absent in quiescent cells (Sharpless, 2004). 

 

 

DNA damage recovery is not affected in long-term cultures of 

BMDM 

The accumulation of DNA damage can induce the altered gene expression produced in 

long-lasting macrophage cultures that modifies macrophage functional activities (Di 

Micco et al., 2006). Our results indicated that 14 days BMDM presented high levels of 

DNA damage (as it was shown in Figure 13).This damage can be generated by ROS 

production and/or by a decrease in damage repair capacities. In this sense, we 

designed an experiment to determine the repair capacity after oxidative stress 

induction (Figure 15A). For this purpose, we used a stimulus that can induce oxidative 

stress and, therefore, DNA damage upon growing conditions: H2O2 treatment. After 

stimulation with H2O2 for just 1 h, complete medium with M-CSF or GM-CSF was 

reestablished to promote cell recovery. After 24 h of recovery, γ-H2AX levels were 

measured to detect DNA damage.  

In the case of M-CSF-dependent DNA repair, H2O2 treatment in 14 days BMDM caused 

an increase in the levels of γ-H2AX, as it has been reported in macrophages from old 

mice (Sebastián et al., 2009). This high levels could be reduced after 24 h of recovery 

(Figure 15B), indicating that the capacity of DNA repair after oxidative stress induction 

was not impaired in these cells. Similarly, damaged 14 days BMDM showed reduced 

levels of γ-H2AX after GM-CSF-dependent recovery, indicating that DNA repair 

process induced by GM-CSF was not affected (Figure 15C). 
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Figure 15. The DNA repair capacity of senescent cells is reduced after the 

induction of oxidative stress in M-CSF-dependent recovery conditions.  (A) 

Schematic representation of BMDM stimulation to assay macrophage DNA repair 

capacity.  (B and C) M-CSF (30%)- and GM-CSF (1%)-stimulated macrophages (24 h) 

were treated with H2O2 (5 µg ml
-1

) for 1 h; the cells were washed and led to recover 

(Rec.) for 24 h. DNA damage was determined by γ-H2AX immunoblotting.  H1 image 

was used as loading control for western blots. All assays are representative for at least 3 

independent experiments.   

 

It has been previously described that treatment of BMDM with Actinomycin D (Act.D), 

Etoposide (Eto.) and H2O2 induces apoptosis (Kozmar et al., 2010; Jog et al., 2013). 

These pro-apoptotic stimuli induced elevated number of annexin-V/PI positive cells in 

young macrophages (Figure 16A and B). However, although DNA damage was 

increased in long-lasting BMDM cultures, it was not translated to a high percentage of 

apoptotic cells, quite the contrary, 14 days BMDM reduced sensitively the number of 

apoptotic cells after treatment with apoptotic stimuli (Figure 16B), being this apoptosis 

resistance a senescent characteristic extensively studied (Hampel et al., 2005).  

In addition, we explored whether the altered gene expression associated with 

senescent cells was involved in this protection to die. Thus, we evaluated the mRNA 

expression of Bcl-2, a well-known anti-apoptotic gene (Lin et al., 2001). 14 days BMDM 

showed high levels of Bcl-2 mRNA after stimulation with M-CSF and GM-CSF (Figure 

16C), suggesting that Bcl-2 high expression presented by long-lasting BMDM cultures 

contributed to the protection to apoptosis. 
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Figure 16. Long-period BMDM cultures are resistant to apoptosis.  (A and B) 

Apoptosis of macrophages cultures from normal and long-term cultures was measured 

quantifying the annexinV/PI positive cells by flow cytometry. Macrophages were treated 

with actinomycinD (ActD, 5 µg ml
-1

) for 12 h, M-CSF (10 ng ml
-1

), GM-CSF (5 ng ml
-1

) for 

24 h, Etoposide (1 µg ml
-1

 , Eto.) for 1 h and H2O2 (5 µg ml
-1

) for 10 min. (C and D)The 

levels of Bcl-2 was measured by qRT-PCR in starved BMDM  treated with recombinant 

M-CSF (10 ng ml
-1

) and GM-CSF (5 ng ml
-1

) for the indicated times. Data were 

expressed as relative mRNA levels, arbitrary units (AU), normalized to the Hprt1 

expression level in each sample. Each point was analyzed in triplicate and the results 

are shown as mean ± SD. All assays are representative for at least 3 independent 

experiments. *p<0.05; **p<0.01 correspond to the statistical significance between 

indicated pair comparisons.   

 

 

Molecular mechanism involved in cell cycle arrest observed in 

long-period cultures of BMDM 

Cellular senescence is characterized by cessation of cell growth which could be 

produced after continuous duplication/reproduction of a cell (Campisi et al., 2007). 

Moreover, with the possible exception of embryonic stem cells (Miura et al., 2004), 

most division-competent cells, including some tumor cells, can undergo senescence 
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when appropriately stimulated (Shay and Roninson, 2004; Campisi and d’Adda di 

Fagagna, 2007). 

As permanent cell cycle arrest is the essential feature which describes senescent cells 

(Kuilman et al., 2008), we decided to study the molecular mechanism involved in the 

reduced proliferative capacity observed in 14 days BMDM. 

As it was demonstrated before (Figure 9B), macrophage proliferation in response to M-

CSF and GM-CSF was impaired in 14 days BMDM, measured biochemically and by 

cellular counting (Figure 17A to C).  

 

 

Figure 17. Proliferation is reduced in long-period BMDM cultures. Starved BMDM 

from normal and long-lasting cultures of macrophages were stimulated with different 

percentages of M-CSF (%) and GM-CSF (%) conditioned medium for 24 h. (A) 

Proliferation induced by these growth factors was determined by 
3
H-thymidine 

incorporation. Radioactivity was expressed in cpm (counts per minute). (B) Cell number 

was analyzed by cellular counting using Neubauer chamber. Macrophage concentration 

was expressed as number of cells µl
-1

. Each point was analyzed in triplicate and the 

results are shown as mean ± SD. All assays are representative for at least 3 

independent experiments.  **p<0.01 corresponds to the statistical significance between 

indicated pair comparisons. 
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This was also supported by a proliferation assay based on BrdU incorporation. As we 

expected, after 24 h of M-CSF and GM-CSF treatments, starved 14 days BMDM 

presented low levels of fluorescence intensity associated with BrdU cellular 

incorporation (Figure 18A and B). 

 

 

Figure 18. Long-term cultures of BMDM present a decreased BrdU incorporation in 

response to M-CSF and GM-CSF. (A and B) Starved BMDM were stimulated with 

recombinant M-CSF (10 ng ml
-1

) or GM-CSF (5 ng ml
-1

) for 24 h. Proliferation induced by 

these growth factors was determined by BrdU incorporation. Proliferation was 

represented by cell cycle graph and expressed as fluorescence intensity. All assays are 

representative for at least 3 independent experiments.   

 

Furthermore, this reduced proliferative capacity was also assayed with specific flow 

cytometry program (Multicycle Program) through the analysis of DNA content with PI. 

This qualitative and quantitative experiment showed that 14 days BMDM, in response 
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to recombinant M-CSF and GM-CSF treatments, presented high number of 

macrophages at G1 phase and very low amount of cells at G2/M phase of the cell cycle 

comparing with normal BMDM (Figure 19A and B), indicating that 14 days BMDM 

seem to stop cell cycle at G1 phase. 

 

 

 

Figure 19. Long-term cultures of BMDM seem to stop cell cycle at G1 phase. (A and 

B) Starved BMDM from normal and long-term cultures were stimulated with recombinant 

M-CSF (10 ng ml
-1

) or GM-CSF (5 ng ml
-1

) for 24 h. (A) Cell cycle assay was performed 

with PI and analyzed by flow cytometry.  (B) Representative table of quantitative 

measurement of the above cell cycle analysis. Each point was analyzed in triplicate and 

the results are shown as mean ± SD. All assays are representative for at least 3 

independent experiments.  *p<0.05 corresponds to the statistical significance between 

indicated pair comparisons. 
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The molecular machinery involved in the cell cycle mechanism is dependent on the 

activation of a cyclin-dependent kinases (CDKs) protein family (Bringold and Serrano, 

2000).  When quiescent cells are induced to proliferate, CDK4 and CDK6 are firstly 

activated by association with cyclin D. Activation of CDK4-6/cyclin D kinase complex 

leads to subsequent activation of the CDK2/cyclin E and CDK2/cyclin A complexes, 

which in turns mediate DNA replication and cell cycle progression (Bringold and 

Serrano, 2000).  

Moreover, there is a group of proteins known as Cyclin-dependent kinase inhibitors 

(CDKi), which reversely regulates cell cycle progression, mainly p16, p19, p21 and 

p27. p16 and p19 specifically interact and block the CDK4 and CDK6 kinases, 

inhibiting cell cycle initiation, whereas p21 and p27 inhibit CDK2/cyclin E and A kinases 

(Canepa et al., 2007).  

It has been demonstrated that senescence suppresses the molecular machinery of cell 

cycle progression inducing the up-regulation of specific cell cycle inhibitors, such as 

CDKi (mainly p16, p19 or p21) which leads to Rb hyperphosphorylation and cell cycle 

arrest (Itahana et al., 2004). However, senescence also promotes the reduction of cell 

cycle positive regulators expression, such as cyclins (mainly cyclin D and cyclin E) and 

CDKs, such as CDK2 and CDK4 (Taylor and Stark, 2001).  

In this sense, in order to investigate the cell cycle blockage presented in 14 days 

BMDM, we evaluated the mRNA expression of important senescence-related 

mediators for the cell cycle progression. Normal BMDM showed high levels of cyclin D1 

(cycD1) and cyclin E (cycE) after M-CSF treatment. However, consistently with the 

published data, 14 days BMDM displayed reduced levels in the same conditions, being 

more significant the decrease of cyclin E mRNA levels than cyclin D1 (Figure 20A). 

Similarly, GM-CSF-dependent cell cycle progression induced the expression of cyclin 

D1 and E in normal BMDM, but mRNA levels of both cyclins were reduced in 14 days 

BMDM (Figure 20B).  

Furthermore, the mRNA expression of other cell cycle positive regulators, Cdk2 and 

Cdk4, were also increased after M-CSF and GM-CSF stimulation in normal BMDM 

(Figure 21A and B). Nevertheless, the expression levels of these two kinases were 

reduced in 14 days BMDM (Figure 21A and B). 
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Figure 20. Cell cycle positive regulators are down-regulated in long-lasting 

cultures of BMDM.  (A and B) CyclineD1 (cycD1) and CyclineE (cycE) levels were 

measured qRT-PCR in starved BMDM  treated with recombinant M-CSF (10 ng ml
-1

) and 

GM-CSF (5 ng ml
-1

)  for the indicated times. Data were expressed as relative mRNA 

levels, arbitrary units (AU), normalized to the Hprt1 expression level in each sample. 

Each point was analyzed in triplicate and the results are shown as mean ± SD. All 

assays are representative for at least 3 independent experiments. *p<0.05; **p<0.01 

correspond to the statistical significance between indicated pair comparisons.   
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Figure 21. Cell cycle positive regulators are down-regulated in long-lasting 

cultures of BMDM.  (A and B) The levels of Cycline-dependent kinase2 (Cdk2) and 

Cycline-dependent kinase4 (Cdk4) were measured by qRT-PCR in starved BMDM 

treated with recombinant M-CSF (10 ng ml
-1

) and GM-CSF (5 ng ml
-1

) for the indicated 

times. Data were expressed as relative mRNA levels, arbitrary units (AU), normalized to 

the Hprt1 expression level in each sample. Each point was analyzed in triplicate and the 

results are shown as mean ± SD. All assays are representative for at least 3 

independent experiments. *p<0.05; **p<0.01 correspond to the statistical significance 

between indicated pair comparisons.   

 

We also explored the potential role of cell cycle inhibitors in macrophage senescence-

dependent proliferation blockage. In this sense, we stimulated normal and long-lasting 

cultures of BMDM with M-CSF or GM-CSF growth factors. Whereas we could not 

detect differences in p21 mRNA levels between normal and 14 days BMDM, the 

reduced proliferative capacity presented in long-period cultures of BMDM seems to be 

affected by extraordinary levels of p16 and high levels of p27 mRNA expression in 14 

days BMDM (Figure 22A and B). 
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positive regulators of cell cycle, such as cyclin E and Cdk2, are down-regulated, 

obtaining a reduced amount of cyclin-kinase complexes and, therefore, damaging the 

advancement of cell cycle. Additionally, this is also accompanied and sustained by the 

overexpression of some CDKi, such as p27 and p16. 

 

 

Figure 22. p27 and p16, mainly,  are involved in the cell cycle blockage of long-

lasting cultures of BMDM.  (A and B) The levels of p21, p27 and p16 were measured 

by real-time PCR in starved BMDM treated with recombinant M-CSF (10 ng ml
-1

) and 

GM-CSF (5 ng ml
-1

)  for the indicated times. Data were expressed as relative mRNA 

levels, arbitrary units (AU), normalized to the Hprt1 expression level in each sample. 

Each point was analyzed in triplicate and the results are shown as mean ± SD. All 

assays are representative for at least 3 independent experiments. *p<0.05; **p<0.01 

correspond to the statistical significance between indicated pair comparisons.   
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c-Myc is an oncogenic transcription factor that is frequently upregulated in human 

malignancies (Nesbit et al., 1999), such as melanoma (Ross and Wilson, 1998; 

Greulich et al., 2000; Kraehn et al., 2001). In normal human cells, overexpression of c-

Myc promotes the acquisition of a transformed phenotype in cooperation with other 

cellular oncogenes (Boehm et al., 2005). Moreover, in mice c-Myc upregulation has 

been shown to induce tumorigenesis in numerous transgenic models (Lutz et al., 

2002). However, it is also demonstrated that the overexpression of c-Myc is correlated 

with the progression and maintenance of cellular senescence (Zhuang et al., 2008). 

In the case of Raf oncogene its overexpression can promote a robust induction of 

senescence produced by two different senescence pathways that work in parallel: the 

accumulation of CDKi, such as p16, p21 and p27 and the activation of DNA-damage 

mechanisms with the subsequent phosphorylation of Ɣ-H2AX (Jeanblanc et al., 2012). 

Similarly, the transcription factor E2F1 has been proved to be a cellular senescence 

modulator whose overexpression suppresses the progression of cancer and induce 

cellular senescence, providing the possibility to use E2F1 as a therapeutic target in the 

treatment of cancer (Park et al., 2006). 

As we expected, 14 days BMDM showed increased mRNA expression of c-Myc after 

M-CSF and GM-CSF treatment comparing with the amounts produced by normal 

BMDM (Figure 23A and B). Similarly, the stimulation of 14 days BMDM with both 

growth factors induced high levels of Raf and E2F1 mRNA expression (Figure 23A and 

B), indicating that cellular senescence induced in long-period cultures of BMDM is also 

supported by oncogenes overexpression. 
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Figure 23. Senescence markers involved in cell cycle regulation are 

overexpressed in long-lasting cultures of BMDM.  (A and B) The levels of c-Myc, Raf 

and E2F1 were measured by qRT-PCR in starved BMDM treated with recombinant M-

CSF (10 ng ml
-1

) and GM-CSF (5 ng ml
-1

)  for the indicated times. Data were expressed 

as relative mRNA levels, arbitrary units (AU), normalized to the Hprt1 expression level in 

each sample. Each point was analyzed in triplicate and the results are shown as mean ± 

SD. All assays are representative for at least 3 independent experiments. *p<0.05; 

**p<0.01 correspond to the statistical significance between indicated pair comparisons.   
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(Jak2)/STAT5 impaired signaling pathway (Sebastián et al., 2009). STAT5 is involved 

in the proliferation of many cell types. Once phosphorylated, STAT5 dimerizes and 

translocates to the nucleus where it binds to DNA-specific sites and activates the 

transcription of target genes (Hou et al., 1995; de Groot et al., 1998). In this sense, the 

cell cycle arrest shown by 14 days BMDM was correlated with a decrease in the 

phosphorylation of STAT5 (Figure 24A and B) in response to GM-CSF.  
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Figure 24. The phosphorylation of STAT5 is reduced in long-period BMDM 

cultures.  Starved BMDM were stimulated with recombinant GM-CSF (5 ng ml
-1

) for the 

times indicated. (A) STAT5 phosphorylation was determined by p-STAT5 

immunoblotting. (B) Representative graph of the quantitative measurement of the 

immunoblotting above.  STAT5 image was used as loading control for western blots. All 

assays are representative for at least 3 independent experiments.   

 

Next, in order to investigate the signaling pathway involved in the blockage of cell cycle 

progression presented by long-lasting cultures of BMDM, we also evaluate the 

activation of crucial MAPKs implicated in macrophage proliferation, such as 
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kinases involved in the transduction of externally derived signals that regulate cell 

growth, differentiation and apoptosis (Seger et al., 1995).  
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et al., 1999). The proliferation of normal BMDM induced by GM-CSF produced the 

phosphorylation at 15 min of p38 MAPK, JNK and ERK1/2 (Figure 25A and B). 

However, GM-CSF induced an overactivation and more sustained ERK and p38 MAPK 

phosphorylation in 14 days BMDM, whereas JNK activity was not affected, as 

determined by the prolonged phosphorylation kinetics (up to 2 h) presented by ERK 

and p38 MAPK activity in response to GM-CSF (Figure 25B).  

Previous studies of our research group have demonstrated that alteration in the 

kinetics of ERK1/2 phosphorylation have profound effects on macrophage proliferation 

and activation (Valledor et al., 2008), but no previous data on the role of p38 MAPK 

was described in those studies. 

 

 

Figure 25. GM-CSF treatment induces prolongation of p38 MAPK and ERK 

phosphorylation in long-period BMDM cultures.  Starved BMDM were stimulated with 

recombinant GM-CSF (5 ng ml
-1

) for the times indicated. (A and B) ERK, JNK and p38 

phosphorylation was determined by p-ERK, p-JNK and p-p38 immunoblotting. β-actin 

image was used as loading control for western blots. All assays are representative for at 

least 3 independent experiments.   
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Interestingly, this also occurred when these cells were stimulated with M-CSF (Figure 

26A and B) but this behavior is distinct to macrophages from old mice since they did 

not alter MAPK activity (Sebastián et al., 2009). Nevertheless, some data implicate 

MAPK overactivation with senescence (Sebastián, Lloberas and Celada, 2009). These 

observations suggest that STAT5, ERK and p38 activity play an important role in the 

arrest of cell cycle progression induced by GM-CSF and M-CSF in long-term cultures 

of BMDM. 

 

 

Figure 26. M-CSF treatment induces prolongation of p38 MAPK phosphorylation in 

long-period BMDM cultures.  Starved BMDM were stimulated with recombinant M-CSF 

(10 ng ml
-1

) for the times indicated. (A and B) ERK, JNK and p38 phosphorylation was 

determined by p-ERK, p-JNK and p-p38 immunoblotting. β-actin image was used as 

loading control for western blots. All assays are representative for at least 3 independent 

experiments.   

 

 

 

p16 and telomeres shortening are involved in the cellular 

senescence molecular mechanisms of long-period BMDM 

cultures 

At molecular level, replicative senescence is controlled by two different pathways which 

comprise the tumor suppressor proteins pRb and p53 and their corresponding effectors 

p16 and p21 (Dimri and Campisi, 1995; Campisi, 2001). Consistently, inactivation of 

these proteins results in bypass of senescence.  
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In this regard, we evaluated the possibility that p53 pathway was involved in the 

senescence mechanism induced in long-period cultures of BMDM. Normal and 14 days 

BMDM were stimulated with recombinant M-CSF (growing conditions) and with 

etoposide (Eto.) and H2O2 treatments, as DNA-damage inducers (p53 positive 

activators) and p53 phosphorylation was measured by western blotting. In both, normal 

and 14 days BMDM, p53 was not activated by M-CSF treatment, whereas etoposide 

and H2O2 stimulation induced the phosphorylation of p53 at similar levels (Figure 27A). 

Additionally, as it was demonstrated before (Figure 22), p21 mRNA expression was 

similar in both types of macrophage cultures, indicating that p53-p21 senescence 

pathway is not involved in the molecular mechanism induced in long-term cultures of 

BMDM (Figure 27B).  

In contrast, p16 mRNA levels were extraordinary high in 14 days BMDM comparing 

with normal macrophages after stimulation with recombinant M-CSF and GM-CSF 

growing factors (Figure 27C), suggesting that pRb-p16 pathway seems to be the 

molecular mechanism implicated in the senescence process produced in 14 days 

BMDM. 

The relative contribution of pRb and p53 cascades to senescence depends on the cell 

type but both mechanisms ultimately undergo telomeric crisis, resulting in 

chromosomal instability (Shay and Wright, 2005). Therefore, the dependence of 

replicative senescence on telomere shortening is evident from its bypass by the ectopic 

expression of the catalytic subunit of the telomerase holoenzyme (hTERT), which 

elongates telomeres, thereby abrogating the effect of the end replication problem 

(Bodnar et al. 1998; Vaziri and Benchimol 1998). In contrast to those cells that need to 

divide regularly (stem cells and immune cells, among others), many somatic cells are 

not able to express telomerase, thus, they are incapable to maintain telomeres at a 

sufficient length to prevent DDR (Masutomi et al., 2003). In this sense, we wanted to 

determine the importance of telomere attrition observed for the macrophage 

senescence-related impaired proliferative capacity induced in long-period cultures of 

BMDM.  
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Figure 27. The mechanism involved in the senescence process of long-lasting 

BMDM cultures seems to be driven by p16.  (A) Starved BMDM were stimulated with 

recombinant M-CSF (10 ng ml
-1

), Etoposide (1 µg ml
-1

 , Eto.) and H2O2 (5 µg ml
-1

) for 30 

min. p53 phosphorylation was measured by p-p53 immunoblotting.  β-actin image was 

used as loading control for western blots. (B and C) The levels of p21 and p16 were 

measured by qRT-PCR in starved BMDM treated with recombinant M-CSF (10 ng ml
-1

) 

and GM-CSF (5 ng ml
-1

)  for the indicated times. Data were expressed as relative mRNA 

levels, arbitrary units (AU), normalized to the Hprt1 expression level in each sample. 

Each point was analyzed in triplicate and the results are shown as mean ± SD. All 

assays are representative for at least 3 independent experiments. **p<0.01 correspond 

to the statistical significance between indicated pair comparisons.   
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period cultures of BMDM generation, TA-65 was added into the complete medium 

every 48 h up to get 14 days BMDM, and adding DMSO in normal and control 14 days 

macrophages to adjust the assay. To determine the optimal concentration of TA-65 

pre-treatment that induces the elongation of telomeres, first we evaluated the telomere 

length of normal and 14 days BMDM in the presence or absence of different 

concentrations of TA-65 through qRT-PCR, being 10 µM the concentration of TA-65 

that enhances the highest level of T/S ratio in 14 days BMDM (Figure 28A). Moreover, 

the increase in the telomere length observed in 14 days BMDM induced by TA-65 

(Figure 28B) was correlated with an incomplete increase in the proliferative capacity of 

14 days BMDM in response to M-CSF and GM-CSF (Figure 28C), suggesting that 

telomeres attrition plays a partial role in the impaired proliferative capacity of long-

period cultures of BMDM. 

 

Figure 28. Telomerase activation partially rescues the impaired proliferative 

capacity of long-period BMDM cultures.  (A and B) Telomere length was measured by 

qRT-PCR in normal and 14 days macrophages with or without TA-65 at the 

concentrations indicated (see Materials and Methods section). The ratio of relative 

telomere to single copy gene (36B4) amplification (T/S) was shown by two independent 

experiments. (C) Starved BMDM were stimulated with M-CSF (30 %) and GM-CSF (1 %) 

conditioned medium for 24 h with or without TA-65 (10 µM). Proliferation induced was 

determined by 
3
H-thymidine incorporation. Radioactivity was expressed in cpm (counts 

per minute). Each point was analyzed in triplicate and the results are shown as mean ± 

SD. All assays are representative for at least 3 independent experiments.  *p<0.05; 

**p<0.01 correspond to the statistical significance between indicated pair comparisons.   

 

0

80

120

160

Ctrl M-CSF GM-CSF

0 days 14 days 14 days+TA-65 10μM

0

0.2

0.4

0.6

0.8

1.0

0d 14d 14d+TA-65

R
e
la

ti
v
e
 (

T
/S

) 
ra

ti
o

3
H

-T
h
ym

id
in

e
 i
n
c
o
rp

o
ra

ti
o
n
  

(c
p
m

x
 1

0
3
)

0

0.2

0.4

0.6

0.8

1.0

0d 14d

14d+TA-65

R
e
la

ti
v
e
 (

T
/S

) 
ra

ti
o

1 µM 5 µM 10 µM 20 µM

**
**

*
* **

* **

*

A

B C



Results 

111 

 

 

 

 

 

 

Determination of functional 

activities in senescent macrophages 

  



Results 

112 

 

  



Results 

113 

 

Classical and alternative activation phenotypes are impaired in 

long-term BMDM cultures 

The idea of macrophage activation appeared as a result of the observation that 

macrophages treated with bacterial constituents, such as LPS or flagellin, and IFN-γ 

developed an enhanced capacity to destroy a wide range of ingested pathogens. 

Classically activated macrophages (M1 macrophages) have an increased ability to 

present antigen since they increase the expression of MHC II and CD80/CD86 (Herrero 

et al., 2002). In addition, M1 macrophages mediate diverse inflammatory effects 

secreting a variety of cytokines and destroying intracellular pathogens through 

increasing the production of NO and other effector molecules (Xu and Gordon, 2003).  

In contrast, alternative activated macrophages (M2 macrophages), produced by IL-4 or 

IL-13 treatments, do not display an increased oxidative burst and are inefficient in 

killing intracellular pathogens. These macrophages are important in clearance of 

parasitic and extracellular pathogens and promote cell growth and tissue remodeling 

through the induction of arginase (Gratchev et al., 2001). Moreover, unlike classical 

macrophage phenotype, M2 macrophages increase the expression of mannose 

receptor 1 (mrc1) and macrophage galactose-type lectin 1 (mgl1) and specific 

transcription factors such as resistin-like molecule alpha (Fizz1) (Stein et al., 1992; 

Iniesta et al., 2001; Gratchev et al., 2001; Gordon, 2003). 

Due to the importance of macrophage activities in the steady state or during an 

inflammatory process, we next decided to study important macrophage functions based 

on phenotypic characteristics. Regarding to the macrophage classical activation, we 

analyzed MHCII mRNA and protein expression induced by IFN-γ in 14 days BMDM. As 

it was reported in macrophages from old mice (Herrero et al., 2002), we observed a 

reduction of I-Ab expression after 48 h of IFN-γ treatment (Figure 29A). Consistent with 

the decreased mRNA levels, the protein surface expression of I-Ab was also reduced 

in 14 days BMDM samples (Figure 29B and C), indicating that antigen presentation 

capacity is declined in long-period cultures of BMDM.  
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Figure 29. Antigen presentation capacity is impaired in long-period BMDM 

cultures.  (A) The levels of I-Ab were measured by qRT-PCR in starved BMDM treated 

with recombinant IFN-γ (20 µg ml
-1

) for the times indicated. Data were expressed as 

relative mRNA levels, arbitrary units (AU), normalized to the Hprt1 expression level in 

each sample. (B and C) MHCII surface expression was measured by flow cytometry. 

BMDM were stimulated with recombinant IFN-γ (20 µg ml
-1

) for 48 h and stained with I-

Aβ-FITC and Cd11b-PE antibodies.  Data were expressed as percentage of positive 

cells (B) or fluorescence intensity (C). Each point was analyzed in triplicate and the 

results are shown as mean ± SD. All assays are representative for at least 3 

independent experiments. **p<0.01 correspond to the statistical significance between 

indicated pair comparisons.   
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induced by LPS or by LPS plus IFN-γ in 14 days BMDM, suggesting that the 

microbicidal activity was highly reduced in these macrophages (Figure 30C).  

 

 

Figure 30. Microbicidal activity is reduced in long-period BMDM cultures.  (A) The 

levels of nos2 was measured by qRT-PCR in starved BMDM treated with LPS (10 ng ml
-

1
) for  the times indicated. Data were expressed as relative mRNA levels, arbitrary units 

(AU), normalized to the Hprt1 expression level in each sample. (B) BMDM were 

stimulated with LPS (10 ng ml
-1

) for 24 h. NOS2 protein expression was measured by 

western blot.  β-actin image was used as loading control for western blots. (C) NO 

production was analyzed by absorbance. BMDM were stimulated with LPS (10 ng ml
-1

) 

or with LPS (10 ng ml
-1

) plus recombinant IFN-γ (20 µg ml
-1

) for 24 h.  Each point was 

analyzed in triplicate and the results are shown as mean ± SD. All assays are 

representative for at least 3 independent experiments. **p<0.01 correspond to the 

statistical significance between indicated pair comparisons.   
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mRNA and protein expression was increased in 14 days BMDM in response to LPS 

(Figure 31A and B). Consistently, the treatment with ATP, required to induce the 

release of IL-1β in LPS-primed macrophages through inflammasome activation 
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in 14 days BMDM (Figure 31C). Similarly, the mRNA levels (Figure 31D) and the 

secretion of TNF-α (Figure 31E) were also augmented in 14 days BMDM. 

 

 

Figure 31. Pro-inflammatory cytokines secretion is increased in long-period BMDM 

cultures.  (A and D) The levels of il-1b and tnf-α were measured by qRT-PCR in starved 

BMDM treated with LPS (10 ng ml
-1

) for the times indicated. Data were expressed as 

relative mRNA levels, arbitrary units (AU), normalized to the Hprt1 expression level in 

each sample. (B) BMDM were stimulated with LPS (10 ng ml
-1

) for 24 h. IL-1β protein 

expression was measured by western blot.  β-actin image was used as loading control 

for western blots. (C and E) Cytokine production was analyzed by ELISA. BMDM were 

stimulated with LPS (10 ng ml
-1

) or with LPS (10 ng ml
-1

) plus ATP (1 mM) for 24 h.  

Each point was analyzed in triplicate and the results are shown as mean ± SD. All 

assays are representative for at least 3 independent experiments.  *p<0.05; **p<0.01 

correspond to the statistical significance between indicated pair comparisons.   
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expected, 14 days BMDM presented an increase STAT-3 activity whose 

phosphorylation was also sustained at 30 min (Figure 32C).   

Taken together, these results indicate that macrophage M1 activation by IFN-γ and 

LPS stimulation were deficient in long-period BMDM cultures. 

 

 

Figure 32. IL-10 secretion is increased in long-period BMDM cultures.  (A) The 

levels of il-10 were measured by qRT-PCR in starved BMDM treated with LPS (10 ng ml
-

1
) for the times indicated. Data were expressed as relative mRNA levels, arbitrary units 

(AU), normalized to the Hprt1 expression level in each sample. (B) BMDM were 

stimulated with LPS (10 ng ml
-1

) for 24 h and IL-10 production was analyzed by ELISA. 

(C)  BMDM were stimulated with LPS (10 ng ml
-1

) for the times indicated and STAT-3 

phosphorylation was measured by western blot.  β-actin image was used as loading 

control for western blots. Each point was analyzed in triplicate and the results are shown 

as mean ± SD. All assays are representative for at least 3 independent experiments. 

**p<0.01 correspond to the statistical significance between indicated pair comparisons.   

 

An innovative hypothesis of cellular senescence contribution to the age-related 

changes of the immune system explains that immunosenescence and inflammaging 

can also be derived from a dysfunction of TLRs expression and TLRs signaling since 

TLRs activation results in pro-inflammatory mediators induction (Olivieri et al., 2013).  

The age-related expression of the TLRs has been extensively studied in cells of the 
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this sense, we decided to evaluate the surface (TLR-2, -4 and -5) or intracellular (TLR-

9) protein levels of several TLRs in our cellular model in response to LPS stimulation. 
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Whereas we did not observe any difference in TLRs expression at basal levels 

between normal and 14 days BMDM, TLRs levels after LPS treatment showed 

alterations (Figure 33). In the case of TLR-2 expression, 14 days BMDM presented 

lower percentage of positive cells than normal macrophages (Figure 33A). In contrast, 

TLR-4, -5 and -9 were overexpressed in these cells after LPS treatment (Figure 33B to 

D), which could explain, in part, the increase in pro-inflammatory cytokines expression 

shown in long-period cultures of BMDM. 

 

 

Figure 33. The expression of TLR-4, -5 and -9 are increased in long-period BMDM 

cultures.  (A to D) TLRs surface expression was measured by flow cytometry. BMDM 

were stimulated with LPS (10 ng ml
-1

) for 24 h and stained with TLR-2, 4, 5, 9-FITC 

antibodies.  Data were expressed as percentage of positive cells. Each point was 

analyzed in triplicate and the results are shown as mean ± SD. All assays are 

representative for at least 3 independent experiments. *p<0.05; **p<0.01 correspond to 

the statistical significance between indicated pair comparisons.   
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Normal and 14 days BMDM were stimulated with IL-4 for 8 or 24h in order to induce 

the M2 macrophage switching. As we expected, normal BMDM treated with IL-4 

presented high mRNA levels of arginase-1 (arg1) (Figure 34A). However, arginase-1 
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expression was significantly reduced in 14 days BMDM (Figure 34A). Additionally, we 

also measured the enzyme activity through a colorimetric method based on the 

reaction produced between arginase and the aminoacid L-arginine. Arginase activity 

was declined in 14 days BMDM after IL-4 treatment (Figure 34B), indicating that tissue 

repair activity is impaired in long-term cultures of BMDM. 

 

 

 

Figure 34. Arginase activity is reduced in long-period BMDM cultures.  (A) The 

levels of argI was measured by qRT-PCR in starved BMDM treated with IL-4 (10 ng ml
-1

) 

for the times indicated. Data were expressed as relative mRNA levels, arbitrary units 

(AU), normalized to the Hprt1 expression level in each sample. (B) BMDM were 

stimulated with IL-4 (10 ng ml
-1

) for 24 h and arginase activity was measured by 

absorbance. Data were expressed as enzymatic activity (mU).  Each point was analyzed 

in triplicate and the results are shown as mean ± SD. All assays are representative for at 

least 3 independent experiments. *p<0.05; **p<0.01 correspond to the statistical 

significance between indicated pair comparisons.   

 

Moreover, we analyzed some transcription factor or genes involved in M2 phenotype 

after IL-4 stimulation. In the case of mgl1 and fizz1 were also reduced in 14 days 

BMDM (Figure 35A and B) confirming few data concerning how aging may affect the 

alternative activation of macrophages (Smith et al., 2001). However, M2 genes such as 

mrc1 and tgfβ were increased and not affected, respectively (Figure 35C and D) 

indicating that some, but not all, M2 genes contribute to the altered long-lasting 

cultures of BMDM M2 functions. 
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Figure 35. Some genes involved in the alternative activation are differently 

expressed in long-period BMDM cultures.  (A to D) The levels of mgl1, fizz1, tgfβ and 

mrc1 were measured by qRT-PCR in starved BMDM treated with IL-4 (10 ng ml
-1

) for the 

times indicated. Data were expressed as relative mRNA levels, arbitrary units (AU), 

normalized to the Hprt1 expression level in each sample. Each point was analyzed in 

triplicate and the results are shown as mean ± SD. All assays are representative for at 

least 3 independent experiments. *p<0.05; **p<0.01 correspond to the statistical 

significance between indicated pair comparisons.   

 

Finally, to complete the functionality study of long-term cultures of BMDM, we 

evaluated the phagocytic activity, one of the most important actions that macrophages 

carry out.  

Phagocytosis by macrophages is critical for uptake and degradation of infectious 

agents and senescent or apoptotic cells, and it participates in development, tissue 

remodeling, immune response and inflammation (Aderem and Underhill, 1999). 

Phagocytosis is extremely complex and no single model can fully account for the 

diverse structures and outcomes associated with particle internalization. This 

complexity is in part due to the diversity of receptors capable to stimulate phagocytosis 

and also due to the capacity of a variety of microbes to influence their fate as they are 

internalized (Aderem and Underhill, 1999).  
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In this sense, we measured the ability of senescent macrophages derived from our 

cellular model to engulf apoptotic cells. For this purpose, we used MDA-MB-231/GFP 

(MDA-GFP) cell line, green-fluorescence epithelial cells which stably express GFP. To 

obtain apoptotic MDA-GFP cells, we treated them with actinomycin D (Figure 36A). 

Phagocytosis was analyzed by microscopy putting in contact normal BMDM with 

apoptotic MDA-GFP cells in a proportion of 1:10.  

We could observe that normal BMDM were able to engulf apoptotic epithelial cells 

since we detected green fluorescence in BMDM samples (Figure 36B). In addition, 

phagocytosis activity in senescent macrophages was quantified by flow cytometry 

method. As negative control we used a pre-treatment with cytochalasin D, a 

phagocytosis inhibitor, and low temperature (4ºC), to prevent the engulfment of 

apoptotic bodies. In normal BMDM the phagocytic activity was increased after 

apoptotic cells incubation, however, this activity was significantly suppressed in 14 

days BMDM (Figure 36C), indicating that macrophage phagocytic activity is impaired in 

long-period cultures of BMDM. 

 

Figure 36. Phagocytic capacity is impaired in long-period BMDM cultures.  (A) 

Representative image of apoptotic MDA-MB-231/GFP cells. Cells were treated with 

Actinomycin D (5 µg ml
-1

) for 6 h. (B) Representative image of MDA-MB-231/GFP cells 

phagocyted by BMDM. BMDM were treated in a proportion of 10:1 with apoptotic MDA-

MB-231/GFP cells for 1 h. Images were acquired with a fluorescent inverted microscope. 

(C) BMDM, at 4ºC or 37ºC, were treated with the presence or absence of a pre-

stimulation of cytochalasin D (Cyt.D, 2 µg ml
-1

)   in a proportion of 10:1 with apoptotic 
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MDA-MB-231/GFP cells for 1 h. GFP positive cells were analyzed by flow cytometry and 

data were expressed as percentage of phagocytic cells. Each point was analyzed in 

triplicate and the results are shown as mean ± SD. All assays are representative for at 

least 3 independent experiments. **p<0.01 correspond to the statistical significance 

between indicated pair comparisons.   

 

Thus, taking into account the innate immune functionalities of macrophages studied in 

this work, we could determine that long-period BMDM cultures presented a great 

number of altered macrophage activities that could contribute to some aspects of the 

impaired immune response observed in aging. 
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Macrophages are white blood cells localized within tissues, arising from the 

differentiation of monocytes. These cells play a critical role in the development of the 

innate immune response since they act as sentinels carrying out different functions in 

tissues (Xu and Gordon, 2003). They are specialized to phagocyte and eliminate 

foreign particles (bacteria, viruses, parasites, macromolecules and damaged cells), 

limiting the anti- inflammatory process. Moreover, macrophages can also participate in 

the systemic immune modulation through the production of cytokines and chemokines, 

antigen presentation and the regulation of T cell activation and differentiation, linking 

the innate immunity to the adaptive (Bowdish et al., 2007). 

Although, it is well documented that innate and adaptive immunity are deteriorated 

progressively with advancing age (Hu et al., 1993; Linton et al., 1996; Linton et al., 

1997; Beverly and Grubeck-Loebenstein, 2000; Franceschi et al., 2000; Johnson and 

Cambier, 2004), the specific impact on macrophages has to be resolved. The 

inappropriate macrophage function produced by aging contribute significantly to 

decreased pathogens clearance and decreased responsiveness of the adaptive 

immune system, participating in the immunosenescence process (Plackett et al., 2004). 

We show here that our novel murine senescent macrophage model, based on long-

period cultures of BMDM, present altered macrophage functions similarly to those 

observed in macrophages obtained from old mice. Interestingly, this cellular model also 

show numerous senescent characteristics which demonstrate that cellular senescence 

induced in long-term cultures of BMDM may be a good tool to evaluate the impaired 

macrophage functions produced during the aging process, MacrophAging. 

 

Long-term cultures of BMDM are senescent macrophages 

Very few data are available regarding the cellular and molecular mechanisms involved 

in macrophage aging and senescence (Pinke et al., 2013; Pinto et al., 2014; Stranks et 

al., 2015). Most studies use BMDM from young (6 week-old) and aged mice (24 month-

old) grown and differentiated in vitro to prevent the influence of other cell types that 

may be affected by the aging process (Herrero et al., 2002; Sebastián et al., 2009). 

However, working with old mice carries many problems. For instance, researchers 

must wait 24 months to get aged mice, long time and many economic costs to initiate 

the investigation. In addition, during this waiting period may occur different 

uncontrollable complications: some mice can die by natural death or even they can get 

sick due to the natural aging program.  
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To resolve this, some studies from our research group used the first and third 

generation of mice lacking the gene encoding the telomerase RNA component (Terc-/-) 

(Sebastián et al., 2009). These mice show progressive telomere shortening in 

successive generations with signs of premature aging (Samper et al., 2002).  However, 

for this work we decided to design an innovative cellular model of senescence to study 

aging on macrophages. Actually, the use of replicative life span of cell cultures as a 

model for aging has been accepted because in vitro life span correlates with species 

maximum life span potential (Demetrius, 2006) and, most importantly, cultures of 

normal human and mice cells have been reported to exhibit frequently a negative 

correlation between proliferative capacity and the age of the donor from whom the 

culture was established (Cristofalo et al., 1998; Ksiazek et al., 2007). However, even in 

rodents, the relationship between donor age and proliferative potential is not 

completely clear (Bruce and Deamond, 1991; Deamond and Bruce, 1991). Although 

the loss of proliferative potential in vitro may not directly reflect changes in replicative 

capacity that occur in vivo during organismal aging, cell cultures remain a powerful tool 

for a variety of aging-related studies such as stress effects, loss of cellular functions 

and basic mechanisms of aging. 

Our senescent macrophage model was established by sequential passaging until 

BMDM growth ceased and failed to divide, similarly to other in vitro senescent cellular 

models (Effros et al., 2003; Ksiazek et al., 2007; Phipps et al., 2007), maintaining the 

specific macrophage marker Cd11b and their particular size and complexity. The 

results found show that long-period cultures of BMDM reduces their proliferative 

potential in response to two macrophage specific growth factors, M-CSF and GM-CSF. 

In this regard, we evaluated macrophage proliferation by different approaches in order 

to demonstrate the most important and indispensable senescent feature, the 

irreversible growth arrest. Radioactive thymidine incorporation and cellular counting are 

decreased in long-term cultures of BMDM. In addition, these BMDM cultures present 

less BrdU incorporation and a cell cycle blockage at G1 phase measured by cell cycle 

analysis based on PI staining. However, previous studies from our research group 

showed that although GM-CSF-dependent proliferation was significantly reduced in 

aged BMDM obtained from old mice, the proliferative capacity in response to M-CSF 

treatment was similar to young BMDM (Sebastián et al., 2009). 

Furthermore, our results demonstrate that 14 days BMDM, obtained through serial 

divisions, are positive for diverse senescent markers. As reported in this thesis, 

replicative senescence is associated with widespread and persistent changes in long-

period cultures of BMDM that were consistent with the induction of a senescent 
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phenotype. Such changes include high activity of SA-β-gal and morphological changes. 

It has been demonstrated that senescent cells raise SA-β-gal activity reflecting the 

increase in lysosomal mass (Lee et al., 2006). Additionally, senescent cells increase in 

size, sometimes enlarging more than twofold relative to the size of non-senescent 

counterparts (Hayflick, 1965). However, we could only detect that long-period BMDM 

cultures are more rounded and have less dendritic morphology than normal BMDM.  

Previous macrophage aging studies showed that aged BMDM were unable to maintain 

telomeres at a sufficient length to prevent DDR resulting in impaired proliferation 

(Harley et al., 1990; Wright et al., 1996; Masutomi et al., 2003; Sebastián et al., 2009). 

In fact, hematopoietic stem cells show telomere shortening during in vitro culture and in 

vivo aging (Vaziri et al., 1994; Engelhardt et al., 1997; Zimmermann et al., 2004) 

similarly to several mouse stem cell compartments, including skin, small intestine, 

cornea, testis and brain (Flores et al., 2008). This work demonstrate that long-term 

cultures of BMDM present shorter telomeres which correlates with signs of persistent 

activation of a DDR, as evidenced by γ-H2AX-positive.   

In addition to these features, we have shown that our senescent cellular model suffers 

an enhanced oxidative stress which is related with telomeres shortening (von Zglinicki 

et al., 2002; Tchirkov and Lansdorp, 2003). This higher production of intracellular ROS 

associates with the mRNA expression of senescent markers connected with oxidative 

stress (de Haan et al., 1996), such as higher catalase and SOD2 expression, while 

SOD1 seems not to be affected by the induction of senescence. However, results 

published regarding SOD homologues expression are controversial. While, some 

reports indicate that both, SOD1 and SOD2, are upregulated at mRNA level in 

senescent cells (de Haan et al., 1996), other studies confirm that SOD1 mRNA 

expression was overexpressed, and SOD2 was not affected (Kawamura and 

Sunanaga, 2013). Even so, in agreement with these previous reports, SOD activity is 

reduced in long-term cultures of BMDM, contributing to the redox imbalance. 

Therefore, the results obtained confirm that long-period cultures of BMDM display a 

senescent phenotype characterized, mainly, by irreversible exit of the cell cycle and by 

changes in macrophage shape, increased SA-β-gal activity, telomeres shortening, 

enhanced oxidative stress and persistent DNA damage. 

We have also investigated the molecular mechanism involved in the cell cycle blockage 

induced in long-term cultures of BMDM. The cell cycle arrest at G1 phase has been 

correlated with the origin of cellular senescence (Magalhaes, 2004). According to the 

published data, long-period cultures of BMDM increases the expression of G1 CDKIs 
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such as p16 and p27 which are able to inactivate G1 proteins such as CDK4/cycD and 

CDK2/cycE complexes (Kuilman et al., 2010; Rodier and Campisi, 2011). It has been 

established that p16 expression increases with age in mice and humans (Zindy et al., 

1997; Nielsen et al., 1999; Krishnamurthy et al., 2004; Ressler et al., 2006; Liu et al., 

2009), and its activity has been functionally linked to the reduction in progenitor cell 

number that occurs in multiple tissues during aging (Janzen et al., 2006; Krishnamurthy 

et al., 2006; Molofsky et al., 2006). However, although commonly high levels of p21 are 

required for the induction of senescence-related growth arrest (Sherr and Roberts, 

1999; Chang et al., 2000; Romanov et al., 2010), other studies demonstrate that p21 

overexpression is not crucial (Medcalf et al., 1996; Brown et al., 1997). In this sense, in 

our senescent macrophage model p21 mRNA levels are not affected in response to M-

CSF and GM-CSF stimulation. Moreover, in concordance with previous studies, we 

also proved that the expression of cycD and cycE as well as Cdk2 and Cdk4 are 

reduced in these macrophages (Kuilman et al., 2010; Blagosklonny, 2011).  

Next, we decided to study the signaling involved in the cell cycle arrest induced in long-

period cultures of BMDM. M-CSF and GM-CSF induce macrophage proliferation by 

stimulating a complex array of signal transduction pathways, including MAPKs (Pixley 

and Stanley, 2004). Three different MAPKs (ERK1/2, JNK and p38) are activated in 

response to M-CSF and GM-CSF treatments (Jaworowski et al., 1999; Valledor et al., 

2000; Comalada et al., 2004; Sánchez-Tilló et al., 2007). Paradoxically it has been 

demonstrated that prolongation in ERK1/2 phosphorylation triggers cell cycle arrest 

involved in cellular senescence since correlates with high levels of p16 (Valledor et al., 

2008; Deschenes-Simard et al., 2013). Similarly, high p38 MAPK activity drives 

senescence through inhibition of telomerase activity, upregulation of p16 mRNA and by 

induction of DDR signaling in some immune cells such as T cells (Lanna et al., 2014). 

In contrast, loss of JNK activity has been related with the activation of Bcl-2/ROS/DDR 

signaling cascade that ultimately leads to premature senescence (Lee et al., 2010; 

Spallarossa et al., 2010). In this regard, we evaluated the activity of these MAPKs in 

response to M-CSF and GM-CSF by western blot.  

The prolongation of ERK and p38 MAPK phosphorylation was detected in long-period 

cultures of BMDM. However, normal and senescent macrophages present similar JNK 

activity levels. These results suggest that both, ERK and p38 MAPK, are implicated in 

the induction of growth arrest in BMDM, while JNK activity seems to be irrelevant. 

Nevertheless, further research is required to ensure that ERK and p38 MAPK activities 

are crucial for macrophage senescence since no differences in MAPKs 

phosphorylation were detected in BMDM from old mice (Sebastián et al., 2009). For 



Discussion 

129 

 

example, it would be significant perform senescent biomarkers assays inhibiting 

specifically both kinases in long-term cultures of BMDM or using ERK and p38 MAPK 

knockout macrophages. 

Additionally, GM-CSF-dependent proliferation also induces the activation of STAT5 

signaling pathway which is involved in the growth of different cells such as 

macrophages. Long-period cultures of BMDM show a decrease in STAT5 

phosphorylation in response to GM-CSF stimulation. Corroborating these results, 

previous studies from our research group detected a reduction in STAT5 activity in 

BMDM obtained from old mice (Sebastián et al., 2009). 

Taken together, these effects on mRNA transcription of cell cycle regulators genes, the 

elongation of ERK1/2 and p38 MAPK activities and the reduction in STAT5 

phosphorylation may prevent transition from G1 to S phase, blocking the cell cycle and 

contributing to the induction of macrophage senescence program (Figure 37). 

However, cell cycle arrest is not a synonym of senescence. Non-senescent cell cycle 

blockage can be caused by the absence of growth factors which drives to cellular 

quiescence (Blagosklonny et al., 2011) or by terminal differentiation (Buttitta and 

Edgar, 2007). Thus, since senescence, quiescence and terminal differentiation are all 

described by the accumulation of cells at G1 phase of the cell cycle through high 

CDKIs activity (Lowe and Sherr, 2003; Pajalunga et al., 2007), it is difficult to 

distinguish these three processes in a cellular culture. Nevertheless, while quiescence 

is characterized by reversible cell cycle arrest, terminal differentiation is usually 

coupled with permanent exit from the cell cycle and represents the most common 

cellular state in adult animals (Liu et al., 2004). In this sense, quiescence seems not to 

be involved in the growth arrest presented in long-period cultures of BMDM since 

proliferative assays were performed with M-CSF and GM-CSF treatments. In addition, 

both processes, quiescence and terminal differentiation, can be ruled out due to the 

numerous senescent biomarkers shown in long-term cultures of BMDM which are 

absent in non-senescent phenotypes.  
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Figure 37. Molecular mechanism involved in cell cycle arrest observed in long-period 

BMDM cultures.  Schematic model for the cell cycle blockage presented in long-period cultures 

of BMDM comparing the expression or activation of the main components and regulators with 

normal BMDM. Blue and pink arrows indicate the up- or downregulation of the corresponding 

genes and the increase or reduction in MAPKs and STAT5 phosphorylation in M-CSF- or GM-

CSF-dependent macrophage division, respectively, whereas black flattened arrows represent 

inhibitions of CDK/cyclin complexes. Equal signs indicate no differences between long-period 

and normal BMDM. Red spheres indicate phosphorylation, and blue and pink spheres represent 

M-CSF and GM-CSF growth factors, respectively. 

 

As it has been mentioned before, long-period cultures of BMDM express high levels of 

p16. Most senescent cells increase the expression of p16, which is not commonly 

expressed by quiescent or terminally differentiated cells (Alcorta et al., 1996; Hara et 

al., 1996; Serrano et al., 1997; Brenner et al., 1998; Stein et al., 1999). It is long known 

that p16 levels accumulate and cause growth arrest when cells approach their 

replicative life span (Itahana et al., 2003). Moreover, increased p16 expression is also 

linked to OIS and premature senescence (Serrano et al., 1997; Zhu et al., 1998; Lin et 

M-CSF

GM-CSF

CyclinD

CDK4

CyclinE

CDK2

p21

p27

p16

= =

STAT5

JNK

ERK

p38

= =

M-CSF 

receptor

GM-CSF 

receptor



Discussion 

131 

 

al., 1998).  The capacity of different oncogenes to trigger senescence seems to depend 

on cell and tissue type, perhaps reflecting the integrity of tumor suppressor networks. 

Therefore, we also investigated the profile expression of the most important 

senescence-related oncogenes in long-term cultures of BMDM. In this regard, these 

senescent macrophages overexpress c-Myc and Raf oncogenes as well as E2F1.  

Although, some reports have described that development of senescence in different 

cell types is c-Myc-independent (He et al., 2008) or even could be associated with 

reduction in c-Myc expression (Guney et al., 2006; Mallette et al., 2007; Guo et al., 

2007), in general, overexpression of c-Myc has been related to apoptosis and 

senescence as a defense mechanism to control cell growth (Evan and Vousden, 2001; 

Campaner et al., 2010). Similarly and supporting our current observations, Raf and 

E2F1 upregulation is presented by senescent cells in a p53-independent mechanisms 

(Olsen et al., 2002; Chistoffersen et al., 2010).  

Numerous reports show convincingly that p53 and its downstream effector p21 or p16-

pRB signaling pathway play a key role in the regulation of cellular senescence 

mechanism (Lowe et al., 2004).  

Overexpression of p53 (Wang et al., 1998) and p21 (Brown et al., 1997; Stott et al., 

1998; Fang et al., 1999; Wang et al., 1999) autonomously induced senescence in 

human cells and activation of p53 (Wei et al., 2001) induced senescence in a p21-

dependent pathway in human diploid fibroblasts (HDF) and human glioblastoma cells, 

respectively. Moreover, inactivation of p53 prevents senescence in mouse embryonic 

fibroblasts (MEF) (Harvey and Levine, 1991) and human fibroblast lacking p21can 

bypass the senescence-related cell cycle exit (Hara et al.,1991). However, although 

long-period BMDM are able to induce p53 activity upon DNA damaging treatments and 

express p21 at similar levels as normal BMDM, at basal and growing conditions neither 

present p53 phosphorylation nor increase p21 mRNA expression, discarding this 

mechanism as the inductor of senescence in our macrophage senescent model.  

In addition, senescence can also be mediated by p16-pRB-dependent mechanism 

indicating the redundant role of p16 since it is implicated in the irreversible growth 

arrest and drives to the hyperphosphorylation and accumulation of pRB which initiates 

the senescence program. It has been demonstrated that p16-dependent activation of 

pRB causes formation of senescence-associated heterochromatin foci (SAHF), which 

silence critical pro-proliferative genes (Narita et al., 2003). Moreover, the importance of 

p16 in the induction of senescence is clear as p16-/- cells can be driven into 

senescence by the sole re-expression of p16 (Uhrbom et al., 1997). In this sense, the 
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extraordinary high expression of p16 in long-term cultures of BMDM makes us suspect 

that p16-pRB pathway is the mechanism involved in the induction of senescence in 

these macrophages. Nevertheless, further studies will be required to elucidate the 

molecular events that regulate the senescence program in long-period cultures of 

BMDM and whether this mechanism is correlated with the presenting macrophages 

obtained from old mice. 

Consistent with evidences provided in this thesis, p16 overexpression is related to 

telomeric or intrachromosomal DNA damage (Brenner et al., 1998; Robles and Adami, 

1998; Ramirez et al., 2001; te Poele et al., 2002; Jacobs and de Lange, 2004; Le et al., 

2010). Consequently, we decided to study the involvement of telomere attrition in the 

induction of senescence-associated impaired proliferative capacity in long-period 

BMDM. We show that the activation of telomerase through TA-65 pre-treatment 

moderately improves normal macrophage proliferation in senescent macrophages. TA-

65 is a drug that is able to activate telomerase and enhance growth in vitro as well as 

in vivo senescence-related or aged-related models (Hartwig et al., 2012; Boccardi and 

Paolisso, 2014). Our results also accord with several studies done on both rodents and 

humans using telomerase activators (Molgora et al., 2013, Taka et al., 2014). 

Bernardes de Jesús and co-workers demonstrated that mice treated with TA-65 

elongated short telomeres affecting telomerase activity and increasing life span without 

incidence of cancer (Bernardes de Jesús et al., 2011). Other report describing initial 

research in aged humans treated with TA-65 provided evidences of the improvement of 

certain immune parameters that had previously been associated with beneficial health 

effects (Harley et al., 2011). In this sense, our findings revealed that telomeres 

shortening presented in long-term cultures of BMDM contributes significantly to the 

irreversible cell cycle arrest induced in these macrophages.  

However, a better understanding of these processes may facilitate new approaches 

which elucidate the complete mechanism of senescence induction in long-term cultures 

of BMDM connecting all participators: cell cycle exit, telomeres attrition, enhanced 

oxidative stress and DNA damage. 

 

M-CSF- and GM-CSF-dependent DNA repair is not affected in long-period 

cultures of BMDM  

To protect the integrity of their DNA, cells need to be able to sense DNA damage and 

activate response pathways that coordinate cell cycle progression and DNA repair. 
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H2AX phosphorylation is induced by DSBs and is able to activate the repair machinery. 

The molecular mechanism involves ATM and ATR kinases which are important DNA 

damage checkpoints that activate other kinases such as Chk1 (activated by ATR) and 

Chk2 (activated by ATM). These kinases also phosphorylate and activate the tumor 

suppressor protein p53. ATM and ATR can additionally enhance p53 activity by 

directing p53 phosphorylation on Ser15. Activated p53 can halt progression of the cell 

cycle in the G1 phase, allowing DNA repair, apoptosis or senescence induction, 

depending on the cellular situation, to prevent the transmission of damaged DNA to the 

daughter cells (Di Micco et al., 2006; Bartkova et al., 2006). 

However, although we are able to detect high levels of Ɣ-H2AX after M-CSF and GM-

CSF treatments in senescent macrophages, they do not show p53 activation in the 

same conditions. These results suggest that DDR induced in long-term cultures of 

BMDM at growing conditions is p53-independent. In contrast, senescent macrophages 

are able to phosphorylate p53 upon H2O2 stimulation, indicating that p53 activation is 

not impaired. In this regard, while p53 is required for normal induction of cell death 

following DNA damage, (Yuan et al., 1999; Irwin et al. 2003; Urist et al. 2004; Ozaki 

and Nakagawara, 2005; Roos and Kaina, 2006), several reports confirm the activation 

of H2AX independently of p53 phosphorylation (Reinhardt et al., 2007; Sidi et al., 2008; 

Valentine et al., 2011). 

This p53-independent alternative DDR mechanism has been associated with a reduced 

or delayed apoptosis (McNamee and Brodsky, 2009). Although senescence is 

considered as tumor-suppressive mechanism that promotes apoptosis of cells, the 

induction of senescence in certain cell types, such as fibroblasts (Kim et al., 2011) and 

T-cells (Monti et al., 2000), may result in resistance to apoptosis whose accumulation 

contribute to the pathogenesis of certain age-related diseases (Raghu et al., 2006; 

Beltrami et al., 2012). Consistently, apoptosis induced in senescent macrophages is 

decreased. This resistance to apoptosis has been related with the up-regulation of 

several anti-apoptotic genes such as Bcl-2 (Wang, 1995; Ryu et al., 2007) and survivin 

(Al-Khalaf and Aboussekhra, 2012). According to published data, long-period cultures 

of BMDM also present high levels of Bcl-2 mRNA expression which contributes to 

reduce apoptosis.  

Although M-CSF and GM-CSF induce different mechanisms for proliferation, they 

share the same signaling cascade for survival in macrophages which consists in the 

activation of PI-3K-Akt pathway (Comalada et al., 2004). In this sense, the protective 

role of M-CSF and GM-CSF to DNA damage has been established in colonic 
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macrophages and dendritic cells (Galeazzi et al., 2000; Xu et al., 2008; Bernasconi et 

al., 2010; Egea et al., 2013; Li et al., 2013) and in alveolar macrophages (Bernier et al., 

2001; Cakarova et al., 2009). Additionally, the repair machinery induced by DDR 

produced by oxidative stress is not affected by the senescent program due to the ability 

of senescent macrophages to reduced H2AX phosphorylation after M-CSF and GM-

CSF recovery conditions. These results suggest that the accumulation of DNA damage 

in long-period cultures of BMDM is not produced by an impaired repair capacity. 

 

 

Macrophage functions are altered in long-period cultures of BMDM 

As the average human life expectancy has increased, the impact of aging and age-

related disease has become the focus of many research groups. The appearance of 

chronic inflammatory pathologies is common in the elderly and it has been linked with 

an abnormal development of the inflammatory response (Franceschi et al., 2000; 

Tracy, 2003; Kerr, 2004; Casseta and Gorevic, 2004; Krabbe et al., 2004; Casserly and 

Topol, 2004; Hakim et al., 2004). Thus, deficiencies in innate and adaptive immunity 

diminish the efficiency to eliminate pathogens and restore homeostasis in the context 

of infectious disease and wound healing.  Investigation in immune aging centers on the 

development of treatments which increase the quality of life in the elderly population 

through immune response modulation.  In order to modify immune function, it is 

essential to understand the mechanisms underlying age-related functional 

impairments.  

As macrophages represent a first line of defense against invading pathogens and a link 

between innate and adaptive immunity, altered macrophages functions are critical for 

immunosenescence and inflammaging development. However, the impact of advanced 

aged on these processes seems to be controversial. For instance, some published 

reports showed no significant effect on monocytes recruitment while other observed an 

important delay and reduced number of monocytes (Ashcroft et al., 1998; Swift et al., 

1999; Swift et al., 2001; Plackett et al., 2004).  

Our work provides further evidences for the impaired classical and alternative 

activation of senescent macrophages which can contribute to dysregulate the immune 

response observed in aged individuals. 
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Regarding to altered M1 functions, we show a declined antigen presentation 

represented with low levels of class II MHC expression on the surface of senescent 

macrophages in response to IFN-γ. This data is consistent with previous results from 

our research group which observed decreased expression of MHC II in macrophages 

from old mice (Herrero et al., 2002). This reduced antigen presentation has been also 

reported in aged humans (Effros and Walford, 1984; Seth et al., 1990; Haruna et al., 

1995; Garg et al., 1996; Zissel et al., 1999).  Moreover, this defective antigen 

presenting capacities is connected with impaired adaptive immunity since provokes 

less T cell activation and clonal expansion (Plowden et al., 2004). 

Additionally, long-period cultures of BMDM also exhibit reduced microbicidal activity. 

NOS2, the enzyme that synthetizes NO, mRNA and protein expression is attenuated in 

this cells. In this regard, it is not surprising that NO production is declined in senescent 

macrophages comparing with normal BMDM in response to LPS or LPS plus IFN-γ. 

Since NO is a powerful and crucial toxic molecule which mediates bacterial wall lysis 

and, therefore, pathogen killing, impaired synthesis of NO may produce deficiencies in 

pathogen clearance which can lead to increased bacterial burden (Frazier et al., 2009).  

Our findings are in concordance with in vitro and in vivo reported results (Tschudii et 

al., 1996; Cernadas et al., 1998; Matsushita et al., 2001) indicating that macrophage 

intracellular anti-bacterial activity is impaired in senescent macrophages.  

Senescence effects on M1 macrophage activity are not limited to antigen presentation 

and pathogen elimination, cytokine expression is also affected. The mRNA and protein 

expression as well as the secretion of pro-inflammatory cytokines such as IL-1β and 

TNF-α are increased in response to LPS in long-term cultures of BMDM.  

In the case of IL-1β, LPS stimulation is not sufficient to induce the release of IL-1β, but 

the activation of inflammasome is required (Lamkanfi and Dixit, 2012). Inflammasomes 

are intracellular multiprotein complexes that assemble in response to a diverse range 

of microbial products and also to endogenous danger signal after specific recognition 

through NLRs, expressed in innate immune cells (von Moltke et al., 2013). 

Consequently, we determined IL-1β production activating the most studied 

inflammasome mechanism: the NLRP3 inflammasome activation through ATP 

signaling (Halle et al., 2008; Elinav et al., 2013). Although IL-1β is overexpressed and 

secreted by senescent endothelial cells (Maier et al., 1990), fibroblasts (Kumar et al., 

1992; Rinehart et al., 1999), and chemotherapy-induced senescent epithelial cells 

(Chang et al., 2002), we cannot ruled out the effects of senescence induction on 

inflammasome compounds and inflammasome signaling pathway since it has been 



Discussion 

136 

 

demonstrated the involvement of MAPKs, transcription factors, ROS production and 

phagocytosis in inflammasome expression and activation which can also affect IL-1β 

levels (Cogswell et al., 1994; Baldassare et al., 1999; Stutz et al., 2009; Sheibel et al., 

2010; Cai et al., 2012; Fields and Ghorpade, 2012; Qu et al., 2012; Qiao et al., 2013). 

Similarly, TNF-α production is increased in senescent macrophages. This is consistent 

with published data where showed high levels of circulating TNF-α in aged individuals 

(Bruunsgaard, 2006) as well as increased TNF-α production produced by NK cells 

(King et al., 2009) and B cells (Ratliff et al., 2013) from aged mice. Moreover, we also 

evaluated the expression and release of IL-10, a well-known anti-inflammatory cytokine 

which controls TNF-α and other pro-inflammatory cytokines effects at systemic level. 

The induction of senescence on macrophages also increases the expression and 

secretion of IL-10 which can be explained by the enhanced STAT-3 phosphorylation 

exhibit in long-period cultures of BMDM in response to LPS.  This finding is also in 

concordance with the involvement of STAT-3 activation for premature cytokine-induced 

senescence development observed in human fibroblasts (Kojima et al., 2013). 

This altered cytokine secretion induced in senescent macrophages can be described 

by the potential SASP development. SASP phenotype consists in differences in the 

production of several factors that can affect neighboring cells by activating receptors 

and inducing signal transduction pathways. These factors can be divided in soluble 

signaling mediators, including cytokines (IL-6, IL-1β, TNF-α), chemokines (MCP-2, 

CXCL-1, -2, -8) and growth factors (GM-CSF), and in secreted proteases (PAI-1, -2)  

and ECM components (MMP-1, -3, -10) (Coppé et al., 2014).  

In this sense, the results obtained suggest that our macrophage senescent model 

presents an altered pro- and anti-inflammatory cytokine profile which can participate 

significantly to the defective immune response against pathogen infection observed in 

aged organisms. 

Next, we explored the potential role of TLRs in altered M1 functions observed in long-

term cultures of BMDM. Activation of TLRs in macrophages usually drives to the 

transcriptional regulation of pro-inflammatory and antiviral cytokines and chemokines 

that modulate the innate immune response. Therefore, impaired TLRs signaling can be 

determinant for the acquisition of SASP phenotype which leads to inflammation 

imbalance (Olivieri et al., 2013). In this regard, the expression of TLRs and the 

signaling pathway involved has been investigated in immune cells of aged/senescent 

murine and human models resulting in important changes in TLRs expression that 

affect signal transduction.  
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To address this question, we measured the surface protein expression of TLR-2, -4 

and -5 and the intracellular protein expression of TLR-9 in normal and senescent 

macrophages at basal and activated conditions. We selected these four TLRs due to 

the reported evidences of different expression levels in aged murine and human 

models whereas rest of TLRs seem not to be affected by aging (Sun et al., 2010; Sun 

et al., 2012). Our work indicates that long-term cultures of BMDM up-regulate TLR-4, -5 

and -9 whereas TLR-2 protein expression is down-regulated in response to LPS, 

indicating a putative link between altered TLRs expression and inflammaging in our 

macrophage senescent model. However, in absence of stimulation normal and 

senescent macrophages express similar TLRs levels, as it has been previously 

published in neutrophils and macrophages (Bohemer et al., 2004; Sun et al., 2012).  

TLR-2 together with TLR-1 or TLR-6 detects various bacterial components including 

peptidoglycan, lipopeptide and lipoprotein of gram-positive bacteria. The down-

regulation of TLR-2 observed in senescent macrophages may be responsible to the 

aged-related decline of the immune response to gram positive bacteria observed in 

vivo (Boyd et al., 2012). However, it has been also published a slightly increased in 

TLR-2 expression in alveolar macrophages, suggesting also defects in signal 

transduction (Boyd et al., 2012). TLR-4 and TLR-5 recognize LPS and bacterial 

flagellin, respectively, inducing a signaling cascade which results in increasing the 

secretion of pro-inflammatory cytokines such as TNF-α and IL-1β. Both receptors are 

overexpressed in long-term cultures of BMDM that can amplify the signaling 

transduction and explain the increase in TNF-α and IL-1β production observed in 

senescent macrophages. Additionally, TLR-4 and TLR-5 expression was reported to be 

higher in old rhesus macaques compared to younger animals although in humans are 

unaltered (Fulop et al., 2004; Murciano et al., 2007; Asquith et al., 2012). In the case of 

TLR9, which detects viral and bacterial DNA and although published results showed 

unclear results, it has been reported that TLR-9 knockout lymphocytes induces earlier 

senescence in these mice produced by pro-inflammatory properties (Abu-Tair et al., 

2013). In contrast, our results indicate an overexpression of TLR-9 in senescent 

macrophages. However, we do not have data about levels of IFN type I expression or 

secretion. In this sense, further investigations are required to connect TLRs expression 

and signal transduction with altered pro-inflammatory profile observed in senescent 

macrophages.  

Regarding to M2 altered functions, our data indicate clearly a suppressed alternative 

activation in long-period cultures of BMDM in response to IL-4. Using established 

markers for M2 phenotype, our results show that arginase-1 expression and activity is 
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significantly reduced as well as fizz1 expression, a crucial transcription factor for M2 

differentiation, and mgl1, a receptor for C-type lectins that recognizes galactose 

residues expressed in pathogens (Roszer, 2015). In contrast, tgfb and mrc1 mRNA 

levels are not affected or even increase, respectively, in senescent macrophages. This 

may be explained due to tgfb and mrc1 expression is mediated by STAT-3 signaling 

pathway (Sica and Mantovani, 2012) which is overactivated in long-term cultures of 

BMDM, as we mentioned before. Moreover, although tgfb and mrc1 are considered M2 

markers, since they are overexpressed during parasite infection and in allergic asthma 

(Roszer, 2015), their expression is not restricted to M2 macrophages (Barros et al., 

2013) 

At endothelial level there are evidences that relate high arginase activity with aging. It 

has been reported that high arginase activity, low NO production and increased ROS 

levels are presented in old rats which result in promoted fibrosis (Kim et al., 2009). In 

fact, knocking down arginase-1 (White et al., 2006) restores aging-related endothelial 

senescence and improves vascular function (Bivalacqua et al., 2007). Nevertheless, 

consistently with our data Mahbub and co-workers demonstrated that IL-4-dependent 

arginase-1 and fizz1 mRNA expression was reduced in splenic macrophages and in 

BMDM from aged mice (Mahbub et al., 2012). Additionally, for the first time, herein we 

show altered mgl1 mRNA expression associated with cellular senescence in 

macrophages.  

Therefore, taking into account the critical role of arginase1, fizz1 and mgl1 in control 

the resolution of inflammation and in parasitic infection, the results obtained indicate 

the inability of senescent macrophages to repair tissues and to orchestrate an 

appropriate M2 response during parasite invasion resulting in inflammatory imbalance 

and in susceptibility to Th2-pathologies (Hesse et al., 2001; Loke et al., 2007; Nair et 

al., 2009; Pesce et al., 2009). 

Furthermore, we also investigated the phagocytic ability of senescent macrophages to 

eliminate apoptotic cells. The evidence for impaired phagocytic capacity of long-term 

cultures of BMDM was evaluated through fluorescence microscopy and by flow 

cytometry experiments using apoptotic GFP-epithelial cells. Whereas 80% of normal 

macrophages are positive for green fluorescence after apoptotic fibroblast challenge, 

only 40% of senescent macrophages are able to engulf apoptotic fibroblasts. On the 

other hand, although we have some preliminary results showing that pathogen 

clearance by macrophage phagocytosis is also suppressed in long-term cultures of 

BMDM, we were not able to determine whether the defects in both mechanisms are 
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common or whether are produced by signal transduction deficiencies. In contrast to 

pathogen elimination, apoptotic cells are immunosuppressive. Apoptotic cells clearance 

by phagocytes induce the inhibition of the pro- inflammatory cytokines TNF-α, GM-

CSF, IL-12, IL-1β and IL-18 through the promotion of anti-inflammatory cytokines IL-10 

and TGF-β (Birge and Ucker, 2008). Moreover, phagocytes present antigens from 

apoptotic cells to T cells maintaining the peripheral immune tolerance (Steinman and 

Nussenzweig, 2002; Steinman et al., 2003). In this sense, defective or delayed 

phagocytosis of apoptotic cells may result in the development of autoimmune diseases 

such as systemic lupus erythematosus (SLE) or cystic fibrosis (Liu and Mohan, 2006). 

However, research works regarding the influence of aging on macrophage phagocytic 

function are controversial. De La Fuente and co-workers demonstrated a decrease in 

macrophage phagocytosis in old mice compared with young mice (De La Fuente, 

1985). Aprahamian and collaborators demonstrated an age-related reduction in 

phagocytosis of apoptotic cell debris in mice in vivo but not in vitro (Aprahamian et al., 

2008). Furthermore, human studies have reported impaired phagocytosis by 

macrophages from older individuals (Hearps et al., 2012), while earlier studies reported 

no effect of aging on phagocytic function in humans (Fietta et al., 1994). 

Therefore, this work provides relevant evidences of damaged M1 and M2 activities 

(summarized in Figure 38) in our novel senescent macrophage model that correlate 

with that observed in macrophages from aged mice as it was previously demonstrated 

(Herrero et al., 2002; Sebastián et al., 2009; Mahbub et al., 2012). 
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Figure 38. Impaired functional activities in long-term cultures of BMDM.  Schematic 

representation of altered classical and alternative macrophage phenotypes of senescent 

macrophages. Proliferation in response to M-CSF and GM-CSF, antigen presentation, 

phagocytosis of apoptotic cells, microbicidal activity as well as tissue repair capacities are 

reduced in long-term cultures of BMDM comparing with normal macrophages. On the contrary, 

pro-inflammatory cytokines, such as TNF-α and IL-1β, and ROS production are increased in 

these macrophages. Red arrows indicate the reduction or increase in macrophage capabilities 

comparing with normal BMDM. 

 

 

Long-term cultures of BMDM should be considered as a good cellular 

model for macrophage age-related studies  

Although there are two main theories which try to explain age-related impairments in 

macrophages, the intrinsic defects hypothesis (Yoon et al., 2004) and the 

microenvironment effects hypothesis (Chen et al., 1996; Mahbub et al., 2012), based 

on our data, this thesis clearly demonstrate senescence-associated macrophage 

alterations without the influence of neighboring cells or  other factors. However, we 
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believe that due to the high plasticity of macrophages and their rapid adaptation to 

environmental changes, the microenvironment also plays a key role in macrophage 

function participating and contributing to the intrinsic macrophage dysfunction.  

The effect of aging on macrophages appears to be multifaceted, affecting almost every 

aspect of their normal cellular function (Murciano et al., 2007; Pott et al., 2012; Olivieri 

et al., 2012; Qian et al., 2012). We have demonstrated that long-term cultures of 

BMDM present a wide range of senescent characteristics that allow identify these cells 

as senescent macrophages. Additionally, the impaired proliferative capacity featured by 

cell cycle arrest at G1 phase, the suppressed M1 and M2 functionality and the 

damaged phagocytosis of apoptotic cells observed in our novel senescent macrophage 

model is in concordance with bibliographic data. 

To our knowledge, this is the first time that has been achieved a senescent cellular 

model of macrophages that resembles macrophage deficiencies from aged mice. 

Therefore, we demonstrate that long-term cultures of BMDM are a relevant cellular 

model to study different aging-related processes on macrophages including 

proliferation, senescence mechanisms, classical and alternative macrophage 

phenotypes and phagocytosis. 
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Long-term cultures of BMDM are senescent macrophages and the molecular 

mechanism involved in cell cycle arrest has been provided 

 

1. Long-term cultures of BMDM are positive for SA-β gal activity and present 

reduced proliferative capacity in response to M-CSF and GM-CSF, altered 

morphology, telomeres shortening, high DNA damage, increased ROS 

production and apoptosis resistance. 

 

2. Cell cycle blockage at G1 phase observed in long-term cultures of BMDM is 

induced by an overexpression of p16 and p27 as well as by suppressed 

expression of cyclinD1, cyclinE, Cdk2 and Cdk4. In addition, upregulation of c-

Myc, Raf and E2F1 also contribute to the impaired cell cycle progression. The 

signaling pathway involved in cell cycle arrest observed implicate sustained 

ERK and p38 MAPK activation and reduced STAT5 phosphorylation. 

 

3. Accumulation of DNA damage shown in long-term cultures of BMDM is not 

produced by impaired DNA repair machinery. 

 

4. p16 pathway and telomere shortening are involved in the induction mechanism 

of senescence in long-term cultures of BMDM. 

 

 

 

Classical and alternative macrophage functions are compromised in long-term 

cultures of BMDM 

 

1. Long-term cultures of BMDM exhibit suppressed antigen presentation capacity 

and microbicidal activity. 

 

2. TLR-2, -4, -5 and -9 profile expression is altered in long-term cultures of BMDM 

which is associated with the increased secretion of IL-1β, TNF-α and IL-10. 

 

3. Arginase-1, fizz1 and mgl1 mRNA expression is reduced in M2 senescent 

macrophages whereas other M2 markers (tgfb and mrc1) are not affected. 

 

4. Arginase activity and phagocytosis are impaired in long-term cultures of BMDM. 

 

  



Conclusions 

146 

 

 



Bibliography 

147 

 

 

 

 

 

 

 

 

 

Bibliography 
 

  



Bibliography 

148 

 

  



Bibliography 

149 

 

Abu-Tair, L., Axelrod, J.H., Doron, S., Ovadya, Y., Krizhanovsky, V., Galun, E., Amer, J., and Safadi, 
R.       (2013a). Natural Killer Cell-Dependent Anti-Fibrotic Pathway in Liver Injury via Toll-Like 
Receptor-9. PLoS ONE 8, e82571. 

Abu-Tair, L., Axelrod, J.H., Doron, S., Ovadya, Y., Krizhanovsky, V., Galun, E., Amer, J., and Safadi, 
R. (2013b). Natural killer cell-dependent anti-fibrotic pathway in liver injury via Toll-like receptor-
9. PLoS ONE 8, e82571. 

Acosta, J.C., O’Loghlen, A., Banito, A., Guijarro, M.V., Augert, A., Raguz, S., Fumagalli, M., Da 
Costa, M., Brown, C., Popov, N., et al. (2008). Chemokine signaling via the CXCR2 receptor 
reinforces senescence. Cell 133, 1006–1018. 

Aderem, A., and Underhill, D.M. (1999). Mechanisms of phagocytosis in macrophages. Annu. Rev. 
Immunol. 17, 593–623. 

Akira, S., and Takeda, K. (2004). Functions of toll-like receptors: lessons from KO mice. C. R. Biol. 
327, 581–589. 

1. Alcorta, D.A., Xiong, Y., Phelps, D., Hannon, G., Beach, D., and Barrett, J.C. (1996). 
Involvement of the cyclin-dependent kinase inhibitor p16 (INK4a) in replicative senescence of 
normal human fibroblasts. Proc. Natl. Acad. Sci. U.S.A. 93, 13742–13747. 

Alimonti, A., Nardella, C., Chen, Z., Clohessy, J.G., Carracedo, A., Trotman, L.C., Cheng, K., 
Varmeh, S., Kozma, S.C., Thomas, G., et al. (2010). A novel type of cellular senescence that 
can be enhanced in mouse models and human tumor xenografts to suppress prostate 
tumorigenesis. J. Clin. Invest. 120, 681–693. 

Al-Khalaf, H.H., and Aboussekhra, A. (2013). Survivin expression increases during aging and 
enhances the resistance of aged human fibroblasts to genotoxic stress. Age (Dordr) 35, 549–
562. 

Allen, I.C., TeKippe, E.M., Woodford, R.-M.T., Uronis, J.M., Holl, E.K., Rogers, A.B., Herfarth, H.H., 
Jobin, C., and Ting, J.P.-Y. (2010). The NLRP3 inflammasome functions as a negative regulator 
of tumorigenesis during colitis-associated cancer. J. Exp. Med. 207, 1045–1056. 

Antonini, J.M., Roberts, J.R., Clarke, R.W., Yang, H.M., Barger, M.W., Ma, J.Y., and Weissman, D.N. 
(2001). Effect of age on respiratory defense mechanisms: pulmonary bacterial clearance in 
Fischer 344 rats after intratracheal instillation of Listeria monocytogenes. Chest 120, 240–249. 

Aprahamian, T., Takemura, Y., Goukassian, D., and Walsh, K. (2008). Ageing is associated with 
diminished apoptotic cell clearance in vivo. Clin. Exp. Immunol. 152, 448–455. 

Armstrong, L., Jordan, N., and Millar, A. (1996). Interleukin 10 (IL-10) regulation of tumour necrosis 
factor alpha (TNF-alpha) from human alveolar macrophages and peripheral blood monocytes. 
Thorax 51, 143–149. 

Arnold, L., Henry, A., Poron, F., Baba-Amer, Y., van Rooijen, N., Plonquet, A., Gherardi, R.K., and 
Chazaud, B. (2007). Inflammatory monocytes recruited after skeletal muscle injury switch into 
antiinflammatory macrophages to support myogenesis. J. Exp. Med. 204, 1057–1069. 

Ashcroft, G.S., Herrick, S.E., Tarnuzzer, R.W., Horan, M.A., Schultz, G.S., and Ferguson, M.W. 
(1997). Human ageing impairs injury-induced in vivo expression of tissue inhibitor of matrix 
metalloproteinases (TIMP)-1 and -2 proteins and mRNA. J. Pathol. 183, 169–176. 

Ashcroft, G.S., Horan, M.A., and Ferguson, M.W. (1998). Aging alters the inflammatory and 
endothelial cell adhesion molecule profiles during human cutaneous wound healing. Lab. Invest. 
78, 47–58. 

Ashcroft, G.S., Mills, S.J., and Ashworth, J.J. (2002). Ageing and wound healing. Biogerontology 3, 
337–345. 

Aspinall, R., Del Giudice, G., Effros, R.B., Grubeck-Loebenstein, B., and Sambhara, S. (2007). 
Challenges for vaccination in the elderly. Immun Ageing 4, 9. 

Asquith, M., Haberthur, K., Brown, M., Engelmann, F., Murphy, A., Al-Mahdi, Z., and Messaoudi, I. 
(2012). Age-dependent changes in innate immune phenotype and function in rhesus macaques 
(Macaca mulatta). Pathobiol Aging Age Relat Dis 2. 

Augert, A., Payré, C., de Launoit, Y., Gil, J., Lambeau, G., and Bernard, D. (2009). The M-type 
receptor PLA2R regulates senescence through the p53 pathway. EMBO Rep. 10, 271–277. 

Baker, D.J., Wijshake, T., Tchkonia, T., LeBrasseur, N.K., Childs, B.G., van de Sluis, B., Kirkland, 
J.L., and van Deursen, J.M. (2011). Clearance of p16Ink4a-positive senescent cells delays 
ageing-associated disorders. Nature 479, 232–236. 

Bakkenist, C.J., and Kastan, M.B. (2003). DNA damage activates ATM through intermolecular 
autophosphorylation and dimer dissociation. Nature 421, 499–506. 

Baldassare, J.J., Bi, Y., and Bellone, C.J. (1999). The role of p38 mitogen-activated protein kinase in 
IL-1 beta transcription. J. Immunol. 162, 5367–5373. 



Bibliography 

150 

 

Barrett, J.P., Costello, D.A., O’Sullivan, J., Cowley, T.R., and Lynch, M.A. (2015). Bone marrow-
derived macrophages from aged rats are more responsive to inflammatory stimuli. J 
Neuroinflammation 12, 67. 

Barros, M.H.M., Hauck, F., Dreyer, J.H., Kempkes, B., and Niedobitek, G. (2013). Macrophage 
polarisation: an immunohistochemical approach for identifying M1 and M2 macrophages. PLoS 
ONE 8, e80908. 

Bartkova, J., Rezaei, N., Liontos, M., Karakaidos, P., Kletsas, D., Issaeva, N., Vassiliou, L.-V.F., 
Kolettas, E., Niforou, K., Zoumpourlis, V.C., et al. (2006). Oncogene-induced senescence is part 
of the tumorigenesis barrier imposed by DNA damage checkpoints. Nature 444, 633–637. 

Bassing, C.H., Chua, K.F., Sekiguchi, J., Suh, H., Whitlow, S.R., Fleming, J.C., Monroe, B.C., 
Ciccone, D.N., Yan, C., Vlasakova, K., et al. (2002). Increased ionizing radiation sensitivity and 
genomic instability in the absence of histone H2AX. Proc. Natl. Acad. Sci. U.S.A. 99, 8173–
8178. 

Bauernfeind, F., and Hornung, V. (2013). Of inflammasomes and pathogens--sensing of microbes by 
the inflammasome. EMBO Mol Med 5, 814–826. 

Bavik, C., Coleman, I., Dean, J.P., Knudsen, B., Plymate, S., and Nelson, P.S. (2006). The gene 
expression program of prostate fibroblast senescence modulates neoplastic epithelial cell 
proliferation through paracrine mechanisms. Cancer Res. 66, 794–802. 

Beauséjour, C.M., Krtolica, A., Galimi, F., Narita, M., Lowe, S.W., Yaswen, P., and Campisi, J. 
(2003). Reversal of human cellular senescence: roles of the p53 and p16 pathways. EMBO J. 
22, 4212–4222. 

Beltrami, A.P., Cesselli, D., and Beltrami, C.A. (2012). Stem cell senescence and regenerative 
paradigms. Clin. Pharmacol. Ther. 91, 21–29. 

Ben-Porath, I., and Weinberg, R.A. (2004). When cells get stressed: an integrative view of cellular 
senescence. J. Clin. Invest. 113, 8–13. 

Bernardes de Jesus, B., Schneeberger, K., Vera, E., Tejera, A., Harley, C.B., and Blasco, M.A. 
(2011). The telomerase activator TA-65 elongates short telomeres and increases health span of 
adult/old mice without increasing cancer incidence. Aging Cell 10, 604–621. 

Bernasconi, E., Favre, L., Maillard, M.H., Bachmann, D., Pythoud, C., Bouzourene, H., Croze, E., 
Velichko, S., Parkinson, J., Michetti, P., et al. (2010). Granulocyte-macrophage colony-
stimulating factor elicits bone marrow-derived cells that promote efficient colonic mucosal 
healing. Inflamm. Bowel Dis. 16, 428–441. 

Bernier, T., Tschernig, T., Pabst, R., Macke, O., Steinmueller, C., and Emmendörffer, A. (2001a). 
Effects of macrophage-CSF on pulmonary-macrophage repopulation after bone marrow 
transplantation. J Leukoc Biol 70, 39–45. 

Bernier, T., Tschernig, T., Pabst, R., Macke, O., Steinmueller, C., and Emmendörffer, A. (2001b). 
Effects of macrophage-CSF on pulmonary-macrophage repopulation after bone marrow 
transplantation. J. Leukoc. Biol. 70, 39–45. 

Beverley, P.C., and Grubeck-Loebenstein, B. (2000). Is immune senescence reversible? Vaccine 18, 
1721–1724. 

Bilousova, G., Marusyk, A., Porter, C.C., Cardiff, R.D., and DeGregori, J. (2005). Impaired DNA 
replication within progenitor cell pools promotes leukemogenesis. PLoS Biol. 3, e401. 

Biran, A., Perelmutter, M., Gal, H., Burton, D.G.A., Ovadya, Y., Vadai, E., Geiger, T., and 
Krizhanovsky, V. (2015a). Senescent cells communicate via intercellular protein transfer. Genes 
Dev. 29, 791–802. 

Birge, R.B., and Ucker, D.S. (2008). Innate apoptotic immunity: the calming touch of death. Cell 
Death Differ. 15, 1096–1102. 

Biswas, S.K., and Mantovani, A. (2010). Macrophage plasticity and interaction with lymphocyte 
subsets: cancer as a paradigm. Nat. Immunol. 11, 889–896. 

Bitto, A., Sell, C., Crowe, E., Lorenzini, A., Malaguti, M., Hrelia, S., and Torres, C. (2010). Stress-
induced senescence in human and rodent astrocytes. Exp. Cell Res. 316, 2961–2968. 

Bivalacqua, T.J., Burnett, A.L., Hellstrom, W.J.G., and Champion, H.C. (2007). Overexpression of 
arginase in the aged mouse penis impairs erectile function and decreases eNOS activity: 
influence of in vivo gene therapy of anti-arginase. Am. J. Physiol. Heart Circ. Physiol. 292, 
H1340–H1351. 

Blagosklonny, M.V. (2013). Aging is not programmed: genetic pseudo-program is a shadow of 
developmental growth. Cell Cycle 12, 3736–3742. 

Blander, G., de Oliveira, R.M., Conboy, C.M., Haigis, M., and Guarente, L. (2003). Superoxide 
dismutase 1 knock-down induces senescence in human fibroblasts. J. Biol. Chem. 278, 38966–
38969. 



Bibliography 

151 

 

Boccardi, V., and Paolisso, G. (2014). Telomerase activation: a potential key modulator for human 
healthspan and longevity. Ageing Res. Rev. 15, 1–5. 

Bodnar, A.G., Ouellette, M., Frolkis, M., Holt, S.E., Chiu, C.P., Morin, G.B., Harley, C.B., Shay, J.W., 
Lichtsteiner, S., and Wright, W.E. (1998). Extension of life-span by introduction of telomerase 
into normal human cells. Science 279, 349–352. 

Boehm, J.S., Hession, M.T., Bulmer, S.E., and Hahn, W.C. (2005). Transformation of human and 
murine fibroblasts without viral oncoproteins. Mol. Cell. Biol. 25, 6464–6474. 

Boehmer, E.D., Goral, J., Faunce, D.E., and Kovacs, E.J. (2004). Age-dependent decrease in Toll-
like receptor 4-mediated proinflammatory cytokine production and mitogen-activated protein 
kinase expression. J. Leukoc. Biol. 75, 342–349. 

Boyd, A.R., Shivshankar, P., Jiang, S., Berton, M.T., and Orihuela, C.J. (2012). Age-related defects in 
TLR2 signaling diminish the cytokine response by alveolar macrophages during murine 
pneumococcal pneumonia. Exp. Gerontol. 47, 507–518. 

Braig, M., and Schmitt, C.A. (2006). Oncogene-induced senescence: putting the brakes on tumor 
development. Cancer Res. 66, 2881–2884. 

Braig, M., Lee, S., Loddenkemper, C., Rudolph, C., Peters, A.H.F.M., Schlegelberger, B., Stein, H., 
Dörken, B., Jenuwein, T., and Schmitt, C.A. (2005). Oncogene-induced senescence as an initial 
barrier in lymphoma development. Nature 436, 660–665. 

Brenner, A.J., Stampfer, M.R., and Aldaz, C.M. (1998). Increased p16 expression with first 
senescence arrest in human mammary epithelial cells and extended growth capacity with p16 
inactivation. Oncogene 17, 199–205. 

Bringold, F., and Serrano, M. (2000). Tumor suppressors and oncogenes in cellular senescence. 
Exp. Gerontol. 35, 317–329. 

Brown, J.P., Wei, W., and Sedivy, J.M. (1997). Bypass of senescence after disruption of 
p21CIP1/WAF1 gene in normal diploid human fibroblasts. Science 277, 831–834. 

Brown, N.E., Jeselsohn, R., Bihani, T., Hu, M.G., Foltopoulou, P., Kuperwasser, C., and Hinds, P.W. 
(2012). Cyclin D1 activity regulates autophagy and senescence in the mammary epithelium. 
Cancer Res. 72, 6477–6489. 

Bruce, S.A., and Deamond, S.F. (1991). Longitudinal study of in vivo wound repair and in vitro 
cellular senescence of dermal fibroblasts. Exp. Gerontol. 26, 17–27. 

Bruunsgaard, H. (2006). The clinical impact of systemic low-level inflammation in elderly populations. 
With special reference to cardiovascular disease, dementia and mortality. Dan Med Bull 53, 
285–309. 

Buttitta, L.A., and Edgar, B.A. (2007). Mechanisms controlling cell cycle exit upon terminal 
differentiation. Curr Opin Cell Biol 19, 697–704. 

Button, E., Shapland, C., and Lawson, D. (1995). Actin, its associated proteins and metastasis. Cell 
Motil. Cytoskeleton 30, 247–251. 

Cai, S., Batra, S., Wakamatsu, N., Pacher, P., and Jeyaseelan, S. (2012). NLRC4 inflammasome-
mediated production of IL-1β modulates mucosal immunity in the lung against gram-negative 
bacterial infection. J. Immunol. 188, 5623–5635. 

Cakarova, L., Marsh, L.M., Wilhelm, J., Mayer, K., Grimminger, F., Seeger, W., Lohmeyer, J., and 
Herold, S. (2009). Macrophage tumor necrosis factor-alpha induces epithelial expression of 
granulocyte-macrophage colony-stimulating factor: impact on alveolar epithelial repair. Am. J. 
Respir. Crit. Care Med. 180, 521–532. 

Campaner, S., Doni, M., Hydbring, P., Verrecchia, A., Bianchi, L., Sardella, D., Schleker, T., Perna, 
D., Tronnersjö, S., Murga, M., et al. (2010). Cdk2 suppresses cellular senescence induced by 
the c-myc oncogene. Nat. Cell Biol. 12, 54–59; sup pp 1–14. 

Campisi, J. (2000). Aging, chromatin, and food restriction--connecting the dots. Science 289, 2062–
2063. 

Campisi, J., and d’ Adda di Fagagna, F. (2007). Cellular senescence: when bad things happen to 
good cells. Nat. Rev. Mol. Cell Biol. 8, 729–740. 

Campisi, J., Andersen, J.K., Kapahi, P., and Melov, S. (2011). Cellular senescence: a link between 
cancer and age-related degenerative disease? Semin. Cancer Biol. 21, 354–359. 

Cánepa, E.T., Scassa, M.E., Ceruti, J.M., Marazita, M.C., Carcagno, A.L., Sirkin, P.F., and Ogara, 
M.F. (2007). INK4 proteins, a family of mammalian CDK inhibitors with novel biological 
functions. IUBMB Life 59, 419–426. 

Carl, V.S., Gautam, J.K., Comeau, L.D., and Smith, M.F. (2004). Role of endogenous IL-10 in LPS-
induced STAT3 activation and IL-1 receptor antagonist gene expression. J. Leukoc. Biol. 76, 
735–742. 



Bibliography 

152 

 

Casserly, I.P., and Topol, E.J. (2004). Convergence of atherosclerosis and alzheimer’s disease: 
Cholesterol, inflammation, and misfolded proteins. Discov Med 4, 149–156. 

Cassetta, M., and Gorevic, P.D. (2004). Crystal arthritis. Gout and pseudogout in the geriatric patient. 
Geriatrics 59, 25–30; quiz 31. 

Catherine L Olsen, B.G. (2002). Olsen CL, Gardie B, Yaswen P, Stampfer MRRaf-1-induced growth 
arrest in human mammary epithelial cells is p16-independent and is overcome in immortal cells 
during conversion. Oncogene 21:6328-6339. Oncogene 21, 6328–6339. 

Celada, A., and Nathan, C. (1994). Macrophage activation revisited. Immunol. Today 15, 100–102. 
Celeste, A., Difilippantonio, S., Difilippantonio, M.J., Fernandez-Capetillo, O., Pilch, D.R., 

Sedelnikova, O.A., Eckhaus, M., Ried, T., Bonner, W.M., and Nussenzweig, A. (2003). H2AX 
haploinsufficiency modifies genomic stability and tumor susceptibility. Cell 114, 371–383. 

Cernadas, M.R., Sánchez de Miguel, L., García-Durán, M., González-Fernández, F., Millás, I., 
Montón, M., Rodrigo, J., Rico, L., Fernández, P., de Frutos, T., et al. (1998). Expression of 
constitutive and inducible nitric oxide synthases in the vascular wall of young and aging rats. 
Circ. Res. 83, 279–286. 

Chan, H.M., Narita, M., Lowe, S.W., and Livingston, D.M. (2005). The p400 E1A-associated protein is 
a novel component of the p53 --> p21 senescence pathway. Genes Dev. 19, 196–201. 

Chang, B.D., Broude, E.V., Dokmanovic, M., Zhu, H., Ruth, A., Xuan, Y., Kandel, E.S., Lausch, E., 
Christov, K., and Roninson, I.B. (1999). A senescence-like phenotype distinguishes tumor cells 
that undergo terminal proliferation arrest after exposure to anticancer agents. Cancer Res. 59, 
3761–3767. 

Chang, B.D., Watanabe, K., Broude, E.V., Fang, J., Poole, J.C., Kalinichenko, T.V., and Roninson, 
I.B. (2000). Effects of p21Waf1/Cip1/Sdi1 on cellular gene expression: implications for 
carcinogenesis, senescence, and age-related diseases. Proc. Natl. Acad. Sci. U.S.A. 97, 4291–
4296. 

Chang, C.-H., Huang, Y., Issekutz, A.C., Griffith, M., Lin, K.-H., and Anderson, R. (2002). Interleukin-
1alpha released from epithelial cells after adenovirus type 37 infection activates intercellular 
adhesion molecule 1 expression on human vascular endothelial cells. J. Virol. 76, 427–431. 

Chen, J.-H., Hales, C.N., and Ozanne, S.E. (2007). DNA damage, cellular senescence and 
organismal ageing: causal or correlative? Nucleic Acids Res 35, 7417–7428. 

Chen, L.C., Pace, J.L., Russell, S.W., and Morrison, D.C. (1996). Altered regulation of inducible nitric 
oxide synthase expression in macrophages from senescent mice. Infect. Immun. 64, 4288–
4298. 

Chen, Q., and Ames, B.N. (1994). Senescence-like growth arrest induced by hydrogen peroxide in 
human diploid fibroblast F65 cells. Proc. Natl. Acad. Sci. U.S.A. 91, 4130–4134. 

Chen, Q.M., Bartholomew, J.C., Campisi, J., Acosta, M., Reagan, J.D., and Ames, B.N. (1998). 
Molecular analysis of H2O2-induced senescent-like growth arrest in normal human fibroblasts: 
p53 and Rb control G1 arrest but not cell replication. Biochem. J. 332 ( Pt 1), 43–50. 

Chen, Q.M., Prowse, K.R., Tu, V.C., Purdom, S., and Linskens, M.H. (2001). Uncoupling the 
senescent phenotype from telomere shortening in hydrogen peroxide-treated fibroblasts. Exp. 
Cell Res. 265, 294–303. 

Chen, Q.M., Tu, V.C., Catania, J., Burton, M., Toussaint, O., and Dilley, T. (2000). Involvement of Rb 
family proteins, focal adhesion proteins and protein synthesis in senescent morphogenesis 
induced by hydrogen peroxide. J. Cell. Sci. 113 ( Pt 22), 4087–4097. 

Chen, Z., Trotman, L.C., Shaffer, D., Lin, H.-K., Dotan, Z.A., Niki, M., Koutcher, J.A., Scher, H.I., 
Ludwig, T., Gerald, W., et al. (2005). Crucial role of p53-dependent cellular senescence in 
suppression of Pten-deficient tumorigenesis. Nature 436, 725–730. 

Childs, B.G., Baker, D.J., Kirkland, J.L., Campisi, J., and van Deursen, J.M. (2014). Senescence and 
apoptosis: dueling or complementary cell fates? EMBO Rep. 15, 1139–1153. 

Christoffersen, N.R., Shalgi, R., Frankel, L.B., Leucci, E., Lees, M., Klausen, M., Pilpel, Y., Nielsen, 
F.C., Oren, M., and Lund, A.H. (2010). p53-independent upregulation of miR-34a during 
oncogene-induced senescence represses MYC. Cell Death Differ. 17, 236–245. 

Clarke, T.B., Davis, K.M., Lysenko, E.S., Zhou, A.Y., Yu, Y., and Weiser, J.N. (2010). Recognition of 
peptidoglycan from the microbiota by Nod1 enhances systemic innate immunity. Nat. Med. 16, 
228–231. 

Classen, A., Lloberas, J., and Celada, A. (2009). Macrophage activation: classical versus alternative. 
Methods Mol. Biol. 531, 29–43. 

Cobrinik, D., Dowdy, S.F., Hinds, P.W., Mittnacht, S., and Weinberg, R.A. (1992). The retinoblastoma 
protein and the regulation of cell cycling. Trends Biochem. Sci. 17, 312–315. 



Bibliography 

153 

 

Cogswell, J.P., Godlevski, M.M., Wisely, G.B., Clay, W.C., Leesnitzer, L.M., Ways, J.P., and Gray, 
J.G. (1994). NF-kappa B regulates IL-1 beta transcription through a consensus NF-kappa B 
binding site and a nonconsensus CRE-like site. J. Immunol. 153, 712–723. 

Colavitti, R., and Finkel, T. (2005). Reactive oxygen species as mediators of cellular senescence. 
IUBMB Life 57, 277–281. 

Collado, M., Gil, J., Efeyan, A., Guerra, C., Schuhmacher, A.J., Barradas, M., Benguría, A., Zaballos, 
A., Flores, J.M., Barbacid, M., et al. (2005). Tumour biology: senescence in premalignant 
tumours. Nature 436, 642. 

Colman, M.S., Afshari, C.A., and Barrett, J.C. (2000). Regulation of p53 stability and activity in 
response to genotoxic stress. Mutat. Res. 462, 179–188. 

Colonna-Romano, G., Bulati, M., Aquino, A., Vitello, S., Lio, D., Candore, G., and Caruso, C. (2008). 
B cell immunosenescence in the elderly and in centenarians. Rejuvenation Res 11, 433–439. 

Comalada, M., Xaus, J., Sánchez, E., Valledor, A.F., and Celada, A. (2004). Macrophage colony-
stimulating factor-, granulocyte-macrophage colony-stimulating factor-, or IL-3-dependent 
survival of macrophages, but not proliferation, requires the expression of p21Waf1 through the 
phosphatidylinositol 3-kinase/Akt pathway. Eur. J. Immunol. 34, 2257–2267. 

Coppé, J.-P., Desprez, P.-Y., Krtolica, A., and Campisi, J. (2010). The senescence-associated 
secretory phenotype: the dark side of tumor suppression. Annu Rev Pathol 5, 99–118. 

Coppé, J.-P., Patil, C.K., Rodier, F., Sun, Y., Muñoz, D.P., Goldstein, J., Nelson, P.S., Desprez, P.-
Y., and Campisi, J. (2008). Senescence-associated secretory phenotypes reveal cell-
nonautonomous functions of oncogenic RAS and the p53 tumor suppressor. PLoS Biol. 6, 
2853–2868. 

Courtois-Cox, S., Genther Williams, S.M., Reczek, E.E., Johnson, B.W., McGillicuddy, L.T., 
Johannessen, C.M., Hollstein, P.E., MacCollin, M., and Cichowski, K. (2006). A negative 
feedback signaling network underlies oncogene-induced senescence. Cancer Cell 10, 459–472. 

Courtois-Cox, S., Jones, S.L., and Cichowski, K. (2008). Many roads lead to oncogene-induced 
senescence. Oncogene 27, 2801–2809. 

Cristofalo, V.J., Allen, R.G., Pignolo, R.J., Martin, B.G., and Beck, J.C. (1998). Relationship between 
donor age and the replicative lifespan of human cells in culture: A reevaluation. Proc Natl Acad 
Sci U S A 95, 10614–10619. 

D’ Adda di Fagagna, F. (2008). Living on a break: cellular senescence as a DNA-damage response. 
Nat. Rev. Cancer 8, 512–522. 

Dall’Olio, F., Vanhooren, V., Chen, C.C., Slagboom, P.E., Wuhrer, M., and Franceschi, C. (2013). N-
glycomic biomarkers of biological aging and longevity: a link with inflammaging. Ageing Res. 
Rev. 12, 685–698. 

Dankort, D., Filenova, E., Collado, M., Serrano, M., Jones, K., and McMahon, M. (2007). A new 
mouse model to explore the initiation, progression, and therapy of BRAFV600E-induced lung 
tumors. Genes Dev. 21, 379–384. 

Davis, M.J., Tsang, T.M., Qiu, Y., Dayrit, J.K., Freij, J.B., Huffnagle, G.B., and Olszewski, M.A. 
(2013). Macrophage M1/M2 polarization dynamically adapts to changes in cytokine 
microenvironments in Cryptococcus neoformans infection. MBio 4, e00264–00213. 

Davis, T., Tivey, H.S.E., Brook, A.J.C., Grimstead, J.W., Rokicki, M.J., and Kipling, D. (2013). 
Activation of p38 MAP kinase and stress signalling in fibroblasts from the progeroid Rothmund-
Thomson syndrome. Age (Dordr) 35, 1767–1783. 

De Groot, R.P., Coffer, P.J., and Koenderman, L. (1998). Regulation of proliferation, differentiation 
and survival by the IL-3/IL-5/GM-CSF receptor family. Cell. Signal. 10, 619–628. 

De Haan, J.B., Cristiano, F., Iannello, R., Bladier, C., Kelner, M.J., and Kola, I. (1996). Elevation in 
the ratio of Cu/Zn-superoxide dismutase to glutathione peroxidase activity induces features of 
cellular senescence and this effect is mediated by hydrogen peroxide. Hum. Mol. Genet. 5, 
283–292. 

De La Fuente, M. (1985). Changes in the macrophage function with aging. Comp Biochem Physiol A 
Comp Physiol 81, 935–938. 

De Magalhães, J.P. (2004). From cells to ageing: a review of models and mechanisms of cellular 
senescence and their impact on human ageing. Exp. Cell Res. 300, 1–10. 

Deamond, S.F., and Bruce, S.A. (1991). Age-related differences in promoter-induced extension of in 
vitro proliferative life span of Syrian hamster fibroblasts. Mech. Ageing Dev. 60, 143–152. 

Demetrius, L. (2006). Aging in mouse and human systems: a comparative study. Ann. N. Y. Acad. 
Sci. 1067, 66–82. 

Denoyelle, C., Abou-Rjaily, G., Bezrookove, V., Verhaegen, M., Johnson, T.M., Fullen, D.R., Pointer, 
J.N., Gruber, S.B., Su, L.D., Nikiforov, M.A., et al. (2006). Anti-oncogenic role of the 



Bibliography 

154 

 

endoplasmic reticulum differentially activated by mutations in the MAPK pathway. Nat. Cell Biol. 
8, 1053–1063. 

Deschênes-Simard, X., Gaumont-Leclerc, M.-F., Bourdeau, V., Lessard, F., Moiseeva, O., Forest, V., 
Igelmann, S., Mallette, F.A., Saba-El-Leil, M.K., Meloche, S., et al. (2013). Tumor suppressor 
activity of the ERK/MAPK pathway by promoting selective protein degradation. Genes Dev. 27, 
900–915. 

Di Leonardo, A., Linke, S.P., Clarkin, K., and Wahl, G.M. (1994a). DNA damage triggers a prolonged 
p53-dependent G1 arrest and long-term induction of Cip1 in normal human fibroblasts. Genes 
Dev. 8, 2540–2551. 

Di Leonardo, A., Linke, S.P., Clarkin, K., and Wahl, G.M. (1994b). DNA damage triggers a prolonged 
p53-dependent G1 arrest and long-term induction of Cip1 in normal human fibroblasts. Genes 
Dev. 8, 2540–2551. 

Di Micco, R., Fumagalli, M., Cicalese, A., Piccinin, S., Gasparini, P., Luise, C., Schurra, C., Garre’, 
M., Nuciforo, P.G., Bensimon, A., et al. (2006). Oncogene-induced senescence is a DNA 
damage response triggered by DNA hyper-replication. Nature 444, 638–642. 

Dilley, T.K., Bowden, G.T., and Chen, Q.M. (2003). Novel mechanisms of sublethal oxidant toxicity: 
induction of premature senescence in human fibroblasts confers tumor promoter activity. Exp. 
Cell Res. 290, 38–48. 

Dimri, G.P., Itahana, K., Acosta, M., and Campisi, J. (2000). Regulation of a senescence checkpoint 
response by the E2F1 transcription factor and p14(ARF) tumor suppressor. Mol. Cell. Biol. 20, 
273–285. 

Dimri, G.P., Lee, X., Basile, G., Acosta, M., Scott, G., Roskelley, C., Medrano, E.E., Linskens, M., 
Rubelj, I., and Pereira-Smith, O. (1995). A biomarker that identifies senescent human cells in 
culture and in aging skin in vivo. Proc. Natl. Acad. Sci. U.S.A. 92, 9363–9367. 

Dirac, A.M.G., and Bernards, R. (2003). Reversal of senescence in mouse fibroblasts through 
lentiviral suppression of p53. J. Biol. Chem. 278, 11731–11734. 

Djukic, M., Nau, R., and Sieber, C. (2014). [The ageing immune system]. Dtsch. Med. Wochenschr. 
139, 1987–1990. 

Donehower, L.A., Godley, L.A., Aldaz, C.M., Pyle, R., Shi, Y.P., Pinkel, D., Gray, J., Bradley, A., 
Medina, D., and Varmus, H.E. (1995). Deficiency of p53 accelerates mammary tumorigenesis in 
Wnt-1 transgenic mice and promotes chromosomal instability. Genes Dev. 9, 882–895. 

Donehower, L.A., Harvey, M., Slagle, B.L., McArthur, M.J., Montgomery, C.A., Butel, J.S., and 
Bradley, A. (1992). Mice deficient for p53 are developmentally normal but susceptible to 
spontaneous tumours. Nature 356, 215–221. 

Duluc, D., Delneste, Y., Tan, F., Moles, M.-P., Grimaud, L., Lenoir, J., Preisser, L., Anegon, I., Catala, 
L., Ifrah, N., et al. (2007). Tumor-associated leukemia inhibitory factor and IL-6 skew monocyte 
differentiation into tumor-associated macrophage-like cells. Blood 110, 4319–4330. 

Dupaul-Chicoine, J., Yeretssian, G., Doiron, K., Bergstrom, K.S.B., McIntire, C.R., LeBlanc, P.M., 
Meunier, C., Turbide, C., Gros, P., Beauchemin, N., et al. (2010). Control of intestinal 
homeostasis, colitis, and colitis-associated colorectal cancer by the inflammatory caspases. 
Immunity 32, 367–378. 

Effros, R.B., and Walford, R.L. (1984). The effect of age on the antigen-presenting mechanism in 
limiting dilution precursor cell frequency analysis. Cell. Immunol. 88, 531–539. 

Effros, R.B., Dagarag, M., and Valenzuela, H.F. (2003). In vitro senescence of immune cells. Exp. 
Gerontol. 38, 1243–1249. 

Egea, L., McAllister, C.S., Lakhdari, O., Minev, I., Shenouda, S., and Kagnoff, M.F. (2013). GM-CSF 
produced by nonhematopoietic cells is required for early epithelial cell proliferation and repair of 
injured colonic mucosa. J. Immunol. 190, 1702–1713. 

Elinav, E., Henao-Mejia, J., and Flavell, R.A. (2013b). Integrative inflammasome activity in the 
regulation of intestinal mucosal immune responses. Mucosal Immunol 6, 4–13. 

Elinav, E., Nowarski, R., Thaiss, C.A., Hu, B., Jin, C., and Flavell, R.A. (2013). Inflammation-induced 
cancer: crosstalk between tumours, immune cells and microorganisms. Nat. Rev. Cancer 13, 
759–771. 

Engelhardt, M., Kumar, R., Albanell, J., Pettengell, R., Han, W., and Moore, M.A. (1997). Telomerase 
regulation, cell cycle, and telomere stability in primitive hematopoietic cells. Blood 90, 182–193. 

Evan, G.I., and Vousden, K.H. (2001). Proliferation, cell cycle and apoptosis in cancer. Nature 411, 
342–348. 

Fang, L., Igarashi, M., Leung, J., Sugrue, M.M., Lee, S.W., and Aaronson, S.A. (1999). 
p21Waf1/Cip1/Sdi1 induces permanent growth arrest with markers of replicative senescence in 
human tumor cells lacking functional p53. Oncogene 18, 2789–2797. 



Bibliography 

155 

 

Ferbeyre, G., de Stanchina, E., Lin, A.W., Querido, E., McCurrach, M.E., Hannon, G.J., and Lowe, 
S.W. (2002). Oncogenic ras and p53 cooperate to induce cellular senescence. Mol. Cell. Biol. 
22, 3497–3508. 

Fields, J., and Ghorpade, A. (2012). C/EBPβ regulates multiple IL-1β-induced human astrocyte 
inflammatory genes. J Neuroinflammation 9, 177. 

Fietta, A., Merlini, C., Dos Santos, C., Rovida, S., and Grassi, C. (1994). Influence of aging on some 
specific and nonspecific mechanisms of the host defense system in 146 healthy subjects. 
Gerontology 40, 237–245. 

Flores, I., Canela, A., Vera, E., Tejera, A., Cotsarelis, G., and Blasco, M.A. (2008). The longest 
telomeres: a general signature of adult stem cell compartments. Genes Dev. 22, 654–667. 

Franceschi, C., Bonafè, M., Valensin, S., Olivieri, F., De Luca, M., Ottaviani, E., and De Benedictis, 
G. (2000c). Inflamm-aging. An evolutionary perspective on immunosenescence. Ann. N. Y. 
Acad. Sci. 908, 244–254. 

Franceschi, C., Capri, M., Monti, D., Giunta, S., Olivieri, F., Sevini, F., Panourgia, M.P., Invidia, L., 
Celani, L., Scurti, M., et al. (2007). Inflammaging and anti-inflammaging: a systemic perspective 
on aging and longevity emerged from studies in humans. Mech. Ageing Dev. 128, 92–105. 

Franceschi, C., Valensin, S., Bonafè, M., Paolisso, G., Yashin, A.I., Monti, D., and De Benedictis, G. 
(2000). The network and the remodeling theories of aging: historical background and new 
perspectives. Exp. Gerontol. 35, 879–896. 

Franchi, L., Kamada, N., Nakamura, Y., Burberry, A., Kuffa, P., Suzuki, S., Shaw, M.H., Kim, Y.-G., 
and Núñez, G. (2012). NLRC4-driven production of IL-1β discriminates between pathogenic and 
commensal bacteria and promotes host intestinal defense. Nat. Immunol. 13, 449–456. 

Franchi, L., Kamada, N., Nakamura, Y., Burberry, A., Kuffa, P., Suzuki, S., Shaw, M.H., Kim, Y.-G., 
and Núñez, G. (2012). NLRC4-driven production of IL-1β discriminates between pathogenic and 
commensal bacteria and promotes host intestinal defense. Nat. Immunol. 13, 449–456. 

Frazier, W.J., Wang, X., Wancket, L.M., Li, X.-A., Meng, X., Nelin, L.D., Cato, A.C.B., and Liu, Y. 
(2009). Increased inflammation, impaired bacterial clearance, and metabolic disruption after 
gram-negative sepsis in Mkp-1-deficient mice. J. Immunol. 183, 7411–7419. 

Freund, A., Orjalo, A.V., Desprez, P.-Y., and Campisi, J. (2010). Inflammatory networks during 
cellular senescence: causes and consequences. Trends Mol Med 16, 238–246. 

Fulop, T., Larbi, A., Douziech, N., Fortin, C., Guérard, K.-P., Lesur, O., Khalil, A., and Dupuis, G. 
(2004). Signal transduction and functional changes in neutrophils with aging. Aging Cell 3, 217–
226. 

Fusenig, N.E., and Boukamp, P. (1998). Multiple stages and genetic alterations in immortalization, 
malignant transformation, and tumor progression of human skin keratinocytes. Mol. Carcinog. 
23, 144–158. 

Galeazzi, F., Haapala, E.M., van Rooijen, N., Vallance, B.A., and Collins, S.M. (2000). Inflammation-
induced impairment of enteric nerve function in nematode-infected mice is macrophage 
dependent. Am. J. Physiol. Gastrointest. Liver Physiol. 278, G259–G265. 

Gallenga, C.E., Parmeggiani, F., Costagliola, C., Sebastiani, A., and Gallenga, P.E. (2014). 
Inflammaging: should this term be suitable for age related macular degeneration too? Inflamm. 
Res. 63, 105–107. 

Garg, M., Luo, W., Kaplan, A.M., and Bondada, S. (1996). Cellular basis of decreased immune 
responses to pneumococcal vaccines in aged mice. Infect. Immun. 64, 4456–4462. 

Gartel, A.L., Serfas, M.S., and Tyner, A.L. (1996). p21--negative regulator of the cell cycle. Proc. Soc. 
Exp. Biol. Med. 213, 138–149. 

Geissmann, F., Manz, M.G., Jung, S., Sieweke, M.H., Merad, M., and Ley, K. (2010). Development of 
monocytes, macrophages, and dendritic cells. Science 327, 656–661. 

Gordon, S. (2003). Alternative activation of macrophages. Nat. Rev. Immunol. 3, 23–35. 
Gordon, S., and Martinez, F.O. (2010). Alternative activation of macrophages: mechanism and 

functions. Immunity 32, 593–604. 
Gordon, S., and Taylor, P.R. (2005). Monocyte and macrophage heterogeneity. Nat. Rev. Immunol. 

5, 953–964. 
Gordon, S., Plüddemann, A., and Martinez Estrada, F. (2014). Macrophage heterogeneity in tissues: 

phenotypic diversity and functions. Immunol. Rev. 262, 36–55. 
Gorgoulis, V.G., and Halazonetis, T.D. (2010). Oncogene-induced senescence: the bright and dark 

side of the response. Curr. Opin. Cell Biol. 22, 816–827. 
Gow, D.J., Sester, D.P., and Hume, D.A. (2010). CSF-1, IGF-1, and the control of postnatal growth 

and development. J. Leukoc. Biol. 88, 475–481. 



Bibliography 

156 

 

Grandori, C., Wu, K.-J., Fernandez, P., Ngouenet, C., Grim, J., Clurman, B.E., Moser, M.J., Oshima, 
J., Russell, D.W., Swisshelm, K., et al. (2003). Werner syndrome protein limits MYC-induced 
cellular senescence. Genes Dev. 17, 1569–1574. 

Gratchev, A., Schledzewski, K., Guillot, P., and Goerdt, S. (2001). Alternatively activated antigen-
presenting cells: molecular repertoire, immune regulation, and healing. Skin Pharmacol. Appl. 
Skin Physiol. 14, 272–279. 

Greulich, K.M., Utikal, J., Peter, R.U., and Krähn, G. (2000). c-MYC and nodular malignant 
melanoma. A case report. Cancer 89, 97–103. 

Guimaraes, D.P., and Hainaut, P. (2002). TP53: a key gene in human cancer. Biochimie 84, 83–93. 
Gumbiner, B.M. (1996). Cell adhesion: the molecular basis of tissue architecture and morphogenesis. 

Cell 84, 345–357. 
Guney, I., Wu, S., and Sedivy, J.M. (2006). Reduced c-Myc signaling triggers telomere-independent 

senescence by regulating Bmi-1 and p16(INK4a). Proc. Natl. Acad. Sci. U.S.A. 103, 3645–
3650. 

Guo, W.-J., Datta, S., Band, V., and Dimri, G.P. (2007). Mel-18, a polycomb group protein, regulates 
cell proliferation and senescence via transcriptional repression of Bmi-1 and c-Myc 
oncoproteins. Mol. Biol. Cell 18, 536–546. 

Hakim, F.T., Flomerfelt, F.A., Boyiadzis, M., and Gress, R.E. (2004). Aging, immunity and cancer. 
Curr. Opin. Immunol. 16, 151–156. 

Halle, A., Hornung, V., Petzold, G.C., Stewart, C.R., Monks, B.G., Reinheckel, T., Fitzgerald, K.A., 
Latz, E., Moore, K.J., and Golenbock, D.T. (2008). The NALP3 inflammasome is involved in the 
innate immune response to amyloid-beta. Nat. Immunol. 9, 857–865. 

Haller, K., Wu, Y., Derow, E., Schmitt, I., Jeang, K.-T., and Grassmann, R. (2002). Physical 
interaction of human T-cell leukemia virus type 1 Tax with cyclin-dependent kinase 4 stimulates 
the phosphorylation of retinoblastoma protein. Mol. Cell. Biol. 22, 3327–3338. 

Hampel, B., Wagner, M., Teis, D., Zwerschke, W., Huber, L.A., and Jansen-Dürr, P. (2005). 
Apoptosis resistance of senescent human fibroblasts is correlated with the absence of nuclear 
IGFBP-3. Aging Cell 4, 325–330. 

Hand, T., and Belkaid, Y. (2010). Microbial control of regulatory and effector T cell responses in the 
gut. Curr. Opin. Immunol. 22, 63–72. 

Hanspal, M., and Hanspal, J.S. (1994). The association of erythroblasts with macrophages promotes 
erythroid proliferation and maturation: a 30-kD heparin-binding protein is involved in this 
contact. Blood 84, 3494–3504. 

Hao, N.-B., Lü, M.-H., Fan, Y.-H., Cao, Y.-L., Zhang, Z.-R., and Yang, S.-M. (2012). Macrophages in 
tumor microenvironments and the progression of tumors. Clin. Dev. Immunol. 2012, 948098. 

Hara, E., Smith, R., Parry, D., Tahara, H., Stone, S., and Peters, G. (1996). Regulation of p16CDKN2 
expression and its implications for cell immortalization and senescence. Mol. Cell. Biol. 16, 859–
867. 

Hara, E., Tsurui, H., Shinozaki, A., Nakada, S., and Oda, K. (1991). Cooperative effect of antisense-
Rb and antisense-p53 oligomers on the extension of life span in human diploid fibroblasts, TIG-
1. Biochem. Biophys. Res. Commun. 179, 528–534. 

Harley, C.B., Liu, W., Blasco, M., Vera, E., Andrews, W.H., Briggs, L.A., and Raffaele, J.M. (2011). A 
Natural Product Telomerase Activator As Part of a Health Maintenance Program. Rejuvenation 
Res 14, 45–56. 

Hartwig, F.P., Nedel, F., Collares, T.V., Tarquinio, S.B.C., Nör, J.E., and Demarco, F.F. (2012). 
Telomeres and Tissue Engineering: The Potential Roles of TERT in VEGF-mediated 
Angiogenesis. Stem Cell Rev and Rep 8, 1275–1281. 

Haruna, H., Inaba, M., Inaba, K., Taketani, S., Sugiura, K., Fukuba, Y., Doi, H., Toki, J., Tokunaga, 
R., and Ikehara, S. (1995). Abnormalities of B cells and dendritic cells in SAMP1 mice. Eur. J. 
Immunol. 25, 1319–1325. 

Harvey, D.M., and Levine, A.J. (1991). p53 alteration is a common event in the spontaneous 
immortalization of primary BALB/c murine embryo fibroblasts. Genes Dev. 5, 2375–2385. 

Hasty, P., Campisi, J., Hoeijmakers, J., van Steeg, H., and Vijg, J. (2003). Aging and genome 
maintenance: lessons from the mouse? Science 299, 1355–1359. 

Hayflick, L., and Moorhead, P.S. (1961). The serial cultivation of human diploid cell strains. Exp. Cell 
Res. 25, 585–621. 

He, C., Hu, H., Braren, R., Fong, S.-Y., Trumpp, A., Carlson, T.R., and Wang, R.A. (2008). c-myc in 
the hematopoietic lineage is crucial for its angiogenic function in the mouse embryo. 
Development 135, 2467–2477. 



Bibliography 

157 

 

Hearps, A.C., Martin, G.E., Angelovich, T.A., Cheng, W.-J., Maisa, A., Landay, A.L., Jaworowski, A., 
and Crowe, S.M. (2012). Aging is associated with chronic innate immune activation and 
dysregulation of monocyte phenotype and function. Aging Cell 11, 867–875. 

Helming, L., and Gordon, S. (2007). The molecular basis of macrophage fusion. Immunobiology 212, 
785–793. 

Helt, C.E., Cliby, W.A., Keng, P.C., Bambara, R.A., and O’Reilly, M.A. (2005). Ataxia telangiectasia 
mutated (ATM) and ATM and Rad3-related protein exhibit selective target specificities in 
response to different forms of DNA damage. J. Biol. Chem. 280, 1186–1192. 

Herbig, U., Jobling, W.A., Chen, B.P.C., Chen, D.J., and Sedivy, J.M. (2004). Telomere shortening 
triggers senescence of human cells through a pathway involving ATM, p53, and p21(CIP1), but 
not p16(INK4a). Mol. Cell 14, 501–513. 

Herrero, C., Sebastián, C., Marqués, L., Comalada, M., Xaus, J., Valledor, A.F., Lloberas, J., and 
Celada, A. (2002). Immunosenescence of macrophages: reduced MHC class II gene 
expression. Exp. Gerontol. 37, 389–394. 

Hesse, M., Modolell, M., La Flamme, A.C., Schito, M., Fuentes, J.M., Cheever, A.W., Pearce, E.J., 
and Wynn, T.A. (2001). Differential regulation of nitric oxide synthase-2 and arginase-1 by type 
1/type 2 cytokines in vivo: granulomatous pathology is shaped by the pattern of L-arginine 
metabolism. J. Immunol. 167, 6533–6544. 

Hoffman, A., Spetner, L.M., and Burke, M. (2001). Cessation of cell proliferation by adjustment of cell 
redox potential. J. Theor. Biol. 211, 403–407. 

Hornsby, P.J. (2007). Telomerase and the aging process. Exp. Gerontol. 42, 575–581. 
Hou, J., Schindler, U., Henzel, W.J., Wong, S.C., and McKnight, S.L. (1995). Identification and 

purification of human Stat proteins activated in response to interleukin-2. Immunity 2, 321–329. 
Hou, X., Katahira, T., Ohashi, K., Mizuno, K., Sugiyama, S., and Nakamura, H. (2013a). Coactosin 

accelerates cell dynamism by promoting actin polymerization. Dev. Biol. 379, 53–63. 
Hu, A., Ehleiter, D., Ben-Yehuda, A., Schwab, R., Russo, C., Szabo, P., and Weksler, M.E. (1993). 

Effect of age on the expressed B cell repertoire: role of B cell subsets. Int. Immunol. 5, 1035–
1039. 

Hume, D.A. (2008). Differentiation and heterogeneity in the mononuclear phagocyte system. Mucosal 
Immunol 1, 432–441. 

Iniesta, V., Gómez-Nieto, L.C., and Corraliza, I. (2001). The inhibition of arginase by N(omega)-
hydroxy-l-arginine controls the growth of Leishmania inside macrophages. J. Exp. Med. 193, 
777–784. 

Irwin, M.S., Kondo, K., Marin, M.C., Cheng, L.S., Hahn, W.C., and Kaelin, W.G. (2003). 
Chemosensitivity linked to p73 function. Cancer Cell 3, 403–410. 

Itahana, K., Dimri, G., and Campisi, J. (2001). Regulation of cellular senescence by p53. Eur. J. 
Biochem. 268, 2784–2791. 

Itahana, K., Zou, Y., Itahana, Y., Martinez, J.-L., Beausejour, C., Jacobs, J.J.L., Van Lohuizen, M., 
Band, V., Campisi, J., and Dimri, G.P. (2003). Control of the replicative life span of human 
fibroblasts by p16 and the polycomb protein Bmi-1. Mol. Cell. Biol. 23, 389–401. 

Jacobs, J.J.L., and de Lange, T. (2004). Significant role for p16INK4a in p53-independent telomere-
directed senescence. Curr. Biol. 14, 2302–2308. 

Jaguin, M., Houlbert, N., Fardel, O., and 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. Cell. Immunol. 281, 51–61. 

Janzen, V., Forkert, R., Fleming, H.E., Saito, Y., Waring, M.T., Dombkowski, D.M., Cheng, T., 
DePinho, R.A., Sharpless, N.E., and Scadden, D.T. (2006). Stem-cell ageing modified by the 
cyclin-dependent kinase inhibitor p16INK4a. Nature 443, 421–426. 

Jaworowski, A., Wilson, N.J., Christy, E., Byrne, R., and Hamilton, J.A. (1999). Roles of the mitogen-
activated protein kinase family in macrophage responses to colony stimulating factor-1 addition 
and withdrawal. J. Biol. Chem. 274, 15127–15133. 

Jeanblanc, M., Ragu, S., Gey, C., Contrepois, K., Courbeyrette, R., Thuret, J.-Y., and Mann, C. 
(2012). Parallel pathways in RAF-induced senescence and conditions for its reversion. 
Oncogene 31, 3072–3085. 

Jog, N.R., and Caricchio, R. (2013). Differential regulation of cell death programs in males and 
females by Poly (ADP-Ribose) Polymerase-1 and 17β estradiol. Cell Death Dis 4, e758. 

Johnson, S.A., and Cambier, J.C. (2004). Ageing, autoimmunity and arthritis: senescence of the B 
cell compartment - implications for humoral immunity. Arthritis Res. Ther. 6, 131–139. 

Kanneganti, T.-D., Lamkanfi, M., and Núñez, G. (2007). Intracellular NOD-like receptors in host 
defense and disease. Immunity 27, 549–559. 



Bibliography 

158 

 

Kao, J., Milano, M.T., Javaheri, A., Garofalo, M.C., Chmura, S.J., Weichselbaum, R.R., and Kron, 
S.J. (2006). gamma-H2AX as a therapeutic target for improving the efficacy of radiation therapy. 
Curr Cancer Drug Targets 6, 197–205. 

Kastan, M.B., and Lim, D.S. (2000). The many substrates and functions of ATM. Nat. Rev. Mol. Cell 
Biol. 1, 179–186. 

Kawai, T., and Akira, S. (2006). TLR signaling. Cell Death Differ. 13, 816–825. 
Kawamura, K., and Sunanaga, T. (2013). Senescence-associated superoxide dismutase influences 

mitochondrial gene expression in budding tunicates. Dev. Growth Differ. 55, 606–614. 
Kerr, L.D. (2004). Inflammatory arthropathy: a review of rheumatoid arthritis in older patients. 

Geriatrics 59, 32–35; quiz 36. 
Kim, H.J., Ham, S.A., Kim, M.Y., Hwang, J.S., Lee, H., Kang, E.S., Yoo, T., Woo, I.S., Yabe-

Nishimura, C., Paek, K.S., et al. (2011). PPARδ coordinates angiotensin II-induced senescence 
in vascular smooth muscle cells through PTEN-mediated inhibition of superoxide generation. J. 
Biol. Chem. 286, 44585–44593. 

King, A.M., Keating, P., Prabhu, A., Blomberg, B.B., and Riley, R.L. (2009). NK cells in the CD19- 
B220+ bone marrow fraction are increased in senescence and reduce E2A and surrogate light 
chain proteins in B cell precursors. Mech. Ageing Dev. 130, 384–392. 

Kobayashi, T., Kouzaki, H., and Kita, H. (2010). Human eosinophils recognize endogenous danger 
signal crystalline uric acid and produce proinflammatory cytokines mediated by autocrine ATP. 
J. Immunol. 184, 6350–6358. 

Kojima, H., Inoue, T., Kunimoto, H., and Nakajima, K. (2013a). IL-6-STAT3 signaling and premature 
senescence. JAKSTAT 2, e25763. 

Kozmar, A., Greenlee-Wacker, M.C., and Bohlson, S.S. (2010). Macrophage response to apoptotic 
cells varies with the apoptotic trigger and is not altered by a deficiency in LRP expression. J 
Innate Immun 2, 248–259. 

Krabbe, K.S., Pedersen, M., and Bruunsgaard, H. (2004). Inflammatory mediators in the elderly. Exp. 
Gerontol. 39, 687–699. 

Kraehn, G.M., Utikal, J., Udart, M., Greulich, K.M., Bezold, G., Kaskel, P., Leiter, U., and Peter, R.U. 
(2001). Extra c-myc oncogene copies in high risk cutaneous malignant melanoma and 
melanoma metastases. Br. J. Cancer 84, 72–79. 

Kregel, K.C., and Zhang, H.J. (2007). An integrated view of oxidative stress in aging: basic 
mechanisms, functional effects, and pathological considerations. Am. J. Physiol. Regul. Integr. 
Comp. Physiol. 292, R18–R36. 

Krishnamurthy, J., Ramsey, M.R., Ligon, K.L., Torrice, C., Koh, A., Bonner-Weir, S., and Sharpless, 
N.E. (2006). p16INK4a induces an age-dependent decline in islet regenerative potential. Nature 
443, 453–457. 

Krishnamurthy, J., Torrice, C., Ramsey, M.R., Kovalev, G.I., Al-Regaiey, K., Su, L., and Sharpless, 
N.E. (2004). Ink4a/Arf expression is a biomarker of aging. J. Clin. Invest. 114, 1299–1307. 

Kristiansen, M., Graversen, J.H., Jacobsen, C., Sonne, O., Hoffman, H.J., Law, S.K., and Moestrup, 
S.K. (2001). Identification of the haemoglobin scavenger receptor. Nature 409, 198–201. 

Krtolica, A., and Campisi, J. (2002). Cancer and aging: a model for the cancer promoting effects of 
the aging stroma. Int. J. Biochem. Cell Biol. 34, 1401–1414. 

Krtolica, A., Parrinello, S., Lockett, S., Desprez, P.Y., and Campisi, J. (2001). Senescent fibroblasts 
promote epithelial cell growth and tumorigenesis: a link between cancer and aging. Proc. Natl. 
Acad. Sci. U.S.A. 98, 12072–12077. 

Krysko, D.V., Agostinis, P., Krysko, O., Garg, A.D., Bachert, C., Lambrecht, B.N., and Vandenabeele, 
P. (2011). Emerging role of damage-associated molecular patterns derived from mitochondria in 
inflammation. Trends Immunol. 32, 157–164. 

Ksiazek, K., Winckiewicz, M., Staniszewski, R., Breborowicz, A., and Witowski, J. (2007). Correlation 
between the donor age and the proliferative lifespan of human peritoneal mesothelial cells in 
vitro: is TGF-beta1 a link? Exp. Gerontol. 42, 840–843. 

Kuilman, T., Michaloglou, C., Mooi, W.J., and Peeper, D.S. (2010). The essence of senescence. 
Genes Dev. 24, 2463–2479. 

Kuilman, T., Michaloglou, C., Vredeveld, L.C.W., Douma, S., van Doorn, R., Desmet, C.J., Aarden, 
L.A., Mooi, W.J., and Peeper, D.S. (2008). Oncogene-induced senescence relayed by an 
interleukin-dependent inflammatory network. Cell 133, 1019–1031. 

Kumar, S., Millis, A.J., and Baglioni, C. (1992). Expression of interleukin 1-inducible genes and 
production of interleukin 1 by aging human fibroblasts. Proc. Natl. Acad. Sci. U.S.A. 89, 4683–
4687. 



Bibliography 

159 

 

Lacey, D.C., Achuthan, A., Fleetwood, A.J., Dinh, H., Roiniotis, J., Scholz, G.M., Chang, M.W., 
Beckman, S.K., Cook, A.D., and Hamilton, J.A. (2012). Defining GM-CSF- and macrophage-
CSF-dependent macrophage responses by in vitro models. J. Immunol. 188, 5752–5765. 

Lamkanfi, M., and Dixit, V.M. (2012). Inflammasomes and their roles in health and disease. Annu. 
Rev. Cell Dev. Biol. 28, 137–161. 

Langen, R.C.J., Korn, S.H., and Wouters, E.F.M. (2003). ROS in the local and systemic pathogenesis 
of COPD. Free Radic. Biol. Med. 35, 226–235. 

Lanna, A., Henson, S.M., Escors, D., and Akbar, A.N. (2014). The kinase p38 activated by the 
metabolic regulator AMPK and scaffold TAB1 drives the senescence of human T cells. Nat. 
Immunol. 15, 965–972. 

Larbi, A., Franceschi, C., Mazzatti, D., Solana, R., Wikby, A., and Pawelec, G. (2008). Aging of the 
immune system as a prognostic factor for human longevity. Physiology (Bethesda) 23, 64–74. 

Lau, S.K., Chu, P.G., and Weiss, L.M. (2008). Immunohistochemical expression of Langerin in 
Langerhans cell histiocytosis and non-Langerhans cell histiocytic disorders. Am. J. Surg. Pathol. 
32, 615–619. 

Lavrovsky, Y., Song, C.S., Chatterjee, B., and Roy, A.K. (2000). Age-dependent increase of heme 
oxygenase-1 gene expression in the liver mediated by NFkappaB. Mech. Ageing Dev. 114, 49–
60. 

Le, O.N.L., Rodier, F., Fontaine, F., Coppe, J.-P., Campisi, J., DeGregori, J., Laverdière, C., Kokta, 
V., Haddad, E., and Beauséjour, C.M. (2010). Ionizing radiation-induced long-term expression 
of senescence markers in mice is independent of p53 and immune status. Aging Cell 9, 398–
409. 

Lech, M., and Anders, H.-J. (2013). Macrophages and fibrosis: How resident and infiltrating 
mononuclear phagocytes orchestrate all phases of tissue injury and repair. Biochim. Biophys. 
Acta 1832, 989–997. 

Lee, B.Y., Han, J.A., Im, J.S., Morrone, A., Johung, K., Goodwin, E.C., Kleijer, W.J., DiMaio, D., and 
Hwang, E.S. (2006). Senescence-associated beta-galactosidase is lysosomal beta-
galactosidase. Aging Cell 5, 187–195. 

Lee, J.-J., Lee, J.-H., Ko, Y.-G., Hong, S.I., and Lee, J.-S. (2010). Prevention of premature 
senescence requires JNK regulation of Bcl-2 and reactive oxygen species. Oncogene 29, 561–
575. 

Lee, K.W., Meyer, N., and Ortwerth, B.J. (1999). Chromatographic comparison of the UVA sensitizers 
present in brunescent cataracts and in calf lens proteins ascorbylated in vitro. Exp. Eye Res. 69, 
375–384. 

Li, X., Wang, J., Wang, W., Liu, C., Sun, S., Gu, J., Wang, X., Boraschi, D., Huang, Y., and Qu, D. 
(2013a). Immunomodulatory activity of a novel, synthetic beta-glucan (β-glu6) in murine 
macrophages and human peripheral blood mononuclear cells. PLoS ONE 8, e80399. 

Li, Y., Chen, Q., Zheng, D., Yin, L., Chionh, Y.H., Wong, L.H., Tan, S.Q., Tan, T.C., Chan, J.K.Y., 
Alonso, S., et al. (2013b). Induction of functional human macrophages from bone marrow 
promonocytes by M-CSF in humanized mice. J. Immunol. 191, 3192–3199. 

Libby, P. (2013). Collagenases and cracks in the plaque. J. Clin. Invest. 123, 3201–3203. 
Lin, A.W., Barradas, M., Stone, J.C., van Aelst, L., Serrano, M., and Lowe, S.W. (1998). Premature 

senescence involving p53 and p16 is activated in response to constitutive MEK/MAPK 
mitogenic signaling. Genes Dev. 12, 3008–3019. 

Linton, P.J., Haynes, L., Klinman, N.R., and Swain, S.L. (1996). Antigen-independent changes in 
naive CD4 T cells with aging. J. Exp. Med. 184, 1891–1900. 

Linton, P.J., Haynes, L., Tsui, L., Zhang, X., and Swain, S. (1997). From naive to effector--alterations 
with aging. Immunol. Rev. 160, 9–18. 

Liu, D., and Hornsby, P.J. (2007). Senescent human fibroblasts increase the early growth of 
xenograft tumors via matrix metalloproteinase secretion. Cancer Res. 67, 3117–3126. 

Liu, K., and Mohan, C. (2006). What do mouse models teach us about human SLE? Clin. Immunol. 
119, 123–130. 

Liu, L., Berletch, J.B., Green, J.G., Pate, M.S., Andrews, L.G., and Tollefsbol, T.O. (2004). 
Telomerase inhibition by retinoids precedes cytodifferentiation of leukemia cells and may 
contribute to terminal differentiation. Mol. Cancer Ther. 3, 1003–1009. 

Liu, Y., Sanoff, H.K., Cho, H., Burd, C.E., Torrice, C., Ibrahim, J.G., Thomas, N.E., and Sharpless, 
N.E. (2009). Expression of p16(INK4a) in peripheral blood T-cells is a biomarker of human 
aging. Aging Cell 8, 439–448. 



Bibliography 

160 

 

Loke, P., Gallagher, I., Nair, M.G., Zang, X., Brombacher, F., Mohrs, M., Allison, J.P., and Allen, J.E. 
(2007). Alternative activation is an innate response to injury that requires CD4+ T cells to be 
sustained during chronic infection. J. Immunol. 179, 3926–3936. 

Loke, P., Nair, M.G., Parkinson, J., Guiliano, D., Blaxter, M., and Allen, J.E. (2002). IL-4 dependent 
alternatively-activated macrophages have a distinctive in vivo gene expression phenotype. BMC 
Immunol. 3, 7. 

Lorenzini, A., Tresini, M., Austad, S.N., and Cristofalo, V.J. (2005). Cellular replicative capacity 
correlates primarily with species body mass not longevity. Mech. Ageing Dev. 126, 1130–1133. 

Lowe, S.W., Cepero, E., and Evan, G. (2004). Intrinsic tumour suppression. Nature 432, 307–315. 
Lu, T., and Finkel, T. (2008). Free radicals and senescence. Exp. Cell Res. 314, 1918–1922. 
Lutz, W., Leon, J., and Eilers, M. (2002). Contributions of Myc to tumorigenesis. Biochim. Biophys. 

Acta 1602, 61–71. 
Ma, L.-J., Corsa, B.A., Zhou, J., Yang, H., Li, H., Tang, Y.-W., Babaev, V.R., Major, A.S., Linton, 

M.F., Fazio, S., et al. (2011). Angiotensin type 1 receptor modulates macrophage polarization 
and renal injury in obesity. Am. J. Physiol. Renal Physiol. 300, F1203–F1213. 

MacMicking, J., Xie, Q.W., and Nathan, C. (1997). Nitric oxide and macrophage function. Annu. Rev. 
Immunol. 15, 323–350. 

Mahbub, S., Deburghgraeve, C.R., and Kovacs, E.J. (2012). Advanced Age Impairs Macrophage 
Polarization. J Interferon Cytokine Res 32, 18–26. 

Maier, J.A., Hla, T., and Maciag, T. (1990). Cyclooxygenase is an immediate-early gene induced by 
interleukin-1 in human endothelial cells. J. Biol. Chem. 265, 10805–10808. 

Mallette, F.A., Gaumont-Leclerc, M.-F., and Ferbeyre, G. (2007). The DNA damage signaling 
pathway is a critical mediator of oncogene-induced senescence. Genes Dev. 21, 43–48. 

Mancuso, P., McNish, R.W., Peters-Golden, M., and Brock, T.G. (2001). Evaluation of phagocytosis 
and arachidonate metabolism by alveolar macrophages and recruited neutrophils from 
F344xBN rats of different ages. Mech. Ageing Dev. 122, 1899–1913. 

Mantovani, A., Allavena, P., and Sica, A. (2004). Tumour-associated macrophages as a prototypic 
type II polarised phagocyte population: role in tumour progression. Eur. J. Cancer 40, 1660–
1667. 

Mantovani, A., Sozzani, S., Locati, M., Allavena, P., and Sica, A. (2002). Macrophage polarization: 
tumor-associated macrophages as a paradigm for polarized M2 mononuclear phagocytes. 
Trends Immunol. 23, 549–555. 

Mariathasan, S., and Monack, D.M. (2007). Inflammasome adaptors and sensors: intracellular 
regulators of infection and inflammation. Nat. Rev. Immunol. 7, 31–40. 

Martinez, F.O., and Gordon, S. (2014). The M1 and M2 paradigm of macrophage activation: time for 
reassessment. F1000Prime Rep 6, 13. 

Martinez, F.O., Sica, A., Mantovani, A., and Locati, M. (2008). Macrophage activation and 
polarization. Front. Biosci. 13, 453–461. 

Masoro, E.J., and Austad, S.N. (2010). Handbook of the Biology of Aging (Academic Press). 
Masutomi, K., Yu, E.Y., Khurts, S., Ben-Porath, I., Currier, J.L., Metz, G.B., Brooks, M.W., Kaneko, 

S., Murakami, S., DeCaprio, J.A., et al. (2003). Telomerase maintains telomere structure in 
normal human cells. Cell 114, 241–253. 

Matsuda, Y., Wakai, T., Kubota, M., Osawa, M., Takamura, M., Yamagiwa, S., Aoyagi, Y., Sanpei, A., 
and Fujimaki, S. (2013). DNA damage sensor γ -H2AX is increased in preneoplastic lesions of 
hepatocellular carcinoma. ScientificWorldJournal 2013, 597095. 

Matsushita, H., Chang, E., Glassford, A.J., Cooke, J.P., Chiu, C.P., and Tsao, P.S. (2001). eNOS 
activity is reduced in senescent human endothelial cells: Preservation by hTERT 
immortalization. Circ. Res. 89, 793–798. 

McCarthy, D.A., Clark, R.R., Bartling, T.R., Trebak, M., and Melendez, J.A. (2013). Redox control of 
the senescence regulator interleukin-1α and the secretory phenotype. J. Biol. Chem. 288, 
32149–32159. 

McConnell, B.B., Starborg, M., Brookes, S., and Peters, G. (1998). Inhibitors of cyclin-dependent 
kinases induce features of replicative senescence in early passage human diploid fibroblasts. 
Curr. Biol. 8, 351–354. 

McElhaney, J.E. (2009). Prevention of infectious diseases in older adults through immunization: the 
challenge of the senescent immune response. Expert Rev Vaccines 8, 593–606. 

McNamee, L.M., and Brodsky, M.H. (2009). p53-Independent Apoptosis Limits DNA Damage-
Induced Aneuploidy. Genetics 182, 423–435. 

Medcalf, A.S., Klein-Szanto, A.J., and Cristofalo, V.J. (1996). Expression of p21 is not required for 
senescence of human fibroblasts. Cancer Res. 56, 4582–4585. 



Bibliography 

161 

 

Michaloglou, C., Vredeveld, L.C.W., Soengas, M.S., Denoyelle, C., Kuilman, T., van der Horst, 
C.M.A.M., Majoor, D.M., Shay, J.W., Mooi, W.J., and Peeper, D.S. (2005). BRAFE600-
associated senescence-like cell cycle arrest of human naevi. Nature 436, 720–724. 

Minamino, T., and Komuro, I. (2007). Vascular cell senescence: contribution to atherosclerosis. Circ. 
Res. 100, 15–26. 

Miura, T., Mattson, M.P., and Rao, M.S. (2004). Cellular lifespan and senescence signaling in 
embryonic stem cells. Aging Cell 3, 333–343. 

Molgora, B., Bateman, R., Sweeney, G., Finger, D., Dimler, T., Effros, R.B., and Valenzuela, H.F. 
(2013). Functional assessment of pharmacological telomerase activators in human T cells. Cells 
2, 57–66. 

Molofsky, A.V., Slutsky, S.G., Joseph, N.M., He, S., Pardal, R., Krishnamurthy, J., Sharpless, N.E., 
and Morrison, S.J. (2006). Increasing p16INK4a expression decreases forebrain progenitors 
and neurogenesis during ageing. Nature 443, 448–452. 

Montecino-Rodriguez, E., Berent-Maoz, B., and Dorshkind, K. (2013). Causes, consequences, and 
reversal of immune system aging. J. Clin. Invest. 123, 958–965. 

Monti, D., Salvioli, S., Capri, M., Malorni, W., Straface, E., Cossarizza, A., Botti, B., Piacentini, M., 
Baggio, G., Barbi, C., et al. (2000). Decreased susceptibility to oxidative stress-induced 
apoptosis of peripheral blood mononuclear cells from healthy elderly and centenarians. Mech. 
Ageing Dev. 121, 239–250. 

Moore, K.J., and Freeman, M.W. (2006). Scavenger receptors in atherosclerosis: beyond lipid 
uptake. Arterioscler. Thromb. Vasc. Biol. 26, 1702–1711. 

Morris, E.J., and Dyson, N.J. (2001). Retinoblastoma protein partners. Adv. Cancer Res. 82, 1–54. 
Morris, L., Crocker, P.R., Fraser, I., Hill, M., and Gordon, S. (1991). Expression of a divalent cation-

dependent erythroblast adhesion receptor by stromal macrophages from murine bone marrow. 
J. Cell. Sci. 99 ( Pt 1), 141–147. 

Mosser, D.M., and Edwards, J.P. (2008). Exploring the full spectrum of macrophage activation. Nat. 
Rev. Immunol. 8, 958–969. 

Munro, J., Barr, N.I., Ireland, H., Morrison, V., and Parkinson, E.K. (2004). Histone deacetylase 
inhibitors induce a senescence-like state in human cells by a p16-dependent mechanism that is 
independent of a mitotic clock. Exp. Cell Res. 295, 525–538. 

Murciano, C., Yáñez, A., Gil, M.L., and Gozalbo, D. (2007). Both viable and killed Candida albicans 
cells induce in vitro production of TNF-alpha and IFN-gamma in murine cells through a TLR2-
dependent signalling. Eur. Cytokine Netw. 18, 38–43. 

Murphy, M., Ahn, J., Walker, K.K., Hoffman, W.H., Evans, R.M., Levine, A.J., and George, D.L. 
(1999). Transcriptional repression by wild-type p53 utilizes histone deacetylases, mediated by 
interaction with mSin3a. Genes Dev. 13, 2490–2501. 

Naesens, M. (2011). Replicative senescence in kidney aging, renal disease, and renal 
transplantation. Discov Med 11, 65–75. 

Nair, M.G., Du, Y., Perrigoue, J.G., Zaph, C., Taylor, J.J., Goldschmidt, M., Swain, G.P., 
Yancopoulos, G.D., Valenzuela, D.M., Murphy, A., et al. (2009). Alternatively activated 
macrophage-derived RELM-{alpha} is a negative regulator of type 2 inflammation in the lung. J. 
Exp. Med. 206, 937–952. 

Nakamura, A.J., Chiang, Y.J., Hathcock, K.S., Horikawa, I., Sedelnikova, O.A., Hodes, R.J., and 
Bonner, W.M. (2008). Both telomeric and non-telomeric DNA damage are determinants of 
mammalian cellular senescence. Epigenetics Chromatin 1, 6. 

Narita, M., Nũnez, S., Heard, E., Narita, M., Lin, A.W., Hearn, S.A., Spector, D.L., Hannon, G.J., and 
Lowe, S.W. (2003). Rb-mediated heterochromatin formation and silencing of E2F target genes 
during cellular senescence. Cell 113, 703–716. 

Nesbit, C.E., Tersak, J.M., and Prochownik, E.V. (1999). MYC oncogenes and human neoplastic 
disease. Oncogene 18, 3004–3016. 

Nielsen, N.H., Lodén, M., Cajander, J., Emdin, S.O., and Landberg, G. (1999). G1-S transition 
defects occur in most breast cancers and predict outcome. Breast Cancer Res. Treat. 56, 105–
112. 

Nussey, D.H., Froy, H., Lemaitre, J.-F., Gaillard, J.-M., and Austad, S.N. (2013). Senescence in 
natural populations of animals: widespread evidence and its implications for bio-gerontology. 
Ageing Res. Rev. 12, 214–225. 

Ogryzko, V.V., Hirai, T.H., Russanova, V.R., Barbie, D.A., and Howard, B.H. (1996). Human 
fibroblast commitment to a senescence-like state in response to histone deacetylase inhibitors 
is cell cycle dependent. Mol. Cell. Biol. 16, 5210–5218. 



Bibliography 

162 

 

Ohtani, N., Yamakoshi, K., Takahashi, A., and Hara, E. (2004). The p16INK4a-RB pathway: 
molecular link between cellular senescence and tumor suppression. J. Med. Invest. 51, 146–
153. 

Olivieri, F., Galeazzi, R., Giavarina, D., Testa, R., Abbatecola, A.M., Çeka, A., Tamburrini, P., Busco, 
F., Lazzarini, R., Monti, D., et al. (2012b). Aged-related increase of high sensitive Troponin T 
and its implication in acute myocardial infarction diagnosis of elderly patients. Mech. Ageing 
Dev. 133, 300–305. 

Olivieri, F., Mazzanti, I., Abbatecola, A.M., Recchioni, R., Marcheselli, F., Procopio, A.D., and 
Antonicelli, R. (2012a). Telomere/Telomerase system: a new target of statins pleiotropic effect? 
Curr Vasc Pharmacol 10, 216–224. 

Olivieri, F., Rippo, M.R., Prattichizzo, F., Babini, L., Graciotti, L., Recchioni, R., and Procopio, A.D. 
(2013). Toll like receptor signaling in “inflammaging”: microRNA as new players. Immun Ageing 
10, 11. 

Ortega, E., Garcia, J.J., and De La Fuente, M. (2000). Ageing modulates some aspects of the non-
specific immune response of murine macrophages and lymphocytes. Exp. Physiol. 85, 519–
525. 

Ostan, R., Bucci, L., Capri, M., Salvioli, S., Scurti, M., Pini, E., Monti, D., and Franceschi, C. (2008). 
Immunosenescence and immunogenetics of human longevity. Neuroimmunomodulation 15, 
224–240. 

Otto, J.J., and Schroeder, T.E. (1990). Association of actin and myosin in the contractile ring. Ann. N. 
Y. Acad. Sci. 582, 179–184. 

Ou, Y.-H., Chung, P.-H., Sun, T.-P., and Shieh, S.-Y. (2005). p53 C-terminal phosphorylation by 
CHK1 and CHK2 participates in the regulation of DNA-damage-induced C-terminal acetylation. 
Mol. Biol. Cell 16, 1684–1695. 

Ozaki, T., and Nakagawara, A. (2005). p73, a sophisticated p53 family member in the cancer world. 
Cancer Sci. 96, 729–737. 

Parajuli, K.R., Zhang, Q., Liu, S., Patel, N.K., Lu, H., Zeng, S.X., Wang, G., Zhang, C., and You, Z. 
(2014). Methoxyacetic acid suppresses prostate cancer cell growth by inducing growth arrest 
and apoptosis. Am J Clin Exp Urol 2, 300–312. 

Park, C., Lee, I., and Kang, W.K. (2006). E2F-1 is a critical modulator of cellular senescence in 
human cancer. Int. J. Mol. Med. 17, 715–720. 

Parrinello, S., Samper, E., Krtolica, A., Goldstein, J., Melov, S., and Campisi, J. (2003). Oxygen 
sensitivity severely limits the replicative lifespan of murine fibroblasts. Nat. Cell Biol. 5, 741–747. 

Pascal, T., Debacq-Chainiaux, F., Chrétien, A., Bastin, C., Dabée, A.-F., Bertholet, V., Remacle, J., 
and Toussaint, O. (2005). Comparison of replicative senescence and stress-induced premature 
senescence combining differential display and low-density DNA arrays. FEBS Lett. 579, 3651–
3659. 

Passos, J.F., and Von Zglinicki, T. (2006). Oxygen free radicals in cell senescence: are they signal 
transducers? Free Radic. Res. 40, 1277–1283. 

Passos, J.F., Nelson, G., Wang, C., Richter, T., Simillion, C., Proctor, C.J., Miwa, S., Olijslagers, S., 
Hallinan, J., Wipat, A., et al. (2010). Feedback between p21 and reactive oxygen production is 
necessary for cell senescence. Mol. Syst. Biol. 6, 347. 

Patil, C.K., Mian, I.S., and Campisi, J. (2005). The thorny path linking cellular senescence to 
organismal aging. Mech. Ageing Dev. 126, 1040–1045. 

Pavel, S., Smit, N.P., van der Meulen, H., Kolb, R.M., de Groot, A.J., van der Velden, P.A., Gruis, 
N.A., and Bergman, W. (2003). Homozygous germline mutation of CDKN2A/p16 and glucose-6-
phosphate dehydrogenase deficiency in a multiple melanoma case. Melanoma Res. 13, 171–
178. 

Pesce, J.T., Ramalingam, T.R., Wilson, M.S., Mentink-Kane, M.M., Thompson, R.W., Cheever, A.W., 
Urban, J.F., and Wynn, T.A. (2009). Retnla (relmalpha/fizz1) suppresses helminth-induced Th2-
type immunity. PLoS Pathog. 5, e1000393. 

Petersen, S., Casellas, R., Reina-San-Martin, B., Chen, H.T., Difilippantonio, M.J., Wilson, P.C., 
Hanitsch, L., Celeste, A., Muramatsu, M., Pilch, D.R., et al. (2001). AID is required to initiate 
Nbs1/gamma-H2AX focus formation and mutations at sites of class switching. Nature 414, 660–
665. 

Phipps, S.M.O., Berletch, J.B., Andrews, L.G., and Tollefsbol, T.O. (2007). Aging cell culture: 
methods and observations. Methods Mol. Biol. 371, 9–19. 

Pinke, K.H., Calzavara, B., Faria, P.F., do Nascimento, M.P.P., Venturini, J., and Lara, V.S. (2013). 
Proinflammatory profile of in vitro monocytes in the ageing is affected by lymphocytes presence. 
Immun Ageing 10, 22. 



Bibliography 

163 

 

Pinto, J.M., Kern, D.W., Wroblewski, K.E., Chen, R.C., Schumm, L.P., and McClintock, M.K. (2014). 
Sensory function: insights from Wave 2 of the National Social Life, Health, and Aging Project. J 
Gerontol B Psychol Sci Soc Sci 69 Suppl 2, S144–S153. 

Pixley, F.J., and Stanley, E.R. (2004). CSF-1 regulation of the wandering macrophage: complexity in 
action. Trends Cell Biol. 14, 628–638. 

Pizarro-Cerdá, J., and Cossart, P. (2006). Subversion of cellular functions by Listeria 
monocytogenes. J. Pathol. 208, 215–223. 

Plackett, T.P., Boehmer, E.D., Faunce, D.E., and Kovacs, E.J. (2004). Aging and innate immune 
cells. J. Leukoc. Biol. 76, 291–299. 

Plowden, J., Renshaw-Hoelscher, M., Gangappa, S., Engleman, C., Katz, J.M., and Sambhara, S. 
(2004). Impaired antigen-induced CD8+ T cell clonal expansion in aging is due to defects in 
antigen presenting cell function. Cell. Immunol. 229, 86–92. 

Pollard, J.W. (2009). Trophic macrophages in development and disease. Nat. Rev. Immunol. 9, 259–
270. 

Porta, C., Rimoldi, M., Raes, G., Brys, L., Ghezzi, P., Di Liberto, D., Dieli, F., Ghisletti, S., Natoli, G., 
De Baetselier, P., et al. (2009). Tolerance and M2 (alternative) macrophage polarization are 
related processes orchestrated by p50 nuclear factor kappaB. Proc. Natl. Acad. Sci. U.S.A. 106, 
14978–14983. 

Pott, J., Stockinger, S., Torow, N., Smoczek, A., Lindner, C., McInerney, G., Bäckhed, F., Baumann, 
U., Pabst, O., Bleich, A., et al. (2012). Age-dependent TLR3 expression of the intestinal 
epithelium contributes to rotavirus susceptibility. PLoS Pathog. 8, e1002670. 

Qian, F., and Montgomery, R.R. (2012). Quantitative imaging of lineage-specific Toll-like receptor-
mediated signaling in monocytes and dendritic cells from small samples of human blood. J Vis 
Exp. 

Qian, F., Bolen, C.R., Jing, C., Wang, X., Zheng, W., Zhao, H., Fikrig, E., Bruce, R.D., Kleinstein, 
S.H., and Montgomery, R.R. (2013). Impaired toll-like receptor 3-mediated immune responses 
from macrophages of patients chronically infected with hepatitis C virus. Clin. Vaccine Immunol. 
20, 146–155. 

Qiao, S., Xie, H., Wang, C., Wu, X., Liu, H., and Liu, C. (2013). Delayed anesthetic preconditioning 
protects against myocardial infarction via activation of nuclear factor-κB and upregulation of 
autophagy. J Anesth 27, 251–260. 

Qu, Y., Misaghi, S., Izrael-Tomasevic, A., Newton, K., Gilmour, L.L., Lamkanfi, M., Louie, S., 
Kayagaki, N., Liu, J., Kömüves, L., et al. (2012). Phosphorylation of NLRC4 is critical for 
inflammasome activation. Nature 490, 539–542. 

Raghu, G., Weycker, D., Edelsberg, J., Bradford, W.Z., and Oster, G. (2006). Incidence and 
prevalence of idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 174, 810–816. 

Ramirez, R.D., Morales, C.P., Herbert, B.S., Rohde, J.M., Passons, C., Shay, J.W., and Wright, W.E. 
(2001). Putative telomere-independent mechanisms of replicative aging reflect inadequate 
growth conditions. Genes Dev. 15, 398–403. 

Ramsey, M.R., and Sharpless, N.E. (2006). ROS as a tumour suppressor? Nat. Cell Biol. 8, 1213–
1215. 

Ratliff, M., Alter, S., Frasca, D., Blomberg, B.B., and Riley, R.L. (2013). In senescence, age-
associated B cells secrete TNFα and inhibit survival of B-cell precursors. Aging Cell 12, 303–
311. 

Ray, M., Yu, S., Sharda, D.R., Wilson, C.B., Liu, Q., Kaushal, N., Prabhu, K.S., and Hankey, P.A. 
(2010). Inhibition of TLR4-induced IκB kinase activity by the RON receptor tyrosine kinase and 
its ligand, macrophage-stimulating protein. J. Immunol. 185, 7309–7316. 

Reaper, P.M., di Fagagna, F. d’Adda, and Jackson, S.P. (2004). Activation of the DNA damage 
response by telomere attrition: a passage to cellular senescence. Cell Cycle 3, 543–546. 

Reddy, J.P., and Li, Y. (2011). Oncogene-induced senescence and its role in tumor suppression. J 
Mammary Gland Biol Neoplasia 16, 247–256. 

Reina-San-Martin, B., Difilippantonio, S., Hanitsch, L., Masilamani, R.F., Nussenzweig, A., and 
Nussenzweig, M.C. (2003). H2AX is required for recombination between immunoglobulin switch 
regions but not for intra-switch region recombination or somatic hypermutation. J. Exp. Med. 
197, 1767–1778. 

Reinhardt, H.C., Aslanian, A.S., Lees, J.A., and Yaffe, M.B. (2007). p53-deficient cells rely on ATM- 
and ATR-mediated checkpoint signaling through the p38MAPK/MK2 pathway for survival after 
DNA damage. Cancer Cell 11, 175–189. 

Ren, J.-L., Pan, J.-S., Lu, Y.-P., Sun, P., and Han, J. (2009). Inflammatory signaling and cellular 
senescence. Cell. Signal. 21, 378–383. 



Bibliography 

164 

 

Renna, L.V., Cardani, R., Botta, A., Rossi, G., Fossati, B., Costa, E., and Meola, G. (2014). 
Premature senescence in primary muscle cultures of myotonic dystrophy type 2 is not 
associated with p16 induction. Eur J Histochem 58, 2444. 

Rescigno, M. (2009). Before they were gut dendritic cells. Immunity 31, 454–456. 
Ressler, S., Bartkova, J., Niederegger, H., Bartek, J., Scharffetter-Kochanek, K., Jansen-Dürr, P., and 

Wlaschek, M. (2006). p16INK4A is a robust in vivo biomarker of cellular aging in human skin. 
Aging Cell 5, 379–389. 

Rinehart, C.A., Watson, J.M., Torti, V.R., and Palmieri, D. (1999). The role of interleukin-1 in 
interactive senescence and age-related human endometrial cancer. Exp. Cell Res. 248, 599–
607. 

Robles, S.J., and Adami, G.R. (1998). Agents that cause DNA double strand breaks lead to 
p16INK4a enrichment and the premature senescence of normal fibroblasts. Oncogene 16, 
1113–1123. 

Rodier, F., Coppé, J.-P., Patil, C.K., Hoeijmakers, W.A.M., Muñoz, D.P., Raza, S.R., Freund, A., 
Campeau, E., Davalos, A.R., and Campisi, J. (2009). Persistent DNA damage signalling triggers 
senescence-associated inflammatory cytokine secretion. Nat. Cell Biol. 11, 973–979. 

Rodier, F., Muñoz, D.P., Teachenor, R., Chu, V., Le, O., Bhaumik, D., Coppé, J.-P., Campeau, E., 
Beauséjour, C.M., Kim, S.-H., et al. (2011). DNA-SCARS: distinct nuclear structures that sustain 
damage-induced senescence growth arrest and inflammatory cytokine secretion. J. Cell. Sci. 
124, 68–81. 

Rogakou, E.P., Boon, C., Redon, C., and Bonner, W.M. (1999). Megabase chromatin domains 
involved in DNA double-strand breaks in vivo. J. Cell Biol. 146, 905–916. 

Rogakou, E.P., Pilch, D.R., Orr, A.H., Ivanova, V.S., and Bonner, W.M. (1998). DNA double-stranded 
breaks induce histone H2AX phosphorylation on serine 139. J. Biol. Chem. 273, 5858–5868. 

Romanov, V.S., Abramova, M.V., Svetlikova, S.B., Bykova, T.V., Zubova, S.G., Aksenov, N.D., 
Fornace, A.J., Pospelova, T.V., and Pospelov, V.A. (2010). p21(Waf1) is required for cellular 
senescence but not for cell cycle arrest induced by the HDAC inhibitor sodium butyrate. Cell 
Cycle 9, 3945–3955. 

Roninson, I.B. (2002). Oncogenic functions of tumour suppressor p21(Waf1/Cip1/Sdi1): association 
with cell senescence and tumour-promoting activities of stromal fibroblasts. Cancer Lett. 179, 
1–14. 

Roos, W.P., and Kaina, B. (2006). DNA damage-induced cell death by apoptosis. Trends Mol Med 
12, 440–450. 

Ross, D.A., and Wilson, G.D. (1998). Expression of c-myc oncoprotein represents a new prognostic 
marker in cutaneous melanoma. Br J Surg 85, 46–51. 

Rőszer, T. (2015). Understanding the Mysterious M2 Macrophage through Activation Markers and 
Effector Mechanisms. Mediators Inflamm. 2015, 816460. 

Ryu, S.J., Oh, Y.S., and Park, S.C. (2007). Failure of stress-induced downregulation of Bcl-2 
contributes to apoptosis resistance in senescent human diploid fibroblasts. Cell Death Differ. 14, 
1020–1028. 

Sadahira, Y., Yoshino, T., and Monobe, Y. (1995). Very late activation antigen 4-vascular cell 
adhesion molecule 1 interaction is involved in the formation of erythroblastic islands. J. Exp. 
Med. 181, 411–415. 

Salminen, A., Ojala, J., Kaarniranta, K., Haapasalo, A., Hiltunen, M., and Soininen, H. (2011). 
Astrocytes in the aging brain express characteristics of senescence-associated secretory 
phenotype. Eur. J. Neurosci. 34, 3–11. 

Sánchez-Tilló, E., Comalada, M., Xaus, J., Farrera, C., Valledor, A.F., Caelles, C., Lloberas, J., and 
Celada, A. (2007). JNK1 Is required for the induction of Mkp1 expression in macrophages 
during proliferation and lipopolysaccharide-dependent activation. J. Biol. Chem. 282, 12566–
12573. 

Sanders, Y.Y., Liu, H., Zhang, X., Hecker, L., Bernard, K., Desai, L., Liu, G., and Thannickal, V.J. 
(2013). Histone Modifications in Senescence-Associated Resistance to Apoptosis by Oxidative 
Stress. Redox Biol 1, 8–16. 

Saraiva, M., and O’Garra, A. (2010). The regulation of IL-10 production by immune cells. Nat. Rev. 
Immunol. 10, 170–181. 

Scheibel, M., Klein, B., Merkle, H., Schulz, M., Fritsch, R., Greten, F.R., Arkan, M.C., Schneider, G., 
and Schmid, R.M. (2010). IkappaBbeta is an essential co-activator for LPS-induced IL-1beta 
transcription in vivo. J. Exp. Med. 207, 2621–2630. 

Schraml, E., and Grillari, J. (2012). From cellular senescence to age-associated diseases: the miRNA 
connection. Longev Healthspan 1, 10. 



Bibliography 

165 

 

Sebastián, C., Espia, M., Serra, M., Celada, A., and Lloberas, J. (2005). MacrophAging: a cellular 
and molecular review. Immunobiology 210, 121–126. 

Sebastián, C., Herrero, C., Serra, M., Lloberas, J., Blasco, M.A., and Celada, A. (2009). Telomere 
shortening and oxidative stress in aged macrophages results in impaired STAT5a 
phosphorylation. J. Immunol. 183, 2356–2364. 

Seger, R., Biener, Y., Feinstein, R., Hanoch, T., Gazit, A., and Zick, Y. (1995). Differential activation 
of mitogen-activated protein kinase and S6 kinase signaling pathways by 12-O-
tetradecanoylphorbol-13-acetate (TPA) and insulin. Evidence for involvement of a TPA-
stimulated protein-tyrosine kinase. J. Biol. Chem. 270, 28325–28330. 

Serrano, M. (2010). Shifting senescence into quiescence by turning up p53. Cell Cycle 9, 4256–4257. 
Serrano, M., and Blasco, M.A. (2001). Putting the stress on senescence. Curr. Opin. Cell Biol. 13, 

748–753. 
Serrano, M., Lin, A.W., McCurrach, M.E., Beach, D., and Lowe, S.W. (1997). Oncogenic ras 

provokes premature cell senescence associated with accumulation of p53 and p16INK4a. Cell 
88, 593–602. 

Seth, A., Nagarkatti, M., Nagarkatti, P.S., Subbarao, B., and Udhayakumar, V. (1990). Macrophages 
but not B cells from aged mice are defective in stimulating autoreactive T cells in vitro. Mech. 
Ageing Dev. 52, 107–124. 

Shaik-Dasthagirisaheb, Y.B., Kantarci, A., and Gibson, F.C. (2010). Immune response of 
macrophages from young and aged mice to the oral pathogenic bacterium Porphyromonas 
gingivalis. Immun Ageing 7, 15. 

Shaw, A.C., Panda, A., Joshi, S.R., Qian, F., Allore, H.G., and Montgomery, R.R. (2011). 
Dysregulation of human Toll-like receptor function in aging. Ageing Res. Rev. 10, 346–353. 

Shay, J.W., and Roninson, I.B. (2004). Hallmarks of senescence in carcinogenesis and cancer 
therapy. Oncogene 23, 2919–2933. 

Shay, J.W., and Wright, W.E. (2005). Senescence and immortalization: role of telomeres and 
telomerase. Carcinogenesis 26, 867–874. 

Shelton, D.N., Chang, E., Whittier, P.S., Choi, D., and Funk, W.D. (1999). Microarray analysis of 
replicative senescence. Curr. Biol. 9, 939–945. 

Sherr, C.J., and Roberts, J.M. (1999). CDK inhibitors: positive and negative regulators of G1-phase 
progression. Genes Dev. 13, 1501–1512. 

Sica, A., and Mantovani, A. (2012). Macrophage plasticity and polarization: in vivo veritas. Journal of 
Clinical Investigation 122, 787–795. 

Sidi, S., Sanda, T., Kennedy, R.D., Hagen, A.T., Jette, C.A., Hoffmans, R., Pascual, J., Imamura, S., 
Kishi, S., Amatruda, J.F., et al. (2008). Chk1 suppresses a caspase-2 apoptotic response to 
DNA damage that bypasses p53, Bcl-2, and caspase-3. Cell 133, 864–877. 

Solana, R., Pawelec, G., and Tarazona, R. (2006). Aging and innate immunity. Immunity 24, 491–
494. 

Sounni, N.E., Dehne, K., van Kempen, L., Egeblad, M., Affara, N.I., Cuevas, I., Wiesen, J., Junankar, 
S., Korets, L., Lee, J., et al. (2010). Stromal regulation of vessel stability by MMP14 and 
TGFbeta. Dis Model Mech 3, 317–332. 

Spallarossa, P., Altieri, P., Barisione, C., Passalacqua, M., Aloi, C., Fugazza, G., Frassoni, F., 
Podestà, M., Canepa, M., Ghigliotti, G., et al. (2010). p38 MAPK and JNK Antagonistically 
Control Senescence and Cytoplasmic p16INK4A Expression in Doxorubicin-Treated Endothelial 
Progenitor Cells. PLoS ONE 5, e15583. 

Spring, F.A., Griffiths, R.E., Mankelow, T.J., Agnew, C., Parsons, S.F., Chasis, J.A., and Anstee, D.J. 
(2013). Tetraspanins CD81 and CD82 facilitate α4β1-mediated adhesion of human 
erythroblasts to vascular cell adhesion molecule-1. PLoS ONE 8, e62654. 

Stein, G.H., Drullinger, L.F., Soulard, A., and Dulić, V. (1999). Differential roles for cyclin-dependent 
kinase inhibitors p21 and p16 in the mechanisms of senescence and differentiation in human 
fibroblasts. Mol. Cell. Biol. 19, 2109–2117. 

Stein, M., Keshav, S., Harris, N., and Gordon, S. (1992). Interleukin 4 potently enhances murine 
macrophage mannose receptor activity: a marker of alternative immunologic macrophage 
activation. J. Exp. Med. 176, 287–292. 

Steinman, R.M., and Idoyaga, J. (2010). Features of the dendritic cell lineage. Immunol. Rev. 234, 5–
17. 

Steinman, R.M., and Nussenzweig, M.C. (2002). Avoiding horror autotoxicus: the importance of 
dendritic cells in peripheral T cell tolerance. Proc. Natl. Acad. Sci. U.S.A. 99, 351–358. 



Bibliography 

166 

 

Steinman, R.M., Hawiger, D., Liu, K., Bonifaz, L., Bonnyay, D., Mahnke, K., Iyoda, T., Ravetch, J., 
Dhodapkar, M., Inaba, K., et al. (2003). Dendritic cell function in vivo during the steady state: a 
role in peripheral tolerance. Ann. N. Y. Acad. Sci. 987, 15–25. 

Stott, F.J., Bates, S., James, M.C., McConnell, B.B., Starborg, M., Brookes, S., Palmero, I., Ryan, K., 
Hara, E., Vousden, K.H., et al. (1998). The alternative product from the human CDKN2A locus, 
p14(ARF), participates in a regulatory feedback loop with p53 and MDM2. EMBO J. 17, 5001–
5014. 

Stout, R.D., and Suttles, J. (2004). Functional plasticity of macrophages: reversible adaptation to 
changing microenvironments. J. Leukoc. Biol. 76, 509–513. 

Stranks, A.J., Hansen, A.L., Panse, I., Mortensen, M., Ferguson, D.J.P., Puleston, D.J., Shenderov, 
K., Watson, A.S., Veldhoen, M., Phadwal, K., et al. (2015). Autophagy Controls Acquisition of 
Aging Features in Macrophages. J Innate Immun 7, 375–391. 

Strober, W., Murray, P.J., Kitani, A., and Watanabe, T. (2006). Signalling pathways and molecular 
interactions of NOD1 and NOD2. Nat. Rev. Immunol. 6, 9–20. 

Stutz, A., Golenbock, D.T., and Latz, E. (2009). Inflammasomes: too big to miss. J. Clin. Invest. 119, 
3502–3511. 

Sun, R., Sun, L., Bao, M., Zhang, Y., Wang, L., Wu, X., Hu, D., Liu, Y., Yu, Y., and Wang, L. (2010). 
A human microsatellite DNA-mimicking oligodeoxynucleotide with CCT repeats negatively 
regulates TLR7/9-mediated innate immune responses via selected TLR pathways. Clin. 
Immunol. 134, 262–276. 

Sun, Y., Li, H., Yang, M.-F., Shu, W., Sun, M.-J., and Xu, Y. (2012). Effects of aging on endotoxin 
tolerance induced by lipopolysaccharides derived from Porphyromonas gingivalis and 
Escherichia coli. PLoS ONE 7, e39224. 

Swift, M.E., Burns, A.L., Gray, K.L., and DiPietro, L.A. (2001). Age-related alterations in the 
inflammatory response to dermal injury. J. Invest. Dermatol. 117, 1027–1035. 

Swift, M.E., Kleinman, H.K., and DiPietro, L.A. (1999). Impaired wound repair and delayed 
angiogenesis in aged mice. Lab. Invest. 79, 1479–1487. 

Taka, T., Changtam, C., Thaichana, P., Kaewtunjai, N., Suksamrarn, A., Lee, T.R., and 
Tuntiwechapikul, W. (2014). Curcuminoid derivatives enhance telomerase activity in an in vitro 
TRAP assay. Bioorg. Med. Chem. Lett. 24, 5242–5246. 

Takahashi, A., and Ohnishi, T. (2005). Does gammaH2AX foci formation depend on the presence of 
DNA double strand breaks? Cancer Lett. 229, 171–179. 

Takahashi, K. (1994). [Development and differentiation of macrophages and their related cells]. Hum. 
Cell 7, 109–115. 

Takai, H., Smogorzewska, A., and de Lange, T. (2003). DNA damage foci at dysfunctional telomeres. 
Curr. Biol. 13, 1549–1556. 

Takayanagi, H. (2007). Osteoimmunology: shared mechanisms and crosstalk between the immune 
and bone systems. Nat. Rev. Immunol. 7, 292–304. 

Takeuchi, O., and Akira, S. (2010). Pattern recognition receptors and inflammation. Cell 140, 805–
820. 

Taylor, P.R., Martinez-Pomares, L., Stacey, M., Lin, H.-H., Brown, G.D., and Gordon, S. (2005). 
Macrophage receptors and immune recognition. Annu. Rev. Immunol. 23, 901–944. 

Taylor, W.R., and Stark, G.R. (2001). Regulation of the G2/M transition by p53. Oncogene 20, 1803–
1815. 

Tchirkov, A., and Lansdorp, P.M. (2003). Role of oxidative stress in telomere shortening in cultured 
fibroblasts from normal individuals and patients with ataxia-telangiectasia. Hum. Mol. Genet. 12, 
227–232. 

Tchkonia, T., Zhu, Y., van Deursen, J., Campisi, J., and Kirkland, J.L. (2013). Cellular senescence 
and the senescent secretory phenotype: therapeutic opportunities. J. Clin. Invest. 123, 966–
972. 

Te Poele, R.H., Okorokov, A.L., Jardine, L., Cummings, J., and Joel, S.P. (2002). DNA damage is 
able to induce senescence in tumor cells in vitro and in vivo. Cancer Res. 62, 1876–1883. 

Toussaint, O., Dumont, P., Remacle, J., Dierick, J.-F., Pascal, T., Frippiat, C., Magalhaes, J.P., 
Zdanov, S., and Chainiaux, F. (2002). Stress-induced premature senescence or stress-induced 
senescence-like phenotype: one in vivo reality, two possible definitions? ScientificWorldJournal 
2, 230–247. 

Tracy, R.P. (2003). Emerging relationships of inflammation, cardiovascular disease and chronic 
diseases of aging. Int. J. Obes. Relat. Metab. Disord. 27 Suppl 3, S29–S34. 



Bibliography 

167 

 

Tschudi, M.R., Barton, M., Bersinger, N.A., Moreau, P., Cosentino, F., Noll, G., Malinski, T., and 
Lüscher, T.F. (1996). Effect of age on kinetics of nitric oxide release in rat aorta and pulmonary 
artery. J. Clin. Invest. 98, 899–905. 

Uhrbom, L., Nistér, M., and Westermark, B. (1997). Induction of senescence in human malignant 
glioma cells by p16INK4A. Oncogene 15, 505–514. 

Urist, M., Tanaka, T., Poyurovsky, M.V., and Prives, C. (2004). p73 induction after DNA damage is 
regulated by checkpoint kinases Chk1 and Chk2. Genes Dev. 18, 3041–3054. 

Valentine, J.M., Kumar, S., and Moumen, A. (2011). A p53-independent role for the MDM2 antagonist 
Nutlin-3 in DNA damage response initiation. BMC Cancer 11, 79. 

Valledor, A.F., Borràs, F.E., Cullell-Young, M., and Celada, A. (1998). Transcription factors that 
regulate monocyte/macrophage differentiation. J. Leukoc. Biol. 63, 405–417. 

Valledor, A.F., Comalada, M., Santamaría-Babi, L.F., Lloberas, J., and Celada, A. (2010). 
Macrophage proinflammatory activation and deactivation: a question of balance. Adv. Immunol. 
108, 1–20. 

Valledor, A.F., Xaus, J., Comalada, M., Soler, C., and Celada, A. (2000). Protein kinase C epsilon is 
required for the induction of mitogen-activated protein kinase phosphatase-1 in 
lipopolysaccharide-stimulated macrophages. J. Immunol. 164, 29–37. 

Varadhan, R., Yao, W., Matteini, A., Beamer, B.A., Xue, Q.-L., Yang, H., Manwani, B., Reiner, A., 
Jenny, N., Parekh, N., et al. (2014). Simple biologically informed inflammatory index of two 
serum cytokines predicts 10 year all-cause mortality in older adults. J. Gerontol. A Biol. Sci. 
Med. Sci. 69, 165–173. 

Vargas, J.E., Filippi-Chiela, E.C., Suhre, T., Kipper, F.C., Bonatto, D., and Lenz, G. (2014). Inhibition 
of HDAC increases the senescence induced by natural polyphenols in glioma cells. Biochem. 
Cell Biol. 92, 297–304. 

Vaziri, H., and Benchimol, S. (1998). Reconstitution of telomerase activity in normal human cells 
leads to elongation of telomeres and extended replicative life span. Curr. Biol. 8, 279–282. 

Vaziri, H., Dragowska, W., Allsopp, R.C., Thomas, T.E., Harley, C.B., and Lansdorp, P.M. (1994). 
Evidence for a mitotic clock in human hematopoietic stem cells: loss of telomeric DNA with age. 
Proc. Natl. Acad. Sci. U.S.A. 91, 9857–9860. 

Velarde, C., Perelstein, E., Ressmann, W., and Duffy, C.J. (2012). Independent deficits of visual word 
and motion processing in aging and early Alzheimer’s disease. J. Alzheimers Dis. 31, 613–621. 

Vogelstein, B., Lane, D., and Levine, A.J. (2000). Surfing the p53 network. Nature 408, 307–310. 
Von Moltke, J., Ayres, J.S., Kofoed, E.M., Chavarría-Smith, J., and Vance, R.E. (2013). Recognition 

of bacteria by inflammasomes. Annu. Rev. Immunol. 31, 73–106. 
Von Zglinicki, T., Saretzki, G., Ladhoff, J., d’ Adda di Fagagna, F., and Jackson, S.P. (2005). Human 

cell senescence as a DNA damage response. Mech. Ageing Dev. 126, 111–117. 
Wajapeyee, N., Serra, R.W., Zhu, X., Mahalingam, M., and Green, M.R. (2008). Oncogenic BRAF 

induces senescence and apoptosis through pathways mediated by the secreted protein 
IGFBP7. Cell 132, 363–374. 

Wang, E. (1995). Senescent human fibroblasts resist programmed cell death, and failure to suppress 
bcl2 is involved. Cancer Res. 55, 2284–2292. 

Wang, S., Tang, W.-Q., and Li, J. (1999). Effect of Exogenous Rb Gene on Expression of p21 Gene 
in Vascular Smooth Muscle Cells. Sheng Wu Hua Xue Yu Sheng Wu Wu Li Xue Bao 31, 167–
170. 

Wang, Y., Blandino, G., Oren, M., and Givol, D. (1998). Induced p53 expression in lung cancer cell 
line promotes cell senescence and differentially modifies the cytotoxicity of anti-cancer drugs. 
Oncogene 17, 1923–1930. 

Wang, Y., Okan, I., Szekely, L., Klein, G., and Wiman, K.G. (1995). bcl-2 inhibits wild-type p53-
triggered apoptosis but not G1 cell cycle arrest and transactivation of WAF1 and bax. Cell 
Growth Differ. 6, 1071–1075. 

Wei, W., Hemmer, R.M., and Sedivy, J.M. (2001). Role of p14(ARF) in replicative and induced 
senescence of human fibroblasts. Mol. Cell. Biol. 21, 6748–6757. 

White, A.R., Ryoo, S., Li, D., Champion, H.C., Steppan, J., Wang, D., Nyhan, D., Shoukas, A.A., 
Hare, J.M., and Berkowitz, D.E. (2006). Knockdown of arginase I restores NO signaling in the 
vasculature of old rats. Hypertension 47, 245–251. 

Wikby, A., Nilsson, B.-O., Forsey, R., Thompson, J., Strindhall, J., Löfgren, S., Ernerudh, J., Pawelec, 
G., Ferguson, F., and Johansson, B. (2006). The immune risk phenotype is associated with IL-6 
in the terminal decline stage: findings from the Swedish NONA immune longitudinal study of 
very late life functioning. Mech. Ageing Dev. 127, 695–704. 



Bibliography 

168 

 

Wright, W.E., Brasiskyte, D., Piatyszek, M.A., and Shay, J.W. (1996). Experimental elongation of 
telomeres extends the lifespan of immortal x normal cell hybrids. EMBO J. 15, 1734–1741. 

Wu, Z., Yu, Y., Liu, C., Xiong, Y., Montani, J.-P., Yang, Z., and Ming, X.-F. (2015). Role of p38 
mitogen-activated protein kinase in vascular endothelial aging: interaction with Arginase-II and 
S6K1 signaling pathway. Aging (Albany NY) 7, 70–81. 

Xie, A., Puget, N., Shim, I., Odate, S., Jarzyna, I., Bassing, C.H., Alt, F.W., and Scully, R. (2004). 
Control of sister chromatid recombination by histone H2AX. Mol. Cell 16, 1017–1025. 

Xu, J., and Gordon, J.I. (2003). Honor thy symbionts. Proc. Natl. Acad. Sci. U.S.A. 100, 10452–
10459. 

Xu, Y., Hunt, N.H., and Bao, S. (2008). The role of granulocyte macrophage-colony-stimulating factor 
in acute intestinal inflammation. Cell Res. 18, 1220–1229. 

Xue, W., Zender, L., Miething, C., Dickins, R.A., Hernando, E., Krizhanovsky, V., Cordon-Cardo, C., 
and Lowe, S.W. (2007). Senescence and tumour clearance is triggered by p53 restoration in 
murine liver carcinomas. Nature 445, 656–660. 

Yaswen, P., and Stampfer, M.R. (2002). Molecular changes accompanying senescence and 
immortalization of cultured human mammary epithelial cells. Int. J. Biochem. Cell Biol. 34, 
1382–1394. 

Yoon, P., Keylock, K.T., Hartman, M.E., Freund, G.G., and Woods, J.A. (2004). Macrophage hypo-
responsiveness to interferon-gamma in aged mice is associated with impaired signaling through 
Jak-STAT. Mech. Ageing Dev. 125, 137–143. 

Yuan, Z.M., Huang, Y., Ishiko, T., Nakada, S., Utsugisawa, T., Shioya, H., Utsugisawa, Y., 
Yokoyama, K., Weichselbaum, R., Shi, Y., et al. (1999). Role for p300 in stabilization of p53 in 
the response to DNA damage. J. Biol. Chem. 274, 1883–1886. 

Zaki, M.H., Boyd, K.L., Vogel, P., Kastan, M.B., Lamkanfi, M., and Kanneganti, T.-D. (2010). The 
NLRP3 inflammasome protects against loss of epithelial integrity and mortality during 
experimental colitis. Immunity 32, 379–391. 

Zhang, C., Wen, C., Lin, J., and Shen, G. (2015). Protective effect of pyrroloquinoline quinine on 
ultraviolet A irradiation-induced human dermal fibroblast senescence in vitro proceeds via the 
anti-apoptotic sirtuin 1/nuclear factor-derived erythroid 2-related factor 2/heme oxygenase 1 
pathway. Mol Med Rep. 

Zhao, H., Traganos, F., Albino, A.P., and Darzynkiewicz, Z. (2008). Oxidative stress induces cell 
cycle-dependent Mre11 recruitment, ATM and Chk2 activation and histone H2AX 
phosphorylation. Cell Cycle 7, 1490–1495. 

Zhu, J., Woods, D., McMahon, M., and Bishop, J.M. (1998). Senescence of human fibroblasts 
induced by oncogenic Raf. Genes Dev. 12, 2997–3007. 

Zhuang, D., Mannava, S., Grachtchouk, V., Tang, W.-H., Patil, S., Wawrzyniak, J.A., Berman, A.E., 
Giordano, T.J., Prochownik, E.V., Soengas, M.S., et al. (2008a). C-MYC overexpression is 
required for continuous suppression of oncogene-induced senescence in melanoma cells. 
Oncogene 27, 6623–6634. 

Zigmond, S.H. (1996). Signal transduction and actin filament organization. Curr. Opin. Cell Biol. 8, 
66–73. 

Zimmermann, S., Glaser, S., Ketteler, R., Waller, C.F., Klingmüller, U., and Martens, U.M. (2004). 
Effects of telomerase modulation in human hematopoietic progenitor cells. Stem Cells 22, 741–
749. 

Zindy, F., Quelle, D.E., Roussel, M.F., and Sherr, C.J. (1997). Expression of the p16INK4a tumor 
suppressor versus other INK4 family members during mouse development and aging. 
Oncogene 15, 203–211. 

Zissel, G., Schlaak, M., and Müller-Quernheim, J. (1999). Age-related decrease in accessory cell 
function of human alveolar macrophages. J. Investig. Med. 47, 51–56. 

 



Bibliography 

169 

 

 

 


